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Preface

This compilation presents minireviews derived from work presented at the Ae-
gean Conference: “First Crossroads between Innate and Adaptive Immunity,”
which occurred October 9—14, 2005 at the Hilton Conference Center on the is-
land of Rhodes, Greece. The conference included sessions dedicated to host rec-
ognition of and response to pathogens, innate immune networks, antigen presen-
tation, and adaptive immune responses, each headlined by a leading scientist at
the forefront of that field. The intimate networking and interaction of dendritic
cells, T cells, B cells, NK cells, NK-T cells, and complement during the host
response to pathogens and tumors are only now starting to be elucidated. The
respective fields that focus on these immune cells and molecules tend to exist in
parallel worlds, with minimum exchange of information and ideas. The goal of
this conference was to initiate crosstalk between these immunological fields, and
to promote and facilitate discussion on the interactions between the innate im-
mune response and the adaptive immune response, and ultimately breed collabo-
ration between these areas of study. The “First Crossroads between Innate and
Adaptive Immunity” Aegean Conference succeeded in bringing together and
connecting scientists and experts from around the world to address critical areas
of innate and adaptive immunity — something necessary for the development of
more efficient scientific exchange and crosspollination between these fields.
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SIGNAL TRANSDUCTION IN
DC DIFFERENTIATION:

WINGED MESSENGERS AND ACHILLES’ HEEL

Inna Lindner, Pedro J. Cejas, Louise M. Carlson,
Julie Torruellas, Gregory V. Plano, and Kelvin P. Lee*

1. INTRODUCTION

Dendritic cells (DC) are centrally involved in the initiation and regulation of the
adaptive immune response, and different DC can have markedly different (e.g.,
opposing) function. Acquisition of specific functions is likely to be a result of
both nature and nurture, namely differentiation of progenitors into distinct DC
subsets as well as the influence of environmental signals. This is not unlike what
is seen for T and B cells. This review will focus on the signal transduction path-
ways that allow an unusually wide range of hematopoietic progenitors to differ-
entiate into DC, the functional characteristics regulated by these pathways, and
the ability of pathogens to alter DC function by subverting these pathways dur-
ing progenitor>DC differentiation.

2. DENDRITIC CELL FUNCTIONAL DIVERSITY

Dendritic cells are professional antigen-presenting cells that play an essential
role in the activation of T lymphocytes in response to foreign antigens, in the
deletion of the autoreactive T cells in the thymus (central tolerance)"”, and in
the induction of T cell anergy and tolerance in the periphery (peripheral toler-
ance)”’. Evidence suggests that generation of DC occurs in two stages: (1) dif-
ferentiation of a progenitor to the immature/unactivated DC (iDC) (lineage
commitment) whose function is to continuously sample the antigenic environ-

*University of Miami Miller School of Medicine, Miami, FL 33136, USA. Address correspondence
to: Klee@med.miami.edu
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ment, and (2) activation (or maturation) of immature DC by “danger signals”
such as microbial products, tissue necrosis, and proinflammatory cytokines"’. In
this review, we will use “mature” and “activated” (and conversely “immature”
and “unactivated”) synonymously when referring to dendritic cells, even though
there are subtle semantic differences. As DC undergo maturation, they down-
regulate their ability to uptake antigen, upregulate expression of MHC class I
and II, express high levels of costimulatory ligands (CD40, CD80, and CD86)
and emigrate from the peripheral tissues to secondary lymphoid organs, where
they present to and activate antigen-specific T cells (as well as other immune
cells)’. In addition to inducing T cell proliferation, DC also dictate the qualita-
tive outcome of the T cell response. In the secondary lymphoid organs, the
T cell activating signals from DC together with the local cytokine milieu can
regulate the development of functionally distinct CD4 T cell subsets. These po-
larized CD4 cells can secrete a different pattern of cytokines and subsequently
regulate cellular (Th1) response vs. humoral (Th2) response’. The most charac-
teristic cytokine produced by Th1 cells is IFN-y, while IL-4, IL-5, IL-10, and IL-
13 are generally produced by the Th2 CD4 cells. An important factor in Thl
development is the production of IL-12 by the DC", which is positively con-
trolled by the engagement of CD40 by the CD40 ligand, CD154, and can be
negatively regulated by Th2 cytokines such as IL-10 and IL-4""".

Thus, one level of DC functional diversity comes from the maturation status
of the DC. Broadly, iDC act to maintain tolerance, whereas mature DC have
strong immunostimulatory properties (Fig. 1). Mature, activated DC are unique
in their capacity to potently prime naive T cells. In mice expressing transgenic T
cell receptor, DC induce a primary T cell response to soluble antigen in vitro
that is 100- to 300-fold more potent than that induced by any other APC'*". Tt is
becoming increasingly clear that the balance of tolerance vs. activation is even
more complex, involving not only the state of DC maturation but also its local
microenvironment'® (Fig. 2). For example, while mature DC very effectively
induce T cell activation, immature DC can induce T cell unresponsiveness, de-
lete antigen specific T cells, or generate regulatory T cells (Treg)" .

Although DC maturation typically enhances immunostimulatory capacity,
several exogenous factors can significantly influence this. For example, the pres-
ence of IL-10 during DC maturation results in DC that generate anergic T cells,
characterized by inhibition of proliferation, and decreases both in the expression
of CD25 and production of IL-2”. In addition to cytokines, DC grown in the
presence of other factors such as prostaglandin E2 and corticosteroids are unable
to secrete IL-12p70 and skew the Th1/Th2 balance toward Th2*" . In vivo, local
immunosuppressive effects characteristic of particular tissues can also induce
tolerogenic DC. Tumor-associated DC, for example, have low allostimulatory
capacity and have an immature phenotype, possibly diverting immune response
towards tolerance™. Similarly liver-derived DC have been shown to prolong islet
allograft survival — probably through the induction of some kind of regulatory
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Figure 1. DC functions. During the steady-state conditions (absence of infection or inflammation),
peripheral tissue-resident DC capture and process self antigen while remaining in the immature state.
When these immature DC travel to the lymph nodes they present antigen to the naive T cells in the
absence of costimulatory molecules and subsequently induce T cell tolerance. Microbial infection,
inflammation, and tissue damage induce DC maturation and migration to the lymph nodes. The
mature DC express both antigen presentation and costimulatory molecules, which allow priming and
activation of naive T cells in the lymph node.

T cell”. In addition to the local microenvironment, the functional specialization
of DC also stems from their differential expression of pattern-recognition recep-
tors such as Toll-like receptors (TLR) and subsequently their selective recogni-
tion of various microbial products.

Although the process of DC activation and the conditions under which
maturation occurs appear to be important in determining the fate of the DC and
the subsequent T cell response, recent studies suggest that the modulation of
transcription factor expression that initiate DC differentiation from precursors
also modifies the function of DC**'. Two recent reports demonstrated that inhib-
iting NFxB during DC development results in a suppressed primary immune

26,27

response”~ and that in a murine model the NFxB-deficient DC induce genera-
tion of regulatory T cells”. NFkB inhibition appears to carry biological signifi-
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Figure 2. Activation of T cells by functionally different DC populations results in the develop-
ment of distinct T cell responses. Mature DC induce the development of immunostimulatory effec-
tor T cells while immature DC generate the development of regulatory T cells (Treg). The presence
of certain factors such as IL-10 and TGF-B during DC maturation stage modulates DC development
and results in generation of tolerogenic T cells. Inhibition of the NFxB pathway (NFxBinhDC)
during DC differentiation from precursors has also been shown to result in generation of Treg in
certain systems.

cance in cases of tumorogenesis where tumor-secreted factors inhibit DC devel-
opment by suppressing NFkB*. These findings suggest that events which occur
prior to DC activation may mold the subsequent DC response.

Two models have been proposed to explain how functionally distinct DC
are generated (Figure 3)”. One model proposes that the functional plasticity of
DC arises from the different activation states of a common immature DC. One
of the important factors regulating the characteristics of the mature DC and the
outcome of the DC-T cell interaction proposed by this model is the combination
of signals engaged by the DC during its activation in the local milieu™. The sec-
ond model proposes that there are signals acting very early during the differen-
tiation of hematopoietic cells that allow for the divergence of DC precursors that
later develop into distinct DC subsets” . These developmentally distinct DC are
committed to a particular function that may be unique for that subset. This
model is supported by a recent finding that early upregulation of lipid-activated
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Figure 3. Generation of functionally distinct DC-2 models.

transcription factor peroxisome proliferative activated receptor-y (PPARY) dur-
ing DC differentiation from monocytes specifies a DC subset that stimulates
invariant natural killer cells (iNKT)*, as well as some other findings implicating
the expression of various transcription factors and signaling molecules (e.g.,
PU.1, Notch-1) in development of unique DC populations™*. Interestingly, in
tumor-bearing hosts there is a DC differentiation block that results in accumula-
tion of immature myeloid cells (which include DC progenitors), which them-
selves are immunosuppressive’ — suggesting that even DC precursors may
have a distinct immunological function. It seems likely that the “truth” is a com-
bination of models, paralleling the situation for lymphocytes where both subset
commitment and activation play pivotal roles in the development of effector
function.

It should be noted that the formal hematopoietic concept of a DC “lineage”
is somewhat constrained by the atypical progenitor—terminally differentiated cell
relationship (see below) and lack of definitive lineage-specific markers (like
TCR rearrangement for T cells). Thus DC are defined by a constellation of
somewhat “soft” characteristics, such as morphology, surface marker expression
(MHC and costimulatory ligands, etc.), transcription factors (e.g., RelB), cyto-
kine/chemokines expression, and function (crosspresentation of antigen, etc.).
However, the functional heterogeneity alone underscores the difficulty of defini-
tive identification of a dendritic cell, and similarly for distinct DC subsets.
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3. DC PROGENITORS

DC are unique in the hematopoietic system in that they arise from “convergent”
hematopoiesis rather than the traditional “divergent” hematopoiesis (a multipo-
tent stem cell giving rise to increasingly lineage-restricted progenitors). Rather
than all arising from the same committed precursor, DC can be generated from a
variety of progenitors at different stages of differentiation, ranging from multi-
potential CD34" hematopoietic precursor cells (HPC)™”, CD34'CD86" commit-
ted bipotential precursors”, both the common lymphoid progenitors (CLP) and
common myeloid progenitors (CMP)"*, DC-specific precursors (CFU-DC)",
terminally differentiated monocytes™*, and immature neutrophils®. In addition
to the untransformed progenitors, hematopoietic malignancies can also be in-
duced to undergo DC differentiation’” ™. For example, myeloid leukemic blasts
across a range of differentiation stages can be driven to differentiate to DC by
exogenous cytokines™”'. Based on the DC morphology and the differential ex-
pression of certain myeloid and lymphoid phenotypic markers, it appears that in
vivo both mice and humans contain DC that originated from either lymphoid or
myeloid precursors”, consistent with in vitro findings***”". In addition to differ-
ent precursor cells, culturing the same population of progenitors (such as the
CD34" HPC) in different cytokine cocktails leads to the development of DC
subsets, including myeloid interstitial DC and Langerhans cells™ as well as
lymphoid-derived DC”.

4. WINGED MESSENGERS — SIGNALING PATHWAYS
THAT DRIVE DC DIFFERENTIATION

4.1. Extracellular Stimuli

Ex vivo differentiation of DC from both normal and leukemic progenitors can be
achieved by both receptor-mediated exogenous stimuli (such as cytokine combi-
nations and CD40 receptor crosslinking) and surface receptor-independent
agents that directly activate intracellular signaling pathways (calcium ionopho-
res (CI) that mobilize intracellular calcium [Ca],, and phorbol esters that activate
protein kinase C (PKC))”****. The cytokines that have been used (in combina-
tion) to drive DC differentiation typically include IL-3, SCF, FIt3L, IL-6, GM-
CSF, TNF-q, IL-4, and IL-1B. GM-CSF is included in most cytokine combina-
tions that target the generation of DC from myeloid progenitors (but not from
CLP*) but does not appear essential for generation of DC in vivo, as DC can
develop in GM-CSF" x GM-CSFR™ mice”. More recent data have demon-
strated that F1t3 ligand (F1t3L) (in the absence of GM-CSF) appears to also play
a central role in differentiation of bone marrow (BM) derived DC and has been
shown to expand DC precursors both in vitro and in vivo®’'. The growth
and survival of BM-derived Flt3L-induced DC is augmented by the addition of
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IL-6". Stem cell factor (SCF), an important cytokine in early-stage hematopoi-
esis, also greatly enhances recovery and long-term expansion of DC™".

Along with the soluble mediators of DC differentiation, the CD40 signaling
pathway has also emerged as an important factor for DC function. CD40 is ex-
pressed on both non-hematopoietic and hematopoietic cells and is upregulated
on maturing DC”. In addition to its role in potently activating immature DC,
CD40 is also functional on CD34" progenitor cells, and its crosslinking by
CD154 can, independent of GM-CSF, cause their proliferation and differentia-
tion into potent allo-stimulatory DC*. Recombinant CD154-Ig, as a single agent,
can also be used to generate DC from monocytes'.

Similar to the non-transformed progenitors, primary acute myelogenous
leukemia (AML) and chronic myelogenous leukemia (CML) isolates can also be
driven to undergo DC differentiation using cytokine combinations containing
GM-CSF, TNF-¢, and IL-4*"“"7 However, since great variability exists
within the specific maturation stages at which leukemic cells are arrested (and
leukemic clones frequently undergo events that make them refractory to some
differentiating agents), additional components are often added to the standard
mixture of cytokines used for DC differentiation from normal precursors”. In
this respect, it has been shown that, depending on a leukemic clone, cytokine
combinations containing GM-CSF, IL-4, TNF-o, can be supplemented with
SCF, TGFR, IFN-a, or CD154 to facilitate DC differentiation™ ",

4.2. Intracellular Signal Transduction

Intracellular calcium flux, G-protein signaling, protein kinase C (PKC) activa-
tion, translocation of NFxB to the nucleus, stimulation of MAPK/ERK, as well
as activation of certain transcription factors such as STAT3, PU.1, Notch, and
Tkaros™*****'™* have all been implicated in various models of DC differentiation.
For this review we will focus on PKC activation and downstream pathways.

4.2.1. Protein Kinase C

The ability of different progenitors at different stages of maturation to commit to
the DC lineage suggests that DC differentiation signals converge at a common
level of intracellular signal transduction pathways. Although a myriad of intra-
cellular signals emanate from cytokine receptors, we have found that protein
kinase C (PKC) appears to play a central role in DC differentiation. PKC was
first identified by Nishizuka and colleagues as a cyclic nucleotide-independent
serine/threonine protein kinase that was calcium (Ca™) activated and phosphol-
ipid dependent™. They soon demonstrated that its activity was greatly enhanced
by small amounts of diacylglycerol (DAG), a byproduct of the hydrolysis of
phosphatidylinositol (4,5)-bisphosphate, establishing for the first time the role of
phospholipids as second messengers *. The synthesis of relatively hydrophilic
phorbol esters like PMA and phorbol dibutyrate (PDBu), which mimick the
structure of DAG, allowed to demonstrate the specific binding of DAG to PKC
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to induce kinase activity*. Furthermore, binding to phorbol esters was shown to
result in the rapid redistribution of PKC from the cytosol to the cell membrane,
and this translocation has served since as the hallmark of PKC enzymatic activa-
tion”. It is now clear that PKC are a heterogeneous group of proteins. To date,
twelve different PKC isoforms have been identified and clustered into three sub-
families on the basis of their activation requirements™. Classical PKC isoform
(0, B, BIL, and 7y) activity is regulated by Ca™, DAG, and phospholipids; novel
PKC isoforms (9, €, M, and 0) are regulated by DAG and phospholipids; while
the atypical PKC isoforms ({ and t or A, PKCt is the human ortholog of mouse
PKCA) are insensitive to DAG and Ca™ *. Other interactions with adaptor pro-
teins are required for translocation to the cell membrane to occur. As a result,
treatment with DAG (or phorbol esters) often results in selective recruitment of
specific isoforms to the membrane, instead of simply all expressed classic and
novel proteins. The idea of adaptor proteins mediating PKC localization and
activity was pioneered by Mochly-Rosen and colleagues, and led to the identifi-
cation of RACK proteins as regulators of PKC signaling™. There are other layers
of regulation of PKC activity — such as the requirement for serine/threonine/
tyrosine phosphorylation to yield a mature, catalytically competent enzyme, and
tissue-specific variation in isozyme content”.

( PKCg )
v = ¥
CARMA Ral
P) v & v
IKKE (P KK “
VNEL!U
\d
P v A
P . ERK1/Z
- 5 o, P -" IkBa
A\l
Gl = ERK12)

Figure 4. The MAPK/ERK and the NFxB pathways are activated by PKC. PKC-dependent
activation of NFxB. The activation of PKC recruits a complex of proteins containing CARMA. This
complex of proteins phosphorylates IKK, which then phosphorylates and inactivates IkBo., allowing
the NFkB to translocate to the nucleus and regulate the NFxB-dependent gene expression. PKC-
dependent activation of MAPK/ERK. PKC can activate the ERK pathways through PKC-mediated
activation of Raf. Raf, in turn, activates an upstream ERK kinase, MEK, which subsequently phos-
phorylates ERK, allowing it to translocate to the nucleus to regulate gene expression.
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PKC signaling has been reported downstream of a number of key receptors
that drive DC differentiation, including CD40”" and the GM-CSF receptor™.
PKCBII has also been implicated in the function of Langerhans cells during con-
tact hypersensitivity”. We have found that inhibitors of PKC activation block
cytokine-mediated DC differentiation from both primary human monocytes and
CD34" HPC””. Conversely, we have shown that direct activation of PKC by
PMA alone induces primary human CD34" HPC to differentiate directly into
DC””. This PMA-induced DC differentiation occurs without proliferation, is
dominant over the generation of other hematopoietic lineages by the cytokine
cocktail SCF + IL-3 + GM-CSF + IL-6, and is DC specific as other lineages are
not generated. Direct PKC activation drives DC differentiation in myeloid leu-
kemia cell lines”” and primary leukemic blasts”. Interestingly, although PMA is
a broad PKC activator, we have found a unique role of PKCBII in DC differen-
tiation. Its activation is suggested by the rapid translocation of this isoform, but
not other classical isoforms to the plasma membrane post PMA treatment in DC
progenitors (see [94] and Lindner et al., manuscript in preparation). Further-
more, the importance of PKCPII is corroborated by the PKCP siRNA studies
that show that downregulation of PKCP in DC progenitors inhibits DC differen-
tiation. The importance of PKCBII in DC differentiation is corroborated by the
findings that overexpression of PKCPII in a differentiation-resistant KG-1a cell
line restores its ability to undergo DC differentiation™. These studies also sug-
gest that there is complex regulation of PKCBII gene expression that may in turn
regulate whether a myeloid precursor can undergo DC differentiation. It also
appears that in addition to the requirement for PKC activation, PKC signal
strength also controls the downstream pathways such as RelB, and that various
levels of PKC activity in cells confer different biological responses™”.

Downstream, PKC activation has been previously shown to trigger both the
NFxB and MAPK/ERK pathways in other cell types (Figure 4)”'”. Both of
these pathways have also been implicated in DC differentiation'”'". In contrast,
activation of the p38 pathway was shown to be detrimental for DC differentia-
tion from monocytes'”'”. We have found in a cell line model of DC differentia-
tion” that PMA induced a rapid (45 min post-treatment) activation of the
MAPK/ERK pathway visualized by the phosphorylation of ERK, followed by
activation of the NFkB pathway by 24 hours (Lindner et al., in preparation). In
contrast to ERK and NFxB, and consistent with previous studies by Xie et
al.,''” we also observed a reduction in p38 activity early during PMA-induced
DC differentiation, also demonstrating that PMA does not cause global activa-
tion of signaling cascades.

4.2.2. MAP Kinase

During DC activation (which, it should again be noted, is distinct from DC dif-
ferentiation) it has been shown that manipulating the MAPK family of protein
kinases (including the MAP kinases extracellular-signal-regulated kinase 1
(ERK1) and ERK2, the c-Jun N-terminal kinase (JNK), and the p38 MAPK)
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confers different functional properties on the resulting DC'"'*. Tt appears that
the NFxB, c-Jun, and p38 pathways positively regulate DC maturation by induc-
ing upregulation of CD83, CD86, and CD40, while the ERK pathway may nega-
tively or positively regulate maturation depending on the particular system em-
ployed™"'”. For example, it has been demonstrated that, although ERK is
activated during LPS-induced DC maturation'”, its activation inhibits TNF-a.-
induced maturation of murine DC and TNF-o and LPS-induced maturation of
human monocyte-derived DC"".

We and others'” have also found that ERK activation plays an important
role in DC differentiation. In our studies, pharmacological inhibition of ERK
activation during DC differentiation results in reversal of the cell growth ar-
rest/cell death characteristically seen during differentiation, as well as a de-
creased ability of the resulting DC to activate allogeneic T cells. However, ERK
inhibition did not affect upregulation of costimulatory ligand expression
(CD40), nor did it have any effect on RelB expression. Since upregulation of
RelB is mediated primarily by NF«kB signaling (see below), this finding suggests
that NFxB signaling is not downstream of ERK activation and that the NFxB
and the MAPK/ERK pathways are independently activated by PKC.

4.2.3. NFxB

It is becoming increasingly apparent that distinct subunits of the NFxB tran-
scription factor family are involved in DC differentiation'™"*"". Activation of
NFxB occurs following phosphorylation by the IKK complex of kinases of the
NFxB inhibitory IkB proteins, which results in degradation of IkB and dissocia-
tion of the NFxB complex, followed by translocation of NFxB to the nucleus.
NFxB exists as a dimer composed of five proteins (p65/RelA, c-Rel, RelB,
pS0/NFxB1, and p52/NFkB2) and mediates activation of inflammatory and im-
mune-response genes' . The role of NFkB signaling in DC differentiation and
function has been analyzed in some detail. Overexpression of the inhibitory IxB
protein in mature DC downregulates the expression of HLA class II, the
costimulatory molecules CD80, CD86, and CD40 and the proinflammatory cy-
tokine TNF-q, indicating that antigen presentation is dependant on NFxB func-
tion'"”'. The effect of individual NFxB proteins in DC development and function
has been assessed in chimeric and knockout mice. These studies have shown the
generation of functional DC in mice lacking individual p50, p52, RelA, and c-
Rel proteins, although the combined deficiency of p5S0 and RelA results in a
severe defect in DC development, and DC from p50”cRel” animals fail to pro-
duce IL-12. These data indicate that, although NFxB activity is required for
proper differentiation and function of DC, there is some redundancy in the role
of individual subunits'”. On the other hand, the NFkB subunit RelB has a more
direct effect in DC development, and is the transcription factor most intensely
analyzed in DC differentiation and function'*'*"'*,
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4.2.3a. RelB

RelB protein can be detected in human and mouse dendritic cells, with high ex-
pression in interdigitating DC of thymic medulla and the deep cortex of lymph
nodes'”. Its nuclear expression (as a pS0/RelB heterodimer) is one of the hall-
marks of DC differentiation and correlates with degree of maturation, including
activation of the antigen-presenting capacity'”'**'. As a result, RelB-deficient
mice show an impaired antigen-presenting cell function and cellular immunity,
with a profound decrease of thymic and splenic DC'™. Experiments in bone mar-
row chimeric mice demonstrated that the deficiency in splenic DC is an intrinsic
defect in the progenitor cells. In addition, antigen-primed DC with inhibited
RelB function were shown to lack typical costimulatory molecules and gener-
ated antigen-specific regulatory T cells in vivo™. Finally, recent studies have
shown that RelB promotes differentiation into DC, and its inhibition impairs
monocyte-derived DC development with no effect on other myeloid differentia-
tion pathways "',

RelB has some features that distinguish it from other NFkB members. RelB
does not homodimerize and forms heterodimers almost exclusively with p100,
p52, and p50 proteins'*'*. Furthermore, RelB complexes are not bound by IkB,
but can be retained in the cytoplasm by pl100'. Consequently, the inhibitory
p100 precursor form acts as a negative regulator of DC function when overex-
pressed' . Processing of pl100 to p52 to allow nuclear translocation of the
RelB/p52 dimer occurs through a nonclassical signaling pathway that requires
IKKo, activation by the NFkB-inducing kinase (NIK)"*'”. In this pathway the
precursor pl100 in the complex is processed by the proteasome to the p52 form.
The precursor p105 also contains IxkB-like ankyrin repeats that could sequester
NFxB in the cytosol. However, generation of p5S0 occurs constitutively by a co-
translational mechanism from the p105 form'™*'”. As p50 and p52 are expressed
in many cells of the immune system, RelB/p50 and RelB/p52 dimers can be
found in the nucleus of unstimulated cells'™. Therefore, while NFxB activity is
typically regulated by post-transcriptional events, RelB activity levels in cells
expressing p50 and/or p52 proteins parallels increases in RelB transcription' .
The role of RelB in DC differentiation and the fact that its upregulation is a very
early event in this process”™'® suggest that the mechanisms controlling RelB
transcription may play an integral role in the differentiation from DC progeni-
tors and in determination of the functional characteristics of the generated DC.
How RelB gene expression is regulated, however, has been largely undefined.

Utilizing a cell line model of DC differentiation” where the parental cells
(KG1) can undergo DC differentiation while a daughter cell line (KG1la) cannot,
we have found evidence that RelB gene expression is regulated by PKC signal
strength via regulation of both transcription initiation and transcriptional elonga-
tion (Figure 5 and [98]). KGla cells (which have no detectable PKCBII expres-
sion) actively initiate transcription from the RelB promoter, but only a fraction
of the nascent transcripts can elongate beyond an attenuator element located in
intron 4 of the gene. Transcription initiation in KG1 cells, which have low
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Figure 5. PKCBII controls RelB expression by regulation of transcriptional initiation and
elongation. KGla cells actively initiate transcription from the RelB promoter, but transcription is
attenuated. Basal PKCPII activity in untreated KG1 cells downregulates the promoter activity with-
out affecting attenuation, resulting in lower levels of full-length RelB transcripts. Increased expres-
sion (and enzyme activity) of PKCPII in untreated KGla-BII transfectant cells relieves the attenua-
tion, but the stronger downregulation in transcriptional initiation results in even lower levels of RelB
mRNA. PMA-mediated activation of PKCPII results in an increase of promoter activity that com-
bines with the relief in attenuation to upregulate RelB mRNA levels.

(basal) levels of PKCPII activity, is lower due to a decrease in p50/RelA protein
expression. In addition, the attenuator element is present in untreated KG1 cells
and results in further downregulation of RelB expression. In contrast, the higher
PKC activity in the PKCPII-transfected KGla relieves the transcriptional at-
tenuation, allowing transcripts to freely elongate beyond exon 4. However, the
higher PKC activity also results in a decreased transcription initiation, ultimately
responsible for the observed low levels of RelB mRNA expression. When PKC
is fully activated (as in PMA-treated cells) transcriptional elongation occurs
uninterrupted beyond exon 4 but now combines with an increase in transcription
initiation (due to enhanced levels and nuclear translocation of pS0/RelA protein)
to upregulate RelB mRNA and protein expression. The proposed model impli-
cates distinct signaling pathways that are selectively triggered at different levels
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of PKC signaling. Such a model is supported by studies that found different
thresholds of PKC activity required for lineage commitment from a hematopoi-
etic precursor cell line model".

4.2.3b. Inhibition of NF kB Signaling during DC Differentiation

Previous studies have demonstrated that inhibition of NFxB signaling and RelB
upregulation during DC differentiation results in a weakened immune response
and generation of regulatory T cells in mice™, but not in humans”. Inhibition of
NF«B during murine bone marrow progenitor>DC differentiation results in DC
that generate IL-10 secreting regulatory T cells”, while the same inhibition dur-
ing human monocyte—DC differentiation yields DC that sensitize (but do not
fully activate) T cells”.

90,000 == UT-K562
= PMA-DC
80,000
s NFkBinhDC T i
70,000 | = MAPKinhDC 1]
60,000
E 50,000
O 40000
30,000
20,000
10,000
0+—= 2 ) B
1:40 1:20 LU 2

stimulator: T cell ratio

Figure 6. Effect of ERK and NFxB inhibition on allostimulatory ability. Myeloid progenitors
were either left undifferentiated, differentiated to DC (with PMA), or differentiated in the presence
of an ERK or NFxB inhibitor. These stimulators were then irradiated and cultured at the indicated
ratios with purified resting allogeneic T cells. T cell proliferation was assayed by thymidine incorpo-
ration.

Using a cell line model of human HSC—>DC differentiation, we have found
that inhibition of NFkB signaling during differentiation results in enhanced cell
proliferation arrest and cell death (suggesting that NFxB plays a role in DC sur-
vival), blocks upregulation of CD40, blocks upregulation of RelB expression but
enhances activation of ERK signaling (i.e., NFxB negatively regulates the
MAPK/ERK pathway), and inhibits the development of allostimulatory capabil-
ity. However, unlike ERK inhibition, cells differentiated in the presence of
NFxB inhibitors were not able to drive greater T cell proliferation in a dose-
dependent manner (Figure 6). Further analysis of the T cell responses elicited by
the “NFxkB-inhibited DC” (NFxBinhDC) demonstrated that even though little
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proliferation was seen (by thymidine incorporation or CSFE dilution) and the
cells became arrested in G1, they upregulated the activation marker CD69 (but
not CD25). These T cells could not be restimulated with fresh “normal” DC, nor
was IL-2 and YIFN expression induced with either primary or secondary stimula-
tion. Consistent with a lack of CD25 expression, we could find no evidence for
suppressive function of sorted T cells in add-back experiments that would sug-
gest that regulatory T cells were being generated by NFxBinhDC. However, T
cells activated by the NFkBinhDC could be restimulated by fresh DC in the
presence of exogenous IL-2 or agnostic anti-CD28 antibodies, which is charac-
teristic of anergic T cells'*"*. Furthermore, consistent with the previous obser-
vation that CTLA4-mediated anergy is associated with a G1 cell cycle arrest'”’,
we have found that blocking CTLA4 enhances T cell proliferation induced by
NFxBinhDC.

CaMK T
T Rel B
mbnTa‘z.fIm > cﬁéﬂgfgfgﬁei ? T surface receptors
[Cali NFkB DC survival
/" TKKd. anergy
. ei -
EC signal £>PKC 511 ‘RSK ability to activate T cells

//@ Ras—>Raf>MEK 12— Eﬁ’; cell cycle arrest

PKC B gene »MEM 1—> MEKA4—JNK
expression 9 N\

P3SMAPK N

c-fun
Inhibition of  Fc#Vation
DC differentiation

Figure 7. Intracellular signal transduction in DC differentiation.

Together, these findings suggest that different intracellular signaling path-
ways influence different aspects of DC differentiation and acquisition of specific
functions (Figure 7). There is now considerable evidence that these pathways are
modulated by a number of exogenous stimuli, including factors overexpressed
by tumors (such as VEGF and [2-microglobulin) which inhibit DC differentia-
tion in vitro and in vivo™'""*"*"*" and result in clinically significant immunosup-
pression in patient. These are, however, likely to be normal immuno-inhibitory
mechanisms involved in wound healing (it would not be evolutionarily advanta-
geous to induce robust T cell activation in the setting of sterile trauma) that are
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magnified in cancer, which is classically described as the “non-healing wound.”
True pathogenic signal transduction requires pathogens.

5. ACHILLES’ HEEL — SUBVERSION OF DC DIFFERENTIATION
BY PATHOGEN-MEDIATED DISRUPTION OF SIGNAL
TRANSDUCTION PATHWAYS

It is an old adage that if there is a weakness in the immune system, microbial
pathogens have figured out a way to exploit it. Given the critical role of DC in
initiating adaptive responses, it comes as no surprise that pathogens can subvert
host immunity by inactivating DC function. Most of the mechanisms described
so far revolve around inhibiting DC activation/maturation. For example, DC
exposed to the anthrax lethal toxin (a critical virulence factor of Bacillus an-
thracis) fail to stimulate antigen-specific T cells, and this effect is mediated by
inactivation of the MAPK pathway in DC'"”. DC are also targeted by acute infec-
tions with viruses such as Ebola and Lassa and impair their function'

A, B.
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800004 CODC
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Figure 8. Infection of DC precursors with YopJ-expressing Y. pestis strains suppresses their
differentiation into DC. (A) YopJ translocation inhibits PMA-induced upregulation of RelB
and phospho-ERK1/2. K562 were left uninfected or infected with Y. pestis poy-Yop deletion strain
lacking all six effector Yops (J-), or poly-Yop deletion strain containing the plasmid encoding YopJ-
GSK fusion protein (J+). Cells were then cultured for 45 minutes or 24 hours in the absence or pres-
ence of PMA. Total proteins were isolated and immunobloted for RelB, phospo-ERK1/2, phospho-
GSK or B-actin. (B) YopJ translocation impairs DC allo-stimulatory capacity. K562 were left
uninfected or infected as in A, and then cultured in the presence or absence of PMA for 5 days. The
cells were then irradiated and cocultured for 3 days in triplicate wells allogeneic T cells at the stimu-
lator: T cell ratio indicated.
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Success for many pathogens is not only to overcome the initial innate and
adaptive immune responses, but to ultimately establish chronic infection in the
host, where, ideally, the immune system is tolerant to it but active against other
threats against the pathogen’s new home. If inhibition of NFkB signaling during
myeloid progenitor>DC differentiation yields tolerogenic DC, it seems likely
that a pathogen would exploit this. And that pathogen may be Yersinia.

5.1. Yersinia and the Disruption of Intracellular Signaling Pathways

Yersinia spp are extracellular Gram-negative bacteria that include Y. pestis (the
etiologic agent of plague) and the other human pathogenic yersiniae (Y. entero-
colitica and Y. pseudotuberculosis). Yersinia can impair host immune resistance
by injecting several effector proteins, collectively called Yersinia outer proteins
(Yops), into the cytoplasm of the host immune cells"™'. The injection of effector
Yops (YopE, YopH, YopJ, YopM, YopT, and YpkA) via a Type III secretion
system (T3SS)"**'* results in disruption of the cell’s cytoskeleton and inhibition
of phagocytosis and inflammation”""'*’. Of particular interest here are the effec-
tor Yops known to disrupt host cell signaling pathways, including pathways
implicated in DC differentiation and function'”. Specifically, YopJ, a ubiquitin-
like cysteine protease, has been shown to inhibit macrophage function by pre-
venting the activation of MAP kinase kinases (MKKs) and IxB kinase (IKK)-
B''*' YopJ-dependent disruption of IKKB monoubiquination prevents degra-
dation of IxBa, an inhibitor of NFxB, and therefore inhibits activation of the
NFxB signaling cascade. Furthermore, several reports have suggested that en-
teropathogenic Yersinia spp. inactivate T cell response by inhibiting the function
of mature DC'*'” and inducing DC apoptosis'*'®. While several groups have
demonstrated that DC are injected by Yersinia spp. in vitro, a recent study has
elegantly verified that Y. pestis also preferentially targets DC and macrophages
. . 169

in vivo .

5.2. Yersinia and DC Differentiation

Given that Yersinia has an effector protein in YopJ that inhibits MAPK and
NFxB signaling, and given that it injects this protein into myeloid cells (includ-
ing monocytes and macrophages) during a natural infection'®"", it seem possible
that YopJ-injected myeloid progenitors that subsequently undergo DC differen-
tiation (possibly in response to the inflammatory milieu) will become tolero-
genic DC-presenting Yersinia antigens. To begin to assess this, we infected DC
progenitors in vitro (both leukemic cell lines and primary human monocytes)
with YopJ+ and YopJ- strains of Y. pestis, and examined the effect on DC im-
munogenicity (Lindner et al., in preparation). As seen in Figure 8A, infection
with the YopJ+ but not the J- strain results in a fivefold reduction in the induc-
tion of RelB expression (as a measure of NFkB signaling), as well as inhibiting
ERK 1 and 2 phosphorylation. This was also associated with downregulation of
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CD40 expression, consistent with inhibition of NFxB signaling. Functionally,
the YopJ'-infected, but not YopJ -infected PMA-differentiated DC demonstrated
a reduced capacity to stimulate an allogeneic T cell response (Figure §B).

We have also found that YopJ+ but not YopJ— Y. pestis infection of mono-
cytes during GM-CSF + IL-4-induced differentiation similarly inhibited the de-
velopment of phenotypic, molecular, and functional characteristics of DC. This
is consistent with a recent study demonstrating a critical role of YopP (a Y.
enterocolitica-encoded protein equivalent of YopJ in Y. pestis) in suppressing
DC function and subsequent T cell response'”. An important caveat to our find-
ings is that we do not yet know whether YopP is generating tolerogenic DC, but
at a minimum it appears that YopJ can significantly disrupt the generation of
immunostimulatory DC from myeloid progenitors.

6. CONCLUDING REMARKS

The signal transduction pathways that underlie the ability of diverse progenitors
to all differentiate into dendritic cells is only beginning to be defined, but they
are likely to play an important role in ultimately shaping the function of the DC.
It is becoming clear that specific pathways regulate specific aspects of DC func-
tion. And, importantly, these pathways can be manipulated by both endogenous
factors and pathogens, and thus may play a central role in both normal and
pathogenic DC biology.
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SHAPING NAIVE AND MEMORY CD8+ T
CELL RESPONSES IN PATHOGEN
INFECTIONS THROUGH

ANTIGEN PRESENTATION
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Adele M. Mount, and Christopher M. Smith

1. INTRODUCTION

The phenotypic and functional studies carried out during recent years have high-
lighted the enormous heterogeneity among dendritic cells. These specialized
cells possess a variety of features that make them highly efficient agents for the
detection of pathogens and induction of immune responses. Unraveling how the
phenotypic, molecular, and functional signatures of dendritic cells regulate the
decision-making process during an immune response has been the focus of in-
tense research in recent years. The advances in our understanding have implica-
tions for the development of vaccine strategies that are targeted to individual
subpopulations of dendritic cells.

2. DENDRITIC CELLS OF SPLEEN AND LYMPH NODES

Dendritic cells (DC) are professional antigen-presenting cells (APC) that have
an extraordinary capacity to stimulate naive T cells and initiate primary
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immune responses to pathogens. They are continuously generated in the bone
marrow and are widely distributed as immature DC to both lymphoid and non-
lymphoid tissues'.

Gaining an understanding of the origins and development of DC has proven
difficult. This is attributable to their rarity in lymphoid tissues (<1%). Both
common lymphoid and common myeloid progenitors appear to have the capac-
ity to differentiate into the different subsets of conventional DC suggesting that
the DC lineage has incredible developmental flexibility*’. While some reports
have described the conversion of one DC type to another’, other studies have
failed to find strong evidence to support such a developmental relationship.
Most of our information on DC behavior and their classification are derived
from studies examining DC phenotype and function in their steady-state envi-
ronment’. However, it is likely that these details may need to be modified as we
better understand the enormous plasticity of DC in effectively shaping an im-
mune response to pathogens.

The existence of multiple DC subsets with distinct microenvironmental
niches points toward unique functional specialization of different DC. In the
spleen and lymph nodes (LN) up to seven subsets of DC that express intermedi-
ate to high levels of the integrin CD11c have been described” . One of these
subsets corresponds to the IFNa-producing plasmacytoid DC (pDC)'"". The
three conventional DC populations found in the spleen can be distinguished us-
ing the surface markers CD4, CD8a, CD11b, and CD205 (Table 1). One subset
expresses CD8a together with CD205, but lacks expression of CD11b (CDS§
DC). Another subset expresses CD4 and CD11b, but not CD205 (CD4 DC),
while a third subset expresses only CD11b. This latter subset is referred to as the
double-negative (DN) DC. A fourth subset of DC found in lymph node (LN) but
not in spleen expresses both CD205 and CD11b. This subset is the equivalent of
the “interstitial” DC found in many peripheral tissues. In the skin they are re-
ferred to as dermal DC, while an equivalent DC subset dominant in the LN
draining the lung (interstitial-like), but also found in the hepatic and renal LN
and Peyer’s patch, expresses CD205 but not CD8cor CD11b*". In addition to
dermal DC are those DC resident only in the epidermis of the skin, the Langer-
hans cells.

Langerhans cells that have migrated to the draining LN express CD11b,
CD205, and low or negligible amounts of CD8a.. The current paradigm sug-
gests that interstitial, interstitial-like DC, and Langerhans cells (“tissue-derived
DC”) carry antigens from peripheral tissues to the draining LN, where they pre-
sent them to other lymphoid cells. This contrasts with the three conventional
DC subsets found in spleen and LN that do not appear to traffic from peripheral
tissues prior to entering the secondary lymphoid tissues. Rather, they appear
to be best defined as “resident DC,” which have originated from the bone mar-
row precursors that seed secondary lymphoid tissues via the blood'.
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Table 1. Conventional DC Subsets in Mouse Lymphoid Tissues

DC subsets Tissue distribution**
Surface marker* Mes- Skin-
Subset enteric draining Visceral
designation CD8 CD4 CD205 CDI1l1b Spleen LN LN LN
CD8 DC +++ - ++ - ++ + + +
CD4 DC - +++ - +++ ++++ +/— +/— +/—
DN DC - - - + ++ +++ ++ ++
Dermal/ - - + + +/— ++ ++ +
interstitial
DC
Langerhans + - +++ + - +/— + -
cells
Interstitial- - ++ - + + +++
like DC*¥**

* The relative level of expression of each surface marker on DC subsets.
** The relative frequency of DC subsets is expressed by the number of ‘+* symbols: 50-70%
(++++), 30-50% (+++), 20-30% (++), 10-20% (+), and <5% (+/-).

3. ROLE OF DENDRITIC CELLS IN PATHOGEN RESPONSES
3.1. Priming Naive T Cells

Classically, priming of naive CD8" T cells requires professional APC that can
efficiently present endogenous or pathogen-derived antigens on major histo-
compatibility (MHC) class I molecules in combination with the necessary
costimulatory molecules to facilitate full activation of T cells. However, whether
each of these elements is strictly required to be provided by a professional APC
to enable T cell priming has remained contentious. Pathogens usually provide an
abundant source of antigen together with pathogen-derived components (for
example, cell wall lipids) that are themselves highly inflammatory. Together,
such signals may to be sufficient for many cells of the body that express MHC
class I molecules to activate T cells, thereby sidestepping the absolute require-
ment for professional APC.

Early studies by Staerz and collegues” showed that, following influenza in-
fection, mice failed to develop virus-specific CD8" T cells when phagocytic cells
were depleted in vivo, but that priming was restored when macrophages were
administered. This provided the first direct evidence that phagocytic cells play
an important role in priming CD8" T cell responses to viral infection. Sometime
later Rock and colleagues'®"” exploited the sensitivity of most bone marrow-



34 G.T. BELZ ETAL.

derived cells to irradiation to demonstrate that bone marrow-derived cells are
essential for virus-specific CD8" T cell priming. In these studies irradiated
C57BL/6 recipient mice were transplanted with bone marrow from Tap1™ mice.
This type of bone marrow lacks the transporter required for presentation of im-
munogenic peptides to CD8" T cells. Analogous approaches have utilized bone
marrow cells that carry mutant MHC class I molecules that are unable to present
immunogenic peptide from the antigen under examination. In these systems,
only parenchymal cells (non-bone marrow-derived cells) would be able to pre-
sent antigens to CD8" T cells. Such an approach has been used to examine the
response to vaccinia virus, lymphocytic choriomeningitis virus, and influenza
virus'™"®, Collectively these studies have elegantly demonstrated that virus-
specific naive CD8" T cell responses require antigen to be presented on MHC
class I molecules by bone marrow-derived cells.

While the above experiments have established that bone marrow-derived
cells are generally required to elicit pathogen-specific responses, it has proven
far more difficult to elucidate (i) whether presentation of virus-derived antigens
is strictly limited to bone marrow-derived professional APC, and (ii) if so, what
is the exact identity of these APC. The approach to the first problem was pio-
neered by Debrick et al.”, and more recently refined by Jung et al.”, who de-
signed an elegant transgenic mouse model to eliminate CD11c¢" cells. The latter
group developed transgenic mice that express the diphtheria toxin receptor fused
to the green fluorescent protein (DTR-GFP) driven by the CD1lc promotor.
Mouse cells do not naturally express the diphtheria toxin receptor and thus
CDlIc¢’ cells become susceptible to the cytotoxic effects of diphtheria toxin,
allowing inducible ablation of DC in vivo. Strikingly, mice that were depleted of
DC failed to develop T cell responses following either malaria, Listeria monocy-
togenes, or viral infections, confirming the crucial importance of DC in initiat-
ing naive CDS8'T cell responses to pathogens'”.

The second problem described above, that of defining the specific identity
of DC actually presenting the pathogen-derived antigens, has been facilitated by
several laboratories, including our own, developing very careful methods for
direct ex vivo DC purification and analysis. These approaches have been used to
mainly examine pathogen systems and will be described in greater detail below.

3.2. Identifying the Main Movers and Shakers in Infection

DC show amazing phenotypic diversity, resulting in the many different subsets
described above. Such diversity raises the notion that, like T cells and B cells,
DC subsets represent specialized populations of immune cells that respond to
different types of antigens or pathogens. This tantalizing concept has fueled an
extensive search for DC subtypes that might differentially regulate the induction

of T cell immunity or, alternately, T cell tolerance, in vivo™'™”".
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Two experimental approaches have been used to examine which DC subsets
are essential for the CD8" T cell response to a number of pathogens. Impor-
tantly, these experiments hinge on developing highly sensitive in-vitro assays
that allow the monitoring of antigen presentation by the very low number of DC
thought to carry pathogen-derived antigens. Both approaches involve inoculat-
ing mice with a pathogen and at various time points after infection the draining
LN or spleen are dissociated and the DC subsets isolated. These highly purified
populations are then co-cultured with T cell hybridoma lines or naive transgenic
T cells. In the first experimental system, purified DC are co-cultured with a T
cell hybridoma line specific for an MHC class I-restricted peptide derived from
the pathogen. Conventionally, the response elicited has been analyzed by meas-
uring interleukin-2 production. However, this approach has rarely proven suffi-
ciently sensitive in pathogen systems to accurately analyze antigen presentation.
This further supports the notion that only very small numbers of DC actually
carry the viral antigen of interest. More recently, the difficulty in detecting MHC
class I presentation directly ex vivo from pathogen-infected animals has been
circumvented by using T cell hybridomas that express the lacZ gene. This fea-
ture enables individual cells that have been stimulated by antigen-bearing cells
to become blue on exposure to B-galactosidase**"”. The advantage of T cell hy-
bridomas is that they are independent of costimulatory requirements and there-
fore provide a highly sensitive readout for analyzing antigen presentation ex
vivo. Interestingly, however, not every cell type that is able to stimulate a lacZ-
expressing hybridoma can activate naive T cells. To explore which cells have
the capacity to fully signal a naive T cell, 5,6-carboxy-fluorescein succinyl ester
(CFSE)-labeled naive T cell receptor transgenic cell proliferation has been used.
This technique has been central to understanding which cells are essential for the
T cell-APC interaction that leads to immunity. Nevertheless, differences in the
sensitivity of the respective TCR transgenic cells together with a lack of TCR
transgenic T cells for both CD4" and CD8" T cell epitopes, which would permit
MHC class II antigen presentation to be monitored simultaneously, has left sig-
nificant gaps in our understanding of how the pathogen response is molded.

3.3. Dendritic Cell Subsets in Pathogen Infections

DC are crucial in mounting an effective cytotoxic T cell response to both lym-
phocytic choriomeningitis virus (LCMV) and the bacterium Listeria monocyto-
genes” ™. This most likely involves a complex interplay of different DC popu-
lations, encompassing not only conventional DC but also plasmacytoid DC and
novel subsets such as Tip DC"*. In the case of LCMV, the influx of IFNa-
producing pDC limits viral replication™. In Listeria monocytogenes infection,
Tip DC (CD11¢'CD11b" DC), so named for their production of tumor necrosis
factor-a (TNFo) and inducible nitric oxide synthase (iNOS), provide cytokine-

directed innate control of infection’. Although both pDC and Tip DC can pre-



36 G.T. BELZ ETAL.

sent pathogen-derived antigens, presentation is very inefficient when compared
to conventional DC and was not required for generation of antigen-specific
adaptive immunity”'.

It is likely that the route of foreign antigen invasion into the body is a major
factor determining which DC and other APC are involved in the transport of
antigen to the LN and, in some instances, the subsequent transferral of antigen
within the lymphoid organs to secondary DC. Access to secondary lymphoid
tissues typically occurs either via the blood (for example, malaria, yellow fever,
and lyme disease) or by transport from peripheral sites such as the lung, gut, or
skin. Classically, tissue-derived DC have been implicated as central for initiating
immunity. However, more recent rigorous examination of this concept has illus-
trated that the migratory tissue-derived DC are not always able to prime naive
T cells. For example, our group has recently demonstrated that Langerhans cells
in mice were unable to prime naive CD8 T cells following cutaneous infection
with herpes simplex 1 (HSV-1)™.

Further analysis of the differential roles of DC subsets in priming naive vi-
rus-specific CD8" T cells has been undertaken in our laboratory during recent
years****** In particular, one subset of DC, the CD8o. DC, appears to play an
integral role in presenting virus-specific antigens to naive T cells during infec-
tion. We have shown that virus administered via the blood results in MHC class
I antigen presentation solely by this conventional CD8c. DC subset. Moreover,
this was also the case for other viruses, including HSV-1, influenza virus, vac-
cinia virus, LCMV, and L. monocytogenes”, suggesting that CD8o DC represent
a common pathway for handling and presenting pathogen-derived antigens.
These studies, however, did not examine the role of DC subsets in CD4" T cell
presentation following infection. In contrast to the central role played by
CD8a.DC, CD11b  (interstitial) DC seem to be largely responsible for priming
naive CD4" T cells. For example, Filippi et al.” showed that following Leishma-
nia major infection CD11b'DC presented the MHC class II-restricted LACK
antigen to CD4" T cells. Similarly, analysis of MHC class II presentation to
CD4"T cells during herpes simplex 2 (HSV-2) infection revealed CD11b DC as
the main APC in draining LN". Interestingly, Langerhans cells did not prime
CD4'T cells following either L. major or HSV-2 infection. In our own studies of
antigen presentation to CD8" T cells following HSV-1 infection, neither Langer-
hans cells nor dermal DC could activate naive T cells despite the abundance of
antigen associated with both these DC at the infection site.

Our study examining CD8" T cell immunity to viral lung infection revealed
evidence for the interplay between the migratory tissue-derived DC (CDI11b"
CD8c) and LN resident blood-derived CD8c DC in priming naive CD8" T
cells’. To track DC migration from the lung, CFSE was administered intrana-
sally following virus infection. This dye labeled peripheral lung DC and allowed
us to establish that MHC class I antigen presentation was accomplished by the
tissue-derived migratory CD11b CD8DC subset. In addition, the LN resident
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blood-derived CD8a DC efficiently presented viral antigens; however, given

that they were not labeled by CFSE, it is most likely that they acquired antigen
from the immigrant tissue-derived DC.

Table 2. Dendritic Cell Populations Associated with Pathogen Infections

Naive
T cell Origin/
Infection DC subset  activated function Reference
HSV-1 CD8o" CD§" blood-derived 24-26
(cutaneous, Ag presentation
subcutaneous)
HSV-2 (vaginal) CDI11b" CD4" tissue-derived 36
Ag presentation
Influenza A, HSV-1 CD8o* CD8* blood-derived 8 and
(intranasal) Ag presentation  unpub.
(GTB)
CD11b’ CDg" tissue-derived
Ag presentation
LCMV, vaccinia virus CD8o" CD8" blood-derived 25,37
(intravenous, Ag presentation
intraperitoneal)
Reovirus CD8a” CD4" blood-derived 14
Ag presentation
CD11b™ CD4" tissue-derived
Ag presentation
Listeria monocytogenes CD8o" CD§" blood-derived 37
Ag presentation
TipDC iNOS
antigen
presentation
Leishmania major CD11b" CD4" tissue-derived 39
(dermal DC) Ag presentation

CD8ao"

*Presentation to CD4" T cells has not been examined. **Presentation to CD8" T cells has not
been examined. ***T cell subset has not been determined.

In a model of reovirus infection of the gut, Fleeton et al." similarly identi-
fied two populations of DC involved in generating CD4" T cell responses to the
virus. These were the CD8o DC and CD11b"™ DC subsets. This latter subset
appears to be analogous to the CD11b DC found in the lung and visceral LN
both in phenotype and function, and they were found to be important for trans-
porting apoptotic material from the gut epithelium to the mesenteric LN for
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transfer to resident CD8c DC. These two studies underline the importance of the
migratory tissue-derived DC in transporting viral antigens to the draining LN for
transfer to LN-resident DC as a generalized mechanism for amplifying the CD8"
T cell immune response.

3.4. Amplification of Memory CD8+ T Cells in Secondary Infections

A number of studies have identified the ability of various APC — such as DC,
macrophages, or even epithelial cells — to differentially present viral antigens.
Such work has led to the proposal of an elegant model in which during a pri-
mary immune response DC are the essential drivers of T cell priming. In con-
trast, during a recall response, non-DC, particularly those that are tissue resident,
would be ideally positioned to rapidly amplify memory T cells (“tissue medi-
ated”)”. This would presumably provide the most efficient mechanism for re-
moving infection at the site of entry. From a teleological perspective, such a
schema could explain how tissue-mediated antigen presentation influences and
facilitates the memory T cell response in vivo. However, it would be extremely
important to first determine whether the memory T cells, like naive T cells, in
fact depend only on DC to drive their development and differentiation. The cur-
rent concept that memory T cells could be activated by parenchymal cells is
supported by findings showing that memory T cells have a lower threshold for
activation and have less stringent costimulation requirements than naive T
cells" ™. This would argue that memory T cells are more promiscuous than naive
T cells in responding to antigen presented by non-DC. To formally address this
issue, our group” and Zammit et al.” established complementary systems in
which it was examined whether a bone marrow-derived cell, or specifically a
DC, was required to activate and amplify memory CD8" T cells in pathogen in-
fections. Remarkably, both studies showed that memory CD8' T cells were
largely dependent on DC to maximize the recall response to infection. Further-
more, this amplification of memory T cells was reliant on the migratory DC
transporting antigen to the draining LN. However, some amplification of effec-
tor cells was detected in the lung bronchoalveolar lavage following influenza
infection, supporting that non-DC may represent a bone fide cell type capable of
stimulating memory T cells allowing a tissue-mediated frontline defense against
pathogen invasion™”. Interestingly, though, a similar outcome was not apparent
when infection was transmitted via a cutaneous route with HSV-17". These stud-
ies provide an important new conceptual viewpoint of memory T cells, showing
that the interaction with DC is a major mechanism driving both naive T cell ac-
tivation and memory T cell reactivation.
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4. CONCLUSIONS

The heterogeneity and complexity of the DC network have been probed through
many meticulous studies over recent years. From this body of work has emerged
a picture showing a complex and dynamic interplay between DC subsets and
other immune cells. Although much remains to be unraveled about the precise
details about the DC subsets and molecular mechanisms regulating DC interac-
tions with T cells, two important observations have emerged that challenge our
previous views of the behavior of these cells. The first salient conclusion of the
studies presented here is that the induction of T cell immunity to peripheral
pathogens requires the tissue-resident migratory DC to transport antigen cap-
tured in the periphery to the draining lymph node, where transfer of antigen
to other DC can occur. This transfer appears essential to initiating and amplify-
ing T cell immunity, as unexpectedly not all migratory DC (for example,
Langerhans cells) are themselves able to stimulate robust T cell responses. Sec-
ond, memory T cells share with naive T cells a significant dependence on
DC to initiate the recall response to pathogens in vivo. This surprising finding
raises important questions about how memory T cells are regulated in vivo
and how we can harness their features to best recall them in secondary immune
responses. Understanding the complex interactions between DC subsets and
other immune cells has important implications for the development of targeted
vaccine strategies that target specific DC populations in vivo.
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UNDERSTANDING THE ROLE OF INNATE
IMMUNITY IN THE MECHANISM OF
ACTION OF THE LIVE ATTENUATED
YELLOW FEVER VACCINE 17D

Troy D. Querec and Bali Pulendran

1. INTRODUCTION: A HISTORICAL PERSPECTIVE

The live attenuated Yellow Fever Vaccine 17D [YF-17D] is one of the most
effective vaccines available. During the 70 years since its development, the vac-
cine has been administered to more than 400 million people worldwide with
minimal incident of severe side effects. Despite its efficacy, the immunological
mechanisms that mediate its efficacy are poorly understood. Here we review the
development of YF-17D in a historical context, and then present some emerging
evidence which suggests that YF-17D activates multiple Toll-like receptors
(TLRs) on dendritic cells (DCs) to elicit a broad spectrum of innate and adaptive
immune responses. Interestingly, the resulting adaptive immune responses are
characterized by a mixed T helper cell (Th)1/Th2 cytokine profile and antigen-
specific CD8(+) T cells, and distinct TLRs appear to differentially control the
Th1/Th2 balance. These data offer some new insights into the molecular mecha-
nism of action of YF-17D, and highlight the potential of vaccination strategies
that use combinations of different TLR ligands to stimulate polyvalent immune
responses.

Max Theiler and his associates at Rockefeller University created the yellow
fever vaccine 17D (YF-17D) empirically by serial passaging of the virus in tis-
sue culture'. The Asibi strain of the yellow fever virus, which had been isolated
in West Africa in 1927 and passaged in rhesus monkeys, served as the starting
material for the vaccine development effort. Based on experience that the tro-
pism of the virus could be altered by serial passage through a particular kind of
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tissue, Theiler chose to passage the virus in various animal tissues to attenuate
its virulence in humans’. However, to function as a vaccine, the virus had to
maintain its ability to induce a strong immune response. Thus various passages
of the virus were also checked for the ability to produce neutralizing antibodies
and protect monkeys from challenge with a virulent strain of the virus. Several
subculture strategies were tried including passage in mouse testicle and guinea
pig tissue. Most substrains resulted in virus that either was still too lethal in
monkeys or did not induce an effective immune response. The one exception
was substrain 17D. The virus was passaged over 200 times first in mouse brain
and mouse embryo tissue culture to reduce its viscerotropism, which can lead to
hepatic and renal failure and hemorrhage, and next in chicken embryo and
chicken embryo tissue culture with the brain and spinal cord removed to attenu-
ate its neurotropism™. This work culminated in the 1937 Journal of Experimen-
tal Medicine paper in which YF-17D was first used in human volunteers, includ-
ing the authors, and shown to induce neutralizing antibodies’. In 1945 the World
Health Organization organized the establishment of two substrain seed lots of
this vaccine: 17DD, which is used in South America, and 17D-204, which is
used in the majority of the rest of the world'. Both substrains of the vaccine are
currently manufactured with embryonated chicken eggs.

The success of YF-17D depends on a delicate balance between attenuating
the virus so as to eliminate virulence without attenuation to such an extent that it
loses its immunogenicity. Interestingly, there are very few potentially key muta-
tions that are involved in attenuation of the vaccine. A comparison of YF-17D
with wild-type Asibi reveals that there are only 68 nucleotide mutations out of
over 10,860 nucleotides (~0.63%) that generate 32 amino acid differences’. The
E protein appears to be the most heavily changed region of the entire genome,
with 11 nucleotide and 8 amino acid differences. Because of the role the E pro-
tein plays in cell entry, some of these mutations must play a role in the tropism
of the virus and thus affect its virulence. Based on their locations in the domains
of the E protein, mutations 52 Gly—Arg and 200 Lys—Thr might affect the low
pH endosomal conformational changes and 305 Ser—Phe and 380 Thr—Arg
might affect cell attachment’’. Also, studies have shown that by neural tissue
passage YF-17D can be converted into a neurovirulent virus by mutations in the
E protein™ . Another interesting observation is that mutation of 3’-UTR is
speculated to play a role in attenuation". Four nucleotide differences occur in 3'-
UTR, while none occur in 5’-UTR. Thermodynamically stable hairpin loops are
present in the UTRs. Structural polymorphisms exist among the different sub-
strains of YFV, and particular polymorphisms are associated with virulent
strains versus attenuated vaccine strains. These structural differences in 3’-UTR
presumably affect the transcription and translation of the virus by altering the
recruitment of host and viral proteins.

Numerous clinical studies have been conducted with YF-17D to analyze
viremia, cytokines, and acquired immune responses. Typically, viremia is de-
tectable between 2 and 6 days post-vaccination as measured by RT-PCR in 30 to
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100% of vaccinees depending on the study”. Plaque assays show that vaccine
viremia averages 20 PFU/ml and does not exceed 100 PFU/ml"”, as opposed to 7
log10 with wild-type YF'. Plaque assays are a less sensitive method to measure
YFV. Only a subset of cases positive by RT-PCR are also positive by plaque
assay, and in those cases that are positive by plaque assay RT-PCR still detects
viremia 1 day after no plaques are detected”. The inflammatory markers TNF,
IL-1R antagonist, and IL-6 have been shown to peak in plasma at 2 days post-
vaccination in response to the initial inoculum". A second minor peak is found
around day 7, presumably in response to the virus that has replicated in vivo and
disseminated throughout the body. In contrast, IFN-alpha levels are not detect-
able until at least day 4 and peak around day 6, which is about a day after the
peak in viremia®. The kinetics of the IFN-alpha response suggest that it is re-
leased into the blood possibly by circulating plasmacytoid DCs in response to
viremia, as opposed to virus infecting tissues.

The strong antibody response to YF-17D has been well characterized. Neu-
tralizing antibodies are believed to be the primary correlate of protection against
challenge with wild-type YFV, and the appearance of neutralizing antibodies
about 1 week post-vaccination correlates with the endpoint of vaccine vire-
mia"'"*™, Individuals that receive a second vaccination of YF-17D do not have
detectable viremia, presumably because of the presence of neutralizing antibod-
ies””. An analysis of World War II veterans has shown that a single dose of the
vaccine is capable of inducing detectable neutralizing antibody titers in over
80% of the vaccinees for more that 30 years’”. In recent studies, seroconversion
rates range between 90 and 100% of vaccinees 7 to 21 days after vaccination™,

Both IgM and IgG antibodies are induced by primary vaccination. It is the
IgG antibodies that are believed to be responsible for protection years after vac-
cination, because only IgG and not IgM antibodies are found after a secondary
vaccination with YF-17D"*. However, IgM titers can last for 6 months to a
year, and one study has even tracked neutralizing IgM for several years”. The
primary antibody targets for YFV immunity are the E protein and NS1°°”. Neu-
tralization of E protein inhibits binding of the virus to the cell. Because NS1 is
expressed on the surface of cells, antibody binding to this protein can promote
antibody-dependent cell-mediated cytotoxicity (ADCC) and complement-
mediated lysis to clear infected cells.

Though neutralizing antibody responses historically have been the focus of
studies on protection against yellow fever, T cells do play an important role at
least during the primary response to the vaccine. Only a few studies have inves-
tigated T cell responses to YF-17D. Based on general knowledge of antiviral T
cell responses, it can be assumed that cytotoxic CDS8 T cell responses control the
infection by killing infected cells, and CD4 T cells mature into either Thl or
Th2 cells to promote stronger cytotoxic T cell and antibody responses. Human
CDS8 T cell epitopes to YF-17D have been found in E, NS1, NS2b, and NS3
proteins™. YF-17D-specific T cells can be measured by IFN-gamma ELISPOTSs
at 14 days post-vaccination and have been detected as far out as 19 months post-
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vaccination™. In C57B1/6 mice, three T cell epitopes have been documented”.
While the only detectable CD4 T cell response was to an I-Ab-restricted E pro-
tein epitope, responses to a dominant H-2Kb-restricted NS3 protein epitope and
subdominant H-2Db-restricted E protein were measured in CD8 T cells.

2. UNDERSTANDING THE INNATE IMMUNE MECHANISM
OF ACTION OF YF-17D

Despite YF-17D’s efficacy in controlling yellow fever over the past several dec-
ades and its promise as a vaccine vector, a fundamental question has gone unan-
swered: How does YF-17D work so well? Recent advances in immunology sug-
gest that the innate immune system is a critical determinant of the strength and
quality of the adaptive immune response™ . Within the innate immune system,
dendritic cells (DCs) occupy a preeminent position, as they play critical roles in
sensing microbial stimuli, and in initiating and modulating adaptive immune
responses. DCs of an immature type are scattered throughout the body, particu-
larly at the portals of pathogen entry, where they are equipped to sense microbial
signatures through pathogen recognition receptors (PRRs), such as the Toll-like
receptors (TLRs)"**. TLRs constitute an evolutionarily conserved family of
receptors involved in microbe recognition, of which 11 have been described in
mammals. Different TLRs appear to recognize distinct microbial components.
For example, lipopolysaccharides from E. coli are recognized by TLR 4", while
certain lipopeptides — LPS from leptospira™” and P. gingivalis™*' and the yeast
cell wall zymosan®” — are recognized by TLR 2. Furthermore, unmethylated
DNA from bacteria and viruses are recognized by TLR 9", single-stranded
RNA is recognized by TLR 7/8"*, and double-stranded RNA is recognized by
TLR 35()—52-

Upon recognition of a pathogen via TLRs, the immature DCs at the site of
pathogen entry undergo a maturation process, during which they exit the site and
migrate to the T cell-rich areas of the neighboring lymph nodes, whereas the
mature DCs present their acquired microbial antigens and stimulate antigen-
specific T cells, thus initiating adaptive immunity and immune memory.

Given the pivotal role of TLRs and DCs in initiating and tuning the adaptive
immune response, there is at present much interest in exploiting these in the
development of novel vaccines. However, the converse question of whether
some of our best, empirically derived vaccines actually work by stimulating
TLRs is largely unexplored. In this context, in our recent study we sought to
determine whether YF-17D triggered activation of innate immunity and DCs via
TLRs, and if so what effect this had on the quality of the innate and adaptive
immune responses.

With their key function in immune modulation, DCs likely have an impor-
tant role to play in YF-17D vaccination. Human monoycte-derived DCs can be
infected with YF-17D, similar to other flaviviruses such as dengue and West
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Nile™ ™. Dengue and West Nile viruses have been shown to replicate in Langer-
hans cells in the skin. Recently yellow fever vaccines have been shown to repli-
cate in DCs™"®. This replication in DCs could enhance the immune response by
facilitating transport of viral antigens to the lymph nodes, increase the concen-
tration of antigens available for presentation, and stimulate a stronger danger
signal. As a further enhancement of DC induction of acquired immune re-
sponses, flaviviruses cause viral-mediated upregulation of MHC class I,

Our recent findings suggest that YF-17D activates multiple Toll-like recep-
tors (TLRs), on distinct subsets of dendritic cells (DCs), to elicit a broad spec-
trum of innate and adaptive immune responses”. Specifically, YF-17D activates
multiple DC subsets via TLRs 2, 7, 8, and 9 to elicit potent proinflammatory
cytokines, as well as IFNa. Interestingly, the resulting adaptive immune re-
sponses are characterized by a mixed Th1/Th2 cytokine profile and antigen-
specific CD8+ T cells. Furthermore, distinct TLRs appear to differentially con-
trol the Th1/Th2 balance: thus, while MyD88-deficient mice show a profound
impairment of Thl cytokines, TLR2-deficient mice show greatly enhanced Thl
and Tcl responses to YF-17D. Two intriguing features of the data deserve dis-
cussion. First, it was surprising that deficiency of a single TLR resulted in a
marked impairment of IL-12p40 and IL-6, since it might have been expected
that other TLRs would compensate for this deficiency. One explanation is that
YF-17D contains suboptimal amounts of individual TLR ligands, which by
themselves stimulate suboptimal responses but can signal in concert to create a
synergistic effect. This hypothesis is consistent with the recent finding that se-
lected TLR combinations can indeed synergistically trigger a Thl polarizing
program in human DCs**. A second intriguing feature is that signaling via dis-
tinct TLRs appears to exert opposing influences on the Th1/Th2 balance. Thus,
eliminating signaling via MyD88 impairs Thl responses, while eliminating
TLR2 signaling enhances Thl responses. This is consistent with emerging data
that distinct TLRs may differentially affect the Th1/Th2 balance® . Therefore,
triggering multiple TLRs might facilitate both immune synergy and generation
of polyvalent immune responses.

The question of which viral components act through which innate immune
receptors is one of significant importance. Since live viral vaccines contain not
only viral proteins and nucleic acids but also cellular contaminants derived from
the cell lines in which the vaccines were grown, the latter may play important
roles in the induction and modulation of vaccine induced immune responses.
Thus, the chicken embryos and cell lines in which YF-17D are grown are poten-
tial sources of these dirty little secrets or danger signals, and it is thus likely that
these factors and other nonviral components of the YF-17D vaccine, such as
heat shock proteins and uric acid, contribute to the induction of an immune re-
sponse. However, whatever the source of the molecules that stimulate a given
TLR or PRR, further work is clearly required to determine the specific combina-
tions of PRRs (the correct “code” of innate immune buttons) that promote a par-
ticular facet of the immune response, such as Th1/Th2 balance, neutralizing an-
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tibody responses, long-lived antibody-producing cells that home to mucosal
tissues and continuously secrete high-affinity neutralizing antibody, and long-
lived memory T cells.

3. CONCLUDING REMARKS

In conclusion, recent findings enhance our understanding of the immunological
mechanisms of action of YF-17D and suggest that vaccine adjuvants that con-
tain multiple TLRs might be beneficial in stimulating a broad spectrum of innate
and adaptive responses. Therefore, determining the TLRs (and other non-TLR
pathogen recognition receptors) through which YF-17D and other effective vac-
cines signal could be used to deconstruct the immunological basis for the effi-
cacy of such “successful” vaccines. It is likely that many of these vaccines,
which consist of live attenuated viruses or bacteria, may well signal through
multiple TLRs, as well as other non-TLR receptors such as RIG-1". Conversely,
vaccines that stimulate suboptimal responses upon a single injection, but which
require multiple boosts to generate robust protective responses, may fail to trig-
ger TLRs, or may even inhibit TLR signaling. Thus, future vaccine strategies
aimed at incorporating multiple TLR ligands and antigens into delivery systems
such as nanoparticles, which can target specific DC subsets in vivo, are likely to
be of great benefit in conferring the degree of immunogenicity and protection
mediated by our best vaccines — such as the yellow fever vaccine YF-17D.
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THE FUNCTION OF LOCAL LYMPHOID
TISSUES IN PULMONARY
IMMUNE RESPONSES

Juan Moyron-Quiroz, Javier Rangel-Moreno,
Damian M. Carragher, and Troy D. Randall*

1. LYMPH NODE STRUCTURE AND DEVELOPMENT

Primary adaptive immune responses are initiated in secondary lymphoid organs,
such as spleen, lymph nodes, and Peyer’s patches. These lymphoid organs re-
cruit naive lymphocytes' as well as activated antigen-presenting cells (APCs)’,
and facilitate lymphocyte activation, expansion, and differentiation. For exam-
ple, infection of the lung with influenza virus leads to activation of pulmonary
dendritic cells, which engulf local antigens and traffic to the draining mediasti-
nal lymph node (MLN)’, where they home to the T cell area surrounding the
high endothelial venules (HEVs) (Figure 1). Naive B and T cells are constantly
recruited into the lymph node via these HEVs and rapidly become activated as
they encounter cognate antigen on APCs. Activated lymphocytes subsequently
expand and differentiate into effector cells. For T cells, this differentiation pri-
marily occurs in the T cell zone. In contrast, B cells rapidly expand and are se-
lected for high-affinity variants in the germinal centers (GCs) that develop on
the border between the T cell area and the B cell follicle. As the immune re-
sponse progresses, effector B and T cells leave the lymph node via the efferent
lymphatics, which drain into the blood via the thoracic duct. Once in the blood,
activated effector cells recirculate to sites of inflammation, including the origi-
nal site of infection in the lung, and use their effector functions to combat infec-
tion. An important point of this model is that, while infection occurs locally in
non-lymphoid organs, primary immune responses are initiated centrally in sec-
ondary lymphoid organs. This scheme is outlined in Figure 1.

*From the Trudeau Institute, Saranac Lake, New York 12983, USA.
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Figure 1. Secondary lymphoid organs acquire antigen and activated APCs from regional tissues and
initiate primary immune responses. APCs enter the lymph node via afferent lymphatics and home to
the T cell zone. Naive lymphocytes enter the lymph node via the HEVs and encounter antigen dis-
played on APCs. Effector lymphocytes leave the lymph node via efferent lymphatics.

Although there are similarities in the architecture of all secondary lymphoid
organs, their structure differs depending on their location and function’. For ex-
ample, the spleen samples antigens directly from the blood’, while regional
lymph nodes sample antigens from afferent lymphatics that drain regional tis-
sues’. In contrast, mucosal lymphoid tissues, such as Peyer’s patches and Nasal
Associated Lymphoid Tissue (NALT) have no afferent lymphatics and sample
antigens directly across the mucosal epithelium’. Therefore, each secondary
lymphoid organ is specialized to acquire antigen from the regional tissues that it
drains and to generate immune responses appropriate to those antigens.

Lymph node and Peyer's patch development occurs between day E11 of
gestation and birth’. The development of these organs is dependent on the lym-
photoxin (LT) signaling pathway and mice lacking LTo, LTB’, LTBR", or
NFxB-inducing kinase' fail to develop most lymph nodes and Peyer's patches.
Embryonic lymph node development is initiated by Lymphoid Tissue inducer
cells (LTi cells), which provide lymphotoxin to local LTBR-expressing mesen-
chymal cells at sites of future lymph node development”. In turn, signals from
the LTPR trigger mesenchymal cells to differentiate into mature stromal cells
that express the chemokines and adhesion molecules necessary to recruit and
maintain lymphocytes in mature lymph nodes”. In the absence of these
chemokines, particularly CXCL13"™", LTi cells fail to migrate to sites of future
lymph node formation and lymph nodes do not develop. Once formed, the archi-
tecture of secondary lymphoid organs is maintained by a positive feedback loop
between lymphotoxin and the homeostatic chemokines'". In fact, lymphotoxin-
dependent CXCL13 expression is required for maintenance of B cell follicles,
formation of germinal centers, and differentiation of follicular dendritic cells".
In contrast, CCL21 is expressed primarily on HEVs and promotes rolling arrest
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and migration across the vascular endothelium”, while CCL19 expression on
stromal cells is important for recruitment of T cells and activated APCs into the
T cell area”. Like the expression of CXCL13, the expression of CCL19 and
CCL21 is dependent on lymphotoxin'. Thus, lymphotoxin and homeostatic
chemokines are essential for both the development of secondary lymphoid or-
gans and for maintenance of proper lymphoid architecture.

2. ROLE OF LOCAL LYMPHOID ORGANS IN
PULMONARY IMMUNITY

Despite the important role of secondary lymphoid organs in initiating primary
immune responses, there are some indications that naive lymphocytes can be
primed locally in non-lymphoid tissues. For example, adoptively transferred
naive OTII TCR transgenic CD4 T cells can be primed by intranasal challenge
with OVA in LTa" hosts”. Since LTor” mice lack all lymph nodes and Peyer's
patches, these data suggest that the transferred T cells are primed directly in the
lung tissue by pulmonary DCs. We also used LTa.” mice in our initial studies to
address whether conventional secondary lymphoid organs were required for
immune responses to influenza”. As expected based on studies showing that
LTo” mice are unable to generate primary immune responses to a variety of
infectious agents™ ', we found that LT mice are more susceptible than nor-
mal mice to influenza. However, even though the onset of immunity is slightly
delayed, LTo;” mice make robust immune responses to influenza”. For exam-
ple, although the initial CD8 T cell response is slightly delayed, normal numbers
of influenza-specific CD8 T cells are eventually generated that have normal cy-
totoxic activity and make normal levels of IFNY upon restimulation. The B cell
response is also slightly delayed, but ultimately produces above-normal levels of
influenza-specific IgM and slightly below normal levels of influenza-specific
IgG. Together, the T and B cell responses of LTo” mice clear influenza virus
from the lungs with only a slight delay”. Thus, primary immune responses to
influenza are intact in LTo™ mice, despite their lack of lymph nodes.

2.1. Structure and Function of Nasal-Associated Lymphoid
Tissue (NALT)

Given that LTot" mice are also able to make an immune response to another
respiratory virus, yHerpesvirus-68*, we hypothesized that there is something
unique about the respiratory tract that allows primary immune responses to oc-
cur in the absence of lymph nodes. One possibility is that some secondary lym-
phoid organs remain in the respiratory tract of LTo;” mice. Since the loss of all
conventional lymph nodes is extensively documented in LTo;"” mice®, we exam-
ined whether the development of NALT is disrupted by the loss of LTa. Sur-
prisingly, we showed that, unlike all other lymph nodes and Peyer’s patches,
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NALT develops independently of LTo. signaling”. However, despite the ability
of NALT to bypass LTa for its development, the structure and function of
NALT is severely compromised in the absence of LTa*. The NALT of LTor”
mice is lymphopenic, lacks B cell follicles, follicular dendritic cells and HEVs,
and is unable to initiate B and T cell responses to intranasal antigens. However,
both the structure and immune function of NALT can be restored by reconstitu-
tion of LTo” mice with normal bone marrow”. Since conventional lymph nodes
and Peyer's patches are not restored by reconstitution with normal cells’, this
suggests either that the basic scaffolding of NALT is formed independently of
LTa, or that the development of NALT is not confined to an early developmen-
tal window. In either case, the development of NALT is unlike that of other sec-
ondary lymphoid organs.

The severely compromised structure and function of NALT in LTa” mice
also suggests that LTo may control the proper expression of homeostatic
chemokines in NALT as it does in the spleen. We investigated this possibility
and found that, indeed, LT is required for the expression of CXCL13, CCL19,
and CCL21 in NALT and that the loss of these chemokines is responsible for the
disrupted architecture and impaired function of NALT in LTo” mice™. For ex-
ample, the architecture of NALT is severely disrupted and both B cell and T cell
responses are impaired in LTo.” mice. In contrast, only B cell responses are
impaired in CXCL13™" mice and only T cell responses are impaired in plt/plt
mice, which lack both CCL19 and CCL21%. Thus, the structural and functional
defects in LTar” NALT can be directly traced to impaired chemokine expres-
sion. These data are consistent with the severely reduced expression of
CXCL13, CCL19, and CCL21", the compromised lymphoid architecture”, and
impaired function™ of spleens in LTo" mice.

2.2. Pulmonary Immune Responses in the Absence of Secondary
Lymphoid Organs

Although it is clear that NALT can develop in the absence of LTa., the inability
of NALT to support B and T cell responses in LTo;” mice suggest that immune
responses to influenza can be initiated in a location other than NALT. To test
this possibility, we next examined whether immune responses are intact in mice
that lacked secondary lymphoid organs, but express LTo”. In these experiments,
we splenectomized and irradiated LTor” mice and reconstituted them with nor-
mal bone marrow. These mice, which lack spleen, all lymph nodes, and Peyer’s
patches, are referred to as Spleen, Lymph node, and Peyer’s patch-deficient
mice (SLP mice). As controls, we reconstituted C57BL/6 mice with C57BL/6
bone marrow to generate WT mice (Figure 2A). After reconstitution, these mice
were infected with influenza and assayed for T and B cell responses. As shown
in Figure 2B, CDS cells specific for influenza nucleoprotein,, ., (NP) are easily
identified in the lungs of WT animals on day 9, the peak of the CD8 T cell re-
sponse to influenza in normal mice”. Influenza-specific CDS8 cells are also de-
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tected in the lungs of SLP mice, although at a lower frequency than in WT mice
(Figure 2B). To determine whether influenza-specific CD8 T cells ever accumu-
lated to normal levels in SLP mice, we followed the kinetics of the CD8 T cell
response. As expected, the number of influenza-specific CD8 T cells peaked in
the Iungs of WT mice on day 9 and then declined (Figure 2C). Despite the de-
layed appearance of influenza-specific CD8 T cells in the lungs of SLP mice, the
number of influenza-specific CD8 T cells in the lungs of SLP mice reached WT
levels by day 14 (Figure 2C). Thus, influenza-specific CD8 T cells are primed in
the absence of conventional lymphoid organs, albeit with a slight delay.
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Figure 2. Respiratory immune responses are intact in the absence of conventional lymphoid organs.
(A) C57BL/6 mice or splenectomized LTo." recipient mice were lethally irradiated and reconstituted
with bone marrow from C57BL/6 donors. Reconstituted C57BL/6 mice are referred to as WT mice.
Splenectomized and reconstituted LTor”™ mice lack Spleen, Lymph nodes and Peyer’s patches and
are referred to as SLP mice. (B) Chimeric mice were infected with influenza and nucleoprotein
(NP)-specific CD8 cells were identified by tetramer binding. (C) The combined number of
CD8'CD62L"H-2D"PA,,, .., and CD8'CD62L"H-2D"NP,, ., tetramer-binding T cells in the lungs
was determined by flow cytometry. (D) The serum titers of influenza-specific IgM and IgG were
determined by influenza-specific ELISA. (E) CD19°'FAS'PNA" germinal center B cells were identi-
fied in the lungs and draining lymph nodes (MLNs). The plots shown were gated on CD19" cells and

the FAS"PNA" germinal center B cells are circled.

We also determined whether humoral immune responses were generated in
SLP mice”. As shown in Figure 2D, influenza-specific IgM and IgG are pro-
duced in SLP mice, although the titers of IgM are reduced and the appearance of
IgG is delayed. Since isotype switching in B cells usually occurs in germinal
centers, which facilitate the proliferation and selection of B cells that produce
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high-affinity neutralizing antibody™, we tested whether B cells with a germinal
center phenotype could be found in SLP mice. As shown in Figure 2E, germinal
center B cells are found in the lungs of both WT and SLP mice on day 14 after
infection. This was somewhat surprising, as germinal centers are normally found
in highly organized lymphoid tissues, such as lymph nodes or spleen. These data
demonstrate that the formation of germinal center B cells and the production of
influenza-specific isotype-switched antibody are not dependent on the presence
of peripheral lymphoid tissues, and suggest that the lung itself is competent to
initiate and maintain influenza-specific B cell responses.

2.3. Structure and Function of Bronchus-Associated Lymphoid
Tissue (BALT)

The presence of B cells with a germinal center phenotype in the lungs of WT
and SLP mice suggests that organized lymphoid tissues can be formed in the
lung. Since the lungs of normal uninfected mice typically do not contain organ-
ized lymphoid tissue, we wanted to know whether influenza infection induces
the formation of organized lymphoid structures. To test this we infected mice
with influenza and analyzed thick sections of lungs for the presence of organized
lymphoid tissues on day 7 post-infection. As shown in Figure 3A-B, organized
lymphoid tissues are found in the lungs of mice previously infected with influ-
enza. The majority of the cells in these areas are B cells, which are organized
into follicles and are surrounded by T cells (Figure 3A-B). In areas where sev-
eral B cell follicles are clustered, the interfollicular regions develop T cell zones
that contain both CD4 and CDS8 T cells as well as CD11c expressing dendritic
cells”. Our published studies also show that the B cell follicles in the lung are
centered on CD21-expressing follicular dendritic cells and that some B cell fol-
licles even have well-defined germinal centers”. Proliferating CD8 T cells are
found in the interfollicular T cell areas, while proliferating CD4 T cells are ob-
served in the interfollicular area and in the germinal center in close proximity to
rapidly proliferating B cells”. These data demonstrate that infection triggers the
development of organized lymphoid tissues in the lung that have all of the char-
acteristics of secondary lymphoid organs. We have termed these structures "in-
ducible Bronchus Associated Lymphoid Tissue" or iBALT.

Although it is clear that organized lymphoid tissues can be formed in the
lung and that these tissues are capable of supporting immune responses, it is not
clear whether these tissues represent true secondary lymphoid organs or whether
they are tertiary lymphoid tissues that are formed only in response to inflamma-
tion or infection. Bronchus Associated Lymphoid Tissue (BALT) was originally
described as a mucosal lymphoid tissue found along the upper bronchi of the
respiratory tract in pigs and rabbits™. In these studies, BALT appears very
similar to Peyer’s patches, with prominent lymphoid follicles underneath a spe-
cialized dome epithelium™*. However, unlike classically defined BALT, which
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blood
vessel

4 A

Figure 3 (see color insert). The structure of iBALT in murine and human lungs. (A-B) C57BL/6
mice were infected with influenza and 100-uM sections were prepared from lungs 3 weeks after
infection and stained with antibodies to B220 (green) and CD3 (red). The brightness of the green
channel was increased so that the autofluorescence of the airways and blood vessels would be visi-
ble. (C-D) Sections of a lung biopsy from a patient with follicular bronchiolitis associated with
Rheumatoid Arthritis were stained with antibodies to CD20 (green) and PCNA (red) to identify
proliferating B cells (C) and with antibodies to CD21 (red) to identify follicular dendritic cell net-
works (D). Sections C and D are counterstained with DAPI (blue).
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develops during embryogenesis and is generated and maintained in the absence
of antigen™, iBALT in both mouse and humans appears to be formed only after
infection or inflammation™™ and is found in numerous places along the upper
and lower bronchi and even in the interstitial areas of the lung. In fact, the spo-
radic appearance of BALT-like areas in humans and mice has led some investi-
gators to doubt whether BALT is an important secondary lymphoid tissue in
these species”. However, transgenic mice that express various cytokines in the
lung develop iBALT™, as do mice and humans prone to autoimmune dis-
eases’"* or humans with recurrent or chronic respiratory infections™*'. For ex-
ample, B cell follicles are easily observed in the lungs of a patient with follicular
bronchiolitis associated with Rheumatoid Arthritis (Figure 3D-E). These B cell
follicles support B cell proliferation and are centered on CD21-expressing fol-
licular dendritic cells just as they are in murine lungs”. Thus, iBALT has a simi-
lar structure in both murine and human lungs, and its formation is probably trig-
gered by similar mechanisms.

Although the cellular and molecular mechanisms that lead to iBALT forma-
tion are not known, similar ectopic lymphoid tissues often form at sites of
chronic inflammation, such as in rheumatoid joints” . Some investigators have
termed this process “lymphoid neogenesis” and suggest that chronic inflamma-
tion is responsible for the appearance of lymphoid tissues in a variety of sites™".
Thus, iBALT is probably another example of an ectopic lymphoid tissue that
develops upon local inflammation triggered by infection or autoimmunity. As in
the development of conventional lymphoid organs, lymphotoxin and the homeo-
static chemokines appear to play a role in the development of ectopic lymphoid
tissues”. For example, the transgenic expression of CXCL13, CCL21, or LT in
the pancreas results in the development of lymphoid tissue in this organ™™,
complete with B and T cell areas, follicular dendritic cells (FDCs), and high
endothelial venules (HEVs). Since homeostatic chemokines are clearly impor-
tant for both the development and the organization of ectopic lymphoid tissues,
we tested whether the expression of these chemokines is induced upon influenza
infection of the lung. As expected, CXCL13 mRNA is not expressed in normal
uninfected lungs”. However, it is rapidly induced upon infection with influenza
virus and is maintained after infection is resolved. We also demonstrated that the
expression of CXCL13 and CCL21 proteins co-localize with the B and T cell
areas observed in the lung”. The majority of CXCL13 protein expression local-
izes to the follicular area that contains B cells and follicular dendritic cells. In
contrast, CCL21 expression is observed on vascular endothelium as well as on
reticular cells around the edge of the follicles and in the interfollicular areas”.
These areas are similar to where CD11c¢" dendritic cells and T cells are found.
Finally, we observed that PNAd, the peripheral lymph node addressin, is ex-
pressed on vascular endothelial cells in the areas of iBALT surrounding the B
cell follicles”. These data demonstrate that the lymphoid areas of the lung that
form after infection are not simply accumulations of effector cells that are
primed in conventional lymphoid organs. Instead, these newly formed lymphoid
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tissues express chemokines and homing receptors necessary to recruit naive
lymphocytes and to organize them into structures that support lymphocyte prim-
ing and differentiation.

2.4. Does iBALT Confer Antiinflammatory Properties on Local
Immune Responses?

The data above showed that B and T cell immune responses to influenza can be
primed in iBALT in mice that lacked conventional lymphoid organs”. However,
the delayed B and T cell responses observed in these mice also suggest that im-
munity in these mice may not be as effective in the absence of normal secondary
lymphoid organs. In fact, viral clearance is effective, but somewhat delayed in
mice lacking lymphoid tissues”. Interestingly, the delayed viral clearance did
not result in increased morbidity and mortality, and SLP mice actually survived
higher doses of influenza significantly better than did WT mice”. Furthermore,
when infected with lower doses of virus that both WT and SLP mice could sur-
vive (240 and 50 EIU), the SLP mice exhibited substantially less morbidity
throughout the experiment. Thus, the lack of peripheral lymphoid organs does
not result in increased susceptibility to influenza but, instead, significantly in-
creases the ability of these mice to survive infection with normally lethal doses
of virus. These data are very surprising and somewhat difficult to explain. If the
SLP mice make delayed immune responses and are less efficient at clearing vi-
rus, why do they exhibit less morbidity and mortality? One possibility is that,
because the overall magnitude of the immune response is smaller in SLP mice,
there is less immunopathology. Another possibility is that lymphocytes primed
exclusively in iBALT produce antiinflammatory cytokines. These possibilities
are currently being investigated.

3. CONCLUSIONS AND FUTURE DIRECTIONS

The data presented here suggest that the current paradigm, in which primary
adaptive immune responses are generated exclusively in conventional lymphoid
organs, such as spleen, lymph node and Peyer's patches, should be modified to
include a role for locally induced lymphoid tissues, such as iBALT. In this new
model, infection and inflammation activate local APCs, which traffic to pre-
existing lymphoid organs and initiate primary immune responses. At the same
time, infection and inflammation trigger the formation of local lymphoid tissues,
such as iBALT, at the site of inflammation (Figure 4). These local lymphoid
tissues are fully capable of initiating primary immune responses and of expand-
ing effector cells that were primed in conventional lymphoid organs. The gen-
eration of primary immune responses in these local tissues may be slightly de-
layed relative to that in conventional lymphoid organs, because it takes time for
the local tissues to develop the appropriate architecture that will recruit and
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prime naive lymphocytes. However, once local lymphoid tissues are formed, we
predict that they will initiate primary immune responses to new antigens even
faster than conventional lymphoid organs due to their close proximity to antigen.
In the case of immune responses to infectious agents, this faster response will
likely be beneficial. However, in the case of immune responses to local autoan-
tigens, faster responses may be harmful and may exacerbate local pathology.

antigen
APCs

infection

antibodies
effector cells

Figure 4. Local infection in the lung triggers the development of iBALT. iBALT has the structure of
an ectopic lymphoid tissue, with B cell follicles, germinal centers, HEVs, and T cell areas. In concert
with conventional lymphoid organs, iBALT acts as a secondary lymphoid tissue that facilitates local
immune responses.

Despite the demonstration that local lymphoid tissues like iBALT are func-
tional, numerous questions remain about how they actually work. For example,
do lymphocytes primed in iBALT have different effector functions than those
primed in the lymph nodes that drain the lung? Can APCs traffic from the air-
ways directly to areas of iBALT? Do lymphocytes primed in iBALT traffic di-
rectly into the airways, or do they have to exit iBALT via efferent lymphatics
and re-enter the lung from the blood? What are the mechanisms that trigger
iBALT formation? How long does iBALT persist in the lung after the initial
inflammation is resolved? Finally, does the presence of iBALT in human lungs
provide an overall benefit or detriment to the individual?
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THE YIN AND YANG OF ADAPTIVE IMMUNITY
IN ALLOGENEIC HEMATOPOIETIC CELL
TRANSPLANTATION: DONOR ANTIGEN-
PRESENTING CELLS CAN EITHER AUGMENT OR
INHIBIT DONOR T CELL ALLOREACTIVITY

Jian-Ming Li and Edmund K. Waller

The immunoregulatory activity of different donor bone marrow (BM) cell sub-
sets has not yet been fully addressed in allogeneic transplantation. We studied
whether manipulation of donor antigen-presenting cells (APC) can affect post-
transplant immunity using a mouse model of allogeneic bone marrow transplan-
tation (BMT). CD11b is a marker present on mature monocytes, granulocytes,
and a subset of dendritic cells (DC). In order to manipulate the content of APC,
we enriched or depleted CD11b" cells from BM grafts using immuno-magnetic
cell sorting. The effect of CD11b depletion on graft-versus-host disease (GvHD)
and graft-versus-leukemia (GvL) was studied in a MHC fully mismatched model
of allogeneic BMT using C57BL/6 — B10.BR transplants and LBRM cells, a
B10.BR T cell leukemia cell line. Transplantation with CD11b partially or fully
depleted BM and low-dose donor splenocytes conferred 40% long-term leuke-
mia- free survival with minimal GvHD when supralethal doses of LBRM were
administered before transplant, or 75 days after BMT. Higher levels of serum
gamma interferon and expansion of spleen-derived CD4" memory T cells were
seen among recipients of CD11b-depleted BM compared to recipients of unma-
nipulated BM. Expansion of donor-spleen-derived T cells was inversely propor-
tional to the content of CD11b" cells in the BM graft. Thus, manipulating the
content of APC subsets in donor BM by enriching or removing CD11b" cells
had a direct effect on post-transplant immunity and the balance between donor T
cell activation (Yang) and donor T cell tolerance/anergy (Yin). Thus an optimal
balance between the opposing states of donor T cell activation and anergy can
be achieved in allogeneic BMT through the immunoregulatory activities of do-
nor DC.
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1. INTRODUCTION

Allogeneic hematopoietic progenitor cell transplant (HPCT) is designed to re-
place host hematopoiesis with donor-derived hematopoietic stem cells and their
progeny. The network of interactions that is responsible for innate and adaptive
immune responses ultimately results in reconstitution of immunity following
transplant. At the moment donor T cells are infused to a transplant recipient that
has been conditioned with myeloablative doses of radiation, recipient type anti-
gen-presenting cells (APC) are still present and can induce allo-activation of
donor T cells that leads to graft-versus-host reactions'. Donor APC that are in-
fused with the graft also have a role in donor T cell activation, and can influence
graft-versus-host reactions’. In contrast to the ability of donor and host APC to
induce donor T cell alloreactivity, the role of APC that inhibit or suppress donor
T cell activation is less defined. We have previously described a clinical associa-
tion between the content of donor dendritic cells (DC) and post-transplant graft-
versus-host disease (GVHD) and leukemic relapse’. Recipients of larger numbers
of plasmacytoid DC precursors had a higher incidence of post-transplant relapse
and less chronic GvHD, suggesting that indirect presentation of alloantigen by
donor APC (or their progeny) to donor T cells was responsible for suppressing
innate and/or adaptive immune responses that lead to alloreactive donor T cells’.
A recent report by Reddy et al. indicated that the content of donor-derived DC
precursors in the blood at the time of hematopoietic engraftment was strongly
associated with incidence of relapse, GVHD, and overall post-transplant sur-
vival’. Thus donor DC precursors in the graft and donor-derived DC in the early
post-transplant period appear to be important in regulating GvHD and GvL ef-
fects in clinical outcomes following BMT in patients with hematological malig-
nancies™’. These clinical data suggest a relationship between donor DC subtypes
and their capacity to regulate activation of alloreactive T cells in response to
indirect presentation of alloantigen.

In-vitro experiments using purified populations of human DC have demon-
strated that phenotypically defined DC subsets can direct naive T cells toward
either Th1 or Th2 differentiation™. So-called “myeloid” human DC direct naive
T cells toward Th1 polarization’, while so-called “lymphoid” or “plasmacytoid”
human DC direct naive T cells toward Th2 polarization®’. However, the precise
role of different DC subsets in post-transplant immunity remains undefined, and
the relationship between phenotypically defined DC subsets and their capacity to
direct the immune polarization of naive T cells in vivo is unclear"".

In contrast to human DC, all murine DC appear to express CDIllc
(the marker for human DC1). Murine CD11¢" DC and DC precursors can
be divided into two groups: one that lacks CD11b expression (CD8c.' DEC-205",
CD4 CDS8o* DEC-205", and CD4 CD80i DEC-205" subsets), and a second
group that expresses CD11b (CD11b"CD4 CD8o DEC-205", and CD11b" CD4"
CD8o DEC-205)". The murine DC that lack CD11b expression but express
B220" (CD4 CD8c DEC-205)" have phenotypic homology to human plasmacy-
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toid DC2 and, like human pDC2, synthesize large amounts of interferon alpha in
response to viral infection or binding of CpG sequences to TLR 9" Pelayo et al.
have defined two subsets of murine plasmacytoid DC progenitors. The first,
lacking Rag promoter activity, induces cognate T cells to make large amounts of
IL12 p70 in response to activation signals of SAC, CPG, and LPS plus CD40L,
and triggers Thl responses, while the second, utilizing the Rag promoter, in-
duces T cells toward Th2 immune responses’. Both CDI11b/CD8c’ and
CDI11b"/CD8c murine DC efficiently stimulate T cell responses to protein-
antigen or alloantigen in vitro and in vivo'*"". But other reports have shown that
murine CD11b"/CD8c. DC polarize T cells toward Th2 or mixed Th1/Th2 re-
sponses™. The CD11b* myeloid DC have shown suppressive activity mediated
through nitric oxide synthesis and dependent upon IFN-y",

We have recently developed a murine model of bone marrow transplanta-
tion to explore the relationship between different donor DC subsets and trans-
plant outcomes that is instructive in defining the role of donor APC in regulating
post-transplant adaptive cellular immunity"”. In order to explore the role of DC
(and DC precursor) subsets in allogeneic BMT, we manipulated the content of
CDI11b" cells (predominantly containing immature CD11b'DC) in BM grafts in
a murine allogeneic BMT model.” We hypothesized that the relative balance
between donor T cell activation (Yang) and donor T cell tolerance (Yin) in post-
transplant immunity may be regulated, in part, by the relative numbers of DC
subsets in the BM graft (Figure 1), and used CD11b as a convenient antigenic
marker to enrich or deplete DC subsets using immuno-magnetic cell sorting
(MACs). We measured post-transplant expansion of congenically marked al-
logeneic donor T cells co-transplanted with BM cells and the GvL activity of
donor T cells to test the hypothesis that altering the content of donor APC in the
BM graft would enhance donor T cell activation (Yang) during post-transplant
immune reconstitution. The data confirm the role of donor APC in regulating the
Yin and Yang of adaptive cellular immune responses following allogeneic
BMT.

2. MATERIALS AND METHODS

2.1. Mice

B10.BR (H-2k") and B6.SJL (CD90.2) CD45.1 congenic strains of C57.BL6 (H-
2k") (CD45.2, CDY0.2) mice aged 8 to 10 weeks were purchased from Jackson
Laboratories (Bar Harbor, ME). Congenic strains expressing CD90.1 and
CD45.1 on a C57.BL6 (H-2kb) background, and CD90.1, CD45.2 on a B10.BR
(H-2k") background were bred at the Emory University Animal Care Facility.



72 J.-M. LI AND E.K. WALLER

Yin
Tolerance
Leukemic RCld
Immune Suppression: T Trcg“Trl

Immature H Immature
CDI11b"DC CDI11b*DC
Mature Mature
CDI11b-DC CDI11b*DC
Yang
GvL
GvHD

Allo-activation: Thl

Figure 1. Diagram of Yin and Yang. Phenotype and function of DC and DC precursor subsets in
freshly isolated BM cells. Phenotypically defined, CD11b DC and precursors are listed on the left,
CD11'DC and precursors are listed on the right. Functionally, mature CD11b'DC and CD11b"DC
stimulate ThO development into Thl, as shown on the lower section of the diagram, and immature
CD11bDC and CD11b'DC and precursors polarize ThO development into Th2 or Treg or Tr1.

2.2. LBRM Tumor Cell Line

The mouse LBRM—33 5A4 T lymphoma cell line” was purchased from Ameri-
can Type Culture Collection (ATCC) and assayed to be free of LCMV, MHV,
MMV, and MPV, etc. by PCR-based screening tests performed by University of
Missouri Research Animal Diagnostic Laboratory. LBRM were passaged ac-
cording to ATCC instructions.

2.3. Donor Cell Preparations

Femora and tibia were isolated from donor mice. BM cells were harvested by
flushing the cells out of the bone shaft with sterile RPMI1640 containing 1%
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fetal calf serum (RPMI/FCS). Splenocytes were harvested by perfusing the
spleen with sterile RPMI/FCS and the cell suspension filtered to remove cell
clumps and debris.

2.4. BM CD11b Depletion and Splenic T Cell Purification

BM cells were stained with biotinylated anti-CD11b antibody, washed once in
RPMI/FCS, and then resuspended with Streptavidin Microbeads (Miltenyi Bio-
tech Gmbh, Bergisch Gladbach, Germany). The CD11b" cell fraction in BM was
separated from the CD11b" cell fraction using the Vario MACs magnetic separa-
tion column C. The average efficiency of depletion was 99.9%. The average
purity of CD11b-enriched BM cells was 87 £ 3%. The partially CD11b-depleted
BM graft consisted of a 50:50 mixture of unmanipulated BM and fully CD11b-
depleted BM. For isolation of T cells, splenocytes were stained with biotinylated
anti-CD11b, B220, DX5, and TER119 antibodies and Streptavidin Microbeads.
Non-bound cells, enriched for CD3" T cells, were isolated from splenocytes by
an LS column in the Vario MACs separation device (Miltenyi Biotech, Gmbh).
Average purity of CD3" T cells was 93 # 2% in the non-bound fraction.

2.5. Recipient Mice Conditioning

We used a standard myeloablative conditioning regimen that we have previously
described’"”. Briefly, two days before BMT, recipient mice were exposed to two
equal 5.5-Gy fractions 3 hours apart at a dose rate of 1.24 Gy/min™"”. Lethally
irradiated mice were maintained on oral aqueous antibiotics (1.1 mg/mL neomy-
cin sulfate and 1000 U/mL polymyxin sulfate) following irradiation and for
4 weeks after BMT.

2.6. BMT and Leukemia Challenge

BMT and leukemia infusions were performed by injecting 0.2 mL cell suspen-
sions into the tail vein of recipient mice. Recipient mice were challenged with
ten times the lethal dose of LBRM tumor cells (3 x 10°) on day 1 (one day prior
to transplantation) or day +75 post-transplantation. BM, splenocytes, or purified
T cells were injected jointly on day O (two days after TBI).

2.7. Analyses of DC Subsets and DC Precursors in BM
and Spleen Grafts

The content of DC subsets and DC precursors in freshly isolated BM and
splenocytes was assessed by staining with a cocktail of monoclonal antibodies to
differentiate hematopoietic lineage-associated antigens (CD3, CD19, DXS,
sIgM, and TER119) from markers of subsets of DC and DC precursors (CD4,
CD8a, CD11b, CD11c, and B220)".
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2.8. Analyses of Hematopoietic Engraftment of
Transplant Recipients

0.2 mL peripheral blood was collected from the tail vein at days +30, +60, and
+105 after transplant. Red blood cells were depleted by ammonium chloride
lysis. Flow cytometry analysis was performed as we have previously described”
using monoclonal antibodies to distinguish between various leukocyte lineages
as well as congenic markers to distinguish CD4" and CD8' T cells derived from
donor spleen (CD90.1%) or donor BM (CD90.2"). CD4" CD62L" CD44"" cells
were defined as CD4 memory T cells; CD8" Ly-6¢” CD44™" cells were defined
as CD8 memory T cells.”** Absolute numbers of CD4 or CD8 memory T cell
subsets in blood were calculated by multiplying the fraction of blood leukocytes
with a memory subpopulation phenotype by absolute leukocyte concentration.

2.9. Serum Gamma Interferon (IFN-y) and Tumor
Necrosis Factor-Alpha (TNF-0) Enzyme-Linked
Immunosorbent Assay (ELISA)

Serum samples were obtained from mouse-tail vein blood using microtainer
serum separator tubes (Becton Dickinson, Franklin Lakes, NJ). The serum was
analyzed for IFN-y and TNF-o using commercial IFN-y and TNF-o. OptEIA
ELISA kits (Pharmingen, San Diego, CA), with sensitivities of 14 and 5 pg/ml,
respectively, according to the manufacturer’s procedures. Reaction plates were
analyzed using a SpectraMax 340PC spectrophotometer (Molecular Devices,
Sunnyvale, CA).

2.10. Assessments of Survival and GVHD in Transplant Recipients

All transplant recipients were evaluated for clinical signs of GVHD by weight
loss, posture, activity, fur texture, and skin integrity”’ once or twice weekly. Sur-
vival was monitored daily. Moribund mice, animals that lost more than 25%
body weight, and mice surviving to the end of the experiment (day 100 in the
absence of added tumor cells; day 150 for tumor administered on day —1; and
day 220 for tumor administered on day +75) were euthanized and submitted for
necropsy (minimum of 5 mice/group). The cause of death was determined
by necropsy (either GvHD or leukemia, when histological evidence of either
condition was present). Slides of the liver and small intestine were coded with-
out knowledge of treatment conditions, and scored for evidence of GvHD
(grades 0—4) using previously reported criteria®* ™.

2.11. Statistical Analyses

Survival differences between different groups were calculated with the Kaplan-
Meier log rank test in a pairwise fashion™. Differences of GVHD score among the
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groups were compared using the Mann-Whitney U-test”’. Other data, such as
levels of donor T cells among groups, were compared using one-way ANOVA.

3. RESULTS

3.1. MAC:s Depletion of CD11b" Cells in the BM Graft
Does not Affect Stem Cell Content

In a model system of MHC-fully mismatched BMT, we used allogeneic grafts
consisting of a mixture of 5 x 10° BM cells and 1 x 10° splenocytes from
C57BL/6 donors (H-2k") transplanted into lethally irradiated B10.BR (H-2KY
recipients. This dose of BM was sufficient to prevent graft rejection, and 1 x 10°
splenocytes is below the threshold number that leads to lethal GvHD in this do-
nor-recipient strain combination. We calculated the total number of DC subsets
contained in the mixture of BM cells and splenocytes, in which the BM compo-
nent of the graft was either unmanipulated (BM); CD11b-depleted (CD11b [-]
BM); partially CD11b-depleted (CD11b [+/-] BM, representing a 50:50 combi-
nation of unmanipulated BM and CDI11b-depleted BM); or CD11b enriched
(CD11b [+] BM). The numbers of CD11b"DC and DC precursors were signifi-
cantly lower in the CD11b [-] BM or CD11b [+/-] BM grafts, while CD11b- DC
and precursors were relatively enriched in the grafts containing CD11b [-] BM
or CD11b [+/-] BM (Table 1). Depletion of CD11b" cells from the BM graft did
not result in a significant depletion of total DC/DC precursor content in the
graft, had no significant effect on the number of phenotypically defined multipo-
tent HPC (“stem cells”), and did not produce a significant change in the number
of NK cells in the graft"”.

3.2. Transplanting Manipulated BM Grafts in the Absence of
Added Splenocytes Did not Lead to Graft Rejection or GVHD

B10.BR mice were lethally irradiated and transplanted with 5 x 10° unmanipu-
lated BM or 5 x 10° of CD11b [+/-] BM, CD11b[-] BM, or CD11b[+] BM. All
B10.BR recipients of unmanipulated or manipulated BM alone survived” and
did not experience GVHD that was evident by either persistent weight loss or
clinical signs through day +100 post-transplant (Figure 2B). The degree of donor
chimerism among recipients of these different donor BM grafts was >99% at all
time points studied.”

3.3. CD11b-Depleted BM Grafts Combined with Low-Dose
Splenocytes or Splenic T Cells Led to Slight Enhancement
of Non-Lethal GVHD in Recipients of Allogeneic BMT

The GvHD potential of graded doses of donor splenocytes combined with BM
grafts depleted of CD11b" cells was determined in the C57BL/6 — B10.BR
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Table 1. Content of DC Subsets in CD11b-Manipulated BM
and Splenocyte Graft Constituents

LinCD11¢’CD11b’ (x10°) LinCD11¢'CD11b (x10°%)

B220° B220" B220°

Graft CD4CD8  CD4' CD4CD8  CD4' CDS8'

BM 248 +25 33+05 176 +25 156 +25 4.1+20
CD11b[+] BM 42.1 +4.0% 5.1 +0.1* 10.5 £ 1.0* 9.6 + 0.5 26+ 0.5
CDI11b[+/~] BM 12.7 + 1.0* 1.6 + 0.0* 202 +2.0% 275+1.5 9.2 + 2.0*
CDI11b[-] BM <1 <1 41.0 + 4.0* 39.6 + 4.0* 139 +1.5
Unmanipulated SP 59+05 140+1.3 09 +0.1 1.6 + 0.1 39+04

Data represent the cell numbers of CD11b" or CD11b” DC cell subsets among the overall hema-
topoietic (nucleated) cells of the 5 x 10° BM and 1 x 10° splenocyte grafts. BM grafts were un-
manipulated (BM), CDI11b-enriched (CD11b[+]), partially CD11b-depleted (CD11b[+/-]), or
fully CD11b-depleted (CD11b[-]). Mean value and standard deviation for each group are
shown, n = 5 separate samples of BM and spleen). Significant differences (*p < 0.05) of the cell
populations are shown compared to the same populations in unmanipulated BM.

BMT model. Separate groups of mice were transplanted with unmanipulated
BM, CD11b [+/-] BM, or CD11b [-] BM in combination with graded cell doses
of donor splenocytes (0.5 x 10°, 1 x 10°, 5 x 10°, or 10 x 10°). 80% of recipients
of 5 x 10° and all recipients of 10 X 10° splenocytes died within the first 60 days
post-transplant with clinical (Figure 2A,E,F) and histopathologic signs of GVHD
(data not shown). In contrast, the recipients of low-dose splenocytes (0.5 x 10°
or 1 x 10°) had over 90% survival at day +100 post-transplant among all trans-
plant groups” (Figure 2A). There were no significant differences in the inci-
dence or severity of GVHD between the recipients of unmanipulated BM and
CD11b [-] BM that received the same doses, =1 x 10°, of donor splenocytes
(Figure 2D,E,F). Of note, among recipients of the lowest number of donor
splenocytes (0.5 x 10°, the recipients of CD11b [+/-] BM or CD11b [-] BM
had slightly, but significantly more, signs of mild clinical GvHD compared with
recipients of unmanipulated BM (p < 0.05; Figure 2C).

3.4. CD11b’ Cell-Enriched BM Grafts Combined with
Low-Dose Splenocytes or Splenic T Cells Inhibited
GvVHD in Recipients of Allogeneic BMT

In contrast to the lethal GVHD that developed among the recipients of >1 x 10°
donor splenocytes combined with either unmanipulated BM or CD11b [-] BM
(Figure 2E, F), the recipients of CD11b [+] BM had significantly less GVHD (p
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< 0.05; Figure 2D,E,F), and longer survival” (Figure 2F), indicating that large
numbers of donor CD11b" cells were capable of inhibiting the allo-activation of
donor splenocytes.
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Figure 2. Survival and GvHD clinical scores of recipients transplanted with combinations of unma-
nipulated or manipulated BM and graded doses of donor splenocytes. Clinical signs of GvHD
(weight loss, posture, activity, fur texture, and skin integrity, maximum score 10) were assessed once
or twice per week up to day 100 according to the procedure listed in Materials and Methods. Sur-
vival curves were compared among the groups of mice that received unmanipulated BM grafts plus
0.5 x 10° splenocytes (open squares), 1 x 10° splenocytes (open triangles), 5 x 10° splenocytes (open
circles), and 10 x 10° splenocytes (open diamonds) (panel A). Mean values for clinical GVHD score
at each time point were determined in groups of mice that received unmanipulated BM grafts (open
squares), CD11b[+/-] BM grafts (open triangles), CD11b[-] BM grafts (filled circles), and
CD11b[+] BM grafts (open diamonds) without added splenocytes (panel B), 0.5 x 10° splenocytes
(panel C), 1 x 10° splenocytes (panel D), 5 x 10° splenocytes (panel E), and 10 x 10° splenocytes
(panel F). The data shown represent the overall mean values +SD for all clinical GVHD scores at
each time point for each group, and are representative of similar results seen in three separate ex-
periments. * = p < 0.05 comparing the GvHD score between recipients of an unmanipulated BM
graft versus CD11b [+] BM with same dose of splenocytes.

3.5. No Combinations of Unmanipulated BM and Splenocytes
Produced a GvL Effect without also Causing Lethal GvHD

We next tested the GvL and GvHD activity of various combinations of C57BL/6
BM and C57BL/6 splenocytes in B10.BR recipients that had received a supra-
lethal dose of the T cell leukemia cell line LBRM" immediately after total body
irradiation conditioning and before transplant. Recipients of unmanipulated BM
alone or the combination of BM cells with a dose of splenocytes (1 x 10°) that
did not produce lethal GvHD when transplanted in the absence of LBRM (Fig-
ure 2A) died of progressive leukemia when 3 x 10° LBRM (>10 x LD, was
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administered one day preceding BMT (Figure 3A). Transplantation of larger
numbers of donor splenocytes (5 x 10° or 10 x 10°) in combination with BM
resulted in rapid death of allogeneic recipients from GvHD."
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Figure 3. GvL activity of BM and spleen grafts against LBRM was enhanced by CD11b depletion
of the BM graft in C57BL/6 ~ B10.BR transplants. B10.BR recipient mice were lethally irradiated
(11 Gy) on day 2 and transplanted with various combinations of BM and splenocytes from C57BL/6
donors on day 0. The GvL effect of the allogeneic transplant was assessed by administering a lethal
dose of 3 x 10° LBRM cells on day —1 (panels A, B, and C), or day +75 post-transplant (panels D
and E). The content of CD11b" cells in the BM graft in panels B, C, D, and E varied between unma-
nipulated BM (open square), CD11b[-] BM (filled circle), CD11b[+/~] BM (open triangle), or
CD11b[+] BM (open diamond). Each treatment group contained 15 or 20 mice pooled from 3—4
experiments. (A) Survival of mice transplanted with LBRM on day —1 with either 5 x 10° BM alone
(filled square), 5 x 10° BM with 1 x 10° splenocytes (filled triangle), 5 x 10° BM with 5 x 10° spleno-
cytes (filled circle), and 5 x 10° BM with 10 x 10° splenocytes (filled diamond) on day 0. A control
group received 1 x 10° BM and 1 x 10° splenocytes without LBRM (filled cross, dashed line). (B)
Survival of mice transplanted with BM alone and LBRM on day —1. (C) Survival of mice trans-
planted with BM grafts and 1 x 10° splenocytes, and LBRM on day —1. (D) Survival of mice trans-
planted with BM alone following LBRM challenge on day +75. (E) Survival of mice transplanted
with BM grafts and 1 x 10° splenocytes with LBRM administered on day +75 post-transplant. Re-
printed with permission from J.M. Li and E.K. Waller. Donor antigen-presenting cells regulate T-
cell expansion and antitumor activity after allogeneic bone marrow transplantation. Biol Blood Mar-
row Transplant 10(8):540-551 (2004). Copyright © 2004, American Society for Blood and Bone
Marrow Transplantation.

3.6. The Combination of CD11b-Depleted BM and Low-Dose Donor
Splenocytes Led to a Durable GvL Effect without GvHD

We tested whether manipulating the CD11b content of the BM graft, in the ab-
sence of added splenocytes, could confer protection against LBRM in the
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C57BL/6 — B10.BR model. Administration of LBRM to recipients of unma-
nipulated BM, CD11b [+] BM, CD11b [+/-] or CD11b [-] BM without donor
splenocytes led to uniform death from progressive leukemia by day +80 post-
transplant (Figure 3B). Surprisingly, the addition of a low dose of donor spleno-
cytes (0.5 x 10°or 1.0 x 10°) to either CD11b [-] BM or CD11b [+/-] BM con-
ferred significant protection against LBRM compared to recipients of the same
numbers of donor splenocytes combined with unmanipulated BM (p = 0.02
and p = 0.0002, respectively) and CD11b [+] BM (p = 0.0146 and 0.0005, re-
spectively). Of note, long-term (>200 days) leukemia-free survival was seen
in 40% of mice that received 1 x 10° donor splenocytes in combination with
CD11b [+/-] BM grafts (Figure 3C). No long-term survival was seen among
recipients of CD11b [-] BM and 1.0 x 10° splenocytes that were challenged with
LBRM on day —1 due to severe GvHD pathology (data not shown).

Transplantation of a CD11b-depleted BM graft in combination with low-
dose splenocytes also conferred resistance to delayed post-transplant challenge
with LBRM (day +75), a model that may reflect late leukemia relapse after
BMT. Recipients transplanted with unmanipulated BM, CD11b [+] BM, CD11b
[+/-] BM, or CD11b [-] BM in the absence of low-dose donor lymphocytes died
from progressive leukemia on day +120 to day +155 post-transplantation fol-
lowing LBRM challenge on day +75 (45-80 days after LBRM infusion) (Figure
3D). Complete or partial CD11b-depletion of the BM graft significantly en-
hanced the survival of transplant recipients compared to recipients of unmanipu-
lated BM grafts (p < 0.0001 and p = 0.03, respectively) or CD11b [+] BM (p <
0.0001 and p = 0.02, respectively), with 40% of recipients of CD11b [-] BM
showing long-term (>200 days) survival without clinical or histopathological
evidence of GVHD or persistent leukemia (Figure 3E).

3.7. Recipients of CD11b-Depleted BM Grafts Had
Increased Numbers of Donor Spleen-Derived
Memory T Cells in the Blood Post-Transplant

Since CD11b-depletion of the BM graft was associated with an enhanced graft-
versus-leukemia effect (Figure 3C,E), we next studied whether manipulation of
the BM graft affected the kinetics of donor T cell reconstitution after BMT. Pe-
ripheral blood samples from recipients of unmanipulated BM, CD11b [+] BM,
CD11b [+/-] BM, or CD11b [-] BM were analyzed for the presence of circulat-
ing donor T cells at days +30, +60, and +105 post-transplant. Donor BM-derived
T cells with the phenotype CD45.1'CD90.2" increased in frequency from 6-10%
at day +30 to 14-18% at day +60, and then remained stable as a 16-20% frac-
tion of blood leukocytes (1300-1700 T cells/uL) (Figure 4A). Manipulation of
the CD11b content of the BM graft had no effect on overall numbers of donor-
BM T cells in the blood. In contrast, depleting CD11b" cells from the BM graft
resulted in a marked expansion of donor spleen-derived T cells with the pheno-
type CD45.1°CD90.1" (Figure 4B). There were no significant differences in the
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Figure 4. Expansion of donor-derived T cells was enhanced by CD11b depletion of the BM graft.
B10.BR mice were lethally irradiated with 11 Gy on day —2 and transplanted with 5 x 10° unmanipu-
lated C57BL/6 BM (open squares), CD11b[+] BM (open diamonds), CD11b[+/~] BM (open trian-
gles) or CD11b[-] BM (filled circles) plus various numbers of splenocytes. Flow cytometry for T
cell analysis was performed on samples of peripheral blood obtained on days +30, +60, and +105
after BMT. The transplant experiment was repeated at least three times for each condition, and 5-10
mice were transplanted for each condition in each experiment. (A) donor BM-derived T cells; (B)
donor spleen graft-derived T cells. *p < 0.05, **p < 0.01, ***p < 0.001 compared to the frequencies
of spleen-derived T cells in the blood of recipients of unmanipulated BM/splenocytes at same time
point.

frequencies of BM-derived naive and memory CD4 or CD8 T cells between
recipients of various BM grafts (data not shown). The effect of CD11b-depletion
on expansion of spleen-derived T cells was inversely proportional to the content
of CD11b" cells in the BM graft, with mean values of 721 + 126, 329 + 79, and
186 * 46 donor spleen-derived T cells/uL. at day +105 post-transplant among
recipients of CD11b [-] BM, CD11b [+/-] BM, and unmanipulated BM grafts,
respectively. Transplantation of 0.5 x 10°spleen cells with CD11b-depleted BM
grafts produced the same effect on expansion of spleen-derived donor T cells as
was seen among recipients of 1 x 10°splenocytes, although the absolute number
of spleen-derived T cells in the blood was approximately half (Figure 4B). Ex-
amination of the CD4" T cell subsets and the phenotypically defined naive T
cells (CD62L'CD44"") and memory T cell compartments (CD62L CD44"")
revealed that the effect of CD11b depletion of the BM graft on donor T cell ex-
pansion was predominately due to expansion of spleen-derived CD4" memory T
cells (p < 0.01, data not shown). There was also an increase in the ratio of in
CD4:CD8 donor spleen-derived memory T cells among recipients transplanted
with splenocytes combined with CD11b [-] BM (p < 0.05)”. However, there
was no effect of CD11b—depletion on the frequency of spleen-derived CD8" T
cells or the spleen-derived CD8" memory T cell subset.
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3.8. Recipients of CD11b-Depleted Allogeneic BMT Had
Increased Levels of Serum IFN-y at Day +30 Post-BMT

In order to explore potential mechanisms for the observed increase in mature
donor-derived CD4" memory T cells following CD11b—depletion of the BM
graft, serum levels of inflammatory cytokines were measured at day +30 post-
transplantation. Day +30 serum levels of IFN-y were significantly increased in
the recipients transplanted with the combination of 5 x 10° CD11b [-] BM and
0.2 x 10° MACs purified donor splenic T cells, compared to recipients of unma-
nipulated BM and CD11b [+] BM and the same doses of donor splenic T cells (p
< 0.05; Figure 5). There was no significant effect of CDI1b-depletion on
day+30 serum levels of TNF-o. (data not shown).
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Figure 5. CD11b depletion of BM led to enhanced serum levels of IFN-y. Serum samples were
obtained on day +30 post-transplant. Mean values (+SD) of IFN-y were determined by ELISA from
5 mice per group. (*p < 0.05 comparing IFN-y levels from the group receiving CD11b-depleted BM
to the group that received unmanipulated BM). Reprinted with permission from J.M. Li and E.K.
Waller. Donor antigen-presenting cells regulate T-cell expansion and antitumor activity after alloge-
neic bone marrow transplantation. Biol Blood Marrow Transplant 10(8):540-551 (2004). Copyright
© 2004, American Society for Blood and Bone Marrow Transplantation.

4. DISCUSSION

10,32,33

A growing body of data , the data presented here, and unpublished data from
our laboratory using FACS purified CD11b"DC and CD11b DC subsets support
the concept that DC and DC precursors in resting physiologic conditions may
polarize the development of cellular immune responses and prime naive T cell
activation and proliferation in response to antigen. We have previously observed
that the content of donor plasmacytoid DC precursors in human BM allografts
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was associated with a higher incidence of post-transplant relapse, and inversely
associated with the incidence of chronic GYHD'’. These and other data have been
interpreted to suggest that indirect antigen presentation by donor plasmacytoid
DC may result in tolerance of donor T cells to allo-antigen.” Thus, we hypothe-
sized that phenotypically defined DC and DC precursors present in a BM graft
may inhibit cellular immune responses in the first days to weeks post-transplant.
The present study and our recent publication'” support the role of CD11b" donor
cells in directing immune reconstitution following allogeneic BMT.

In traditional Chinese philosophy, all phenomena can be described as result-
ing from the interaction of opposites that simultaneously embrace and oppose
each other called “Yin” and “Yang.” Elements that are characterized by
calm/rest are classified as Yin, and elements that are characterized as being ac-
tive are classified as Yang. Normal immune response system can be viewed as a
manifestation of the balance between tolerance and anergy (Yin) and activation
and proliferation (Yang). The optimal condition for a successful allogeneic
transplant is coexistence of Yin and Yang with a strong graft-versus-tumor re-
sponse (Yang) while maintaining tolerance to normal host tissues (Yin). In our
work we provide evidence that the content of donor CD11b" cells from the BM
grafts is responsible, in part, for regulating the balance between too much or too
little donor immunity, and that donor APC in the marrow graft can either aug-
ment (Yang) or inhibit (Yin) cellular immune responses post-transplantation
(Figure 1).

Myeloablative conditioning and transplantation of allogeneic HPC lead to a
condition that can be described as representing a deficiency of both Yin and
Yang. Early on, transplant recipients have a condition of dysregulated immunity
in which effective antigen-specific immune responses are often lacking (defi-
ciency of Yang) and in which uncontrolled graft-versus-host effects can lead to
lethal damage to normal tissue (deficiency of Yin). Our study demonstrates that
the mechanical manipulation of a non-T cell and non-stem cell compartment of
an allogeneic BM graft can enhance post-transplant cellular immune reconsti-
tution in a manner that more appropriately balances immunoregulatory elements
(Figure 1) and results in a GvL effect without lethal GvHD. A striking and un-
expected finding of the present study is that depletion of a fraction of CD11b"
donor BM cells led to marked post-transplant expansion of donor T cells associ-
ated with increased levels of IFN-y and enhanced GvL effects, consistent with
enhancement of cellular immunity (Yang). Since we have used different con-
genic strains as BM donors and donors of mature (splenic) T cells, these results
demonstrate a trans-effect of regulatory BM cells on donor T cell activation and
expansion that is not explained by alterations in the content of donor T cells, or
T cell precursors, including pluripotent or committed lymphoid progenitors™*
Recent preliminary data using recipients transplanted with FACS purified
CDI1b" DC and CDI11b DC, plus FACS purified HSC and MACs purified
splenic T cells, have confirmed these results (Li and Waller, in preparation).
These data support our hypothesis that CD11b-depletion removes a regulatory
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BM population, adjusting the balance of donor immune regulatory cells and
resulting in allo-activation and expansion of donor T cells that mediate a GvL
effect.

Another significant observation of the present study is that one of the main
effects of varying the content of donor CD11b" cells appears to be on the prolif-
eration and accumulation of donor-derived CD4" cells without an effect on do-
nor BM-derived T cells” (Figure 4). These data suggest that mature T cells de-
rived from spleen cell inoculums rather than de novo naive donor T cells
generated during thymopoiesis from HPC contained in the BM graft mediates
the major GvL effect. These data further suggest the following mechanistic hy-
potheses: that the improved GvL activity of donor splenic T cells is associated
with (1) donor CD4" T cell” activation by the CD11b” DC present in the BM
graft following depletion of CD11b" cells, or (2) release of donor T cells from
the immune-suppression mediated by donor BM CD11b" cell populations. The
role of CD4" donor T cells in GvL activity is supported by Nimer, who reported
that allogeneic donor grafts depleted of CD8" cells led to less GVHD than un-
manipulated grafts, without a marked increase in relapse rates’. Furthermore,
Alyea et al. and Giralt et al. reported that depletion of CD8" cells from donor
leukocyte products resulted in complete remission for CML patients who re-
lapsed after allogeneic BMT with minimal GYHD™”. CD4" cell lines harvested
from patients post-transplant had lytic activity against CML cells*. Our results
were consistent with these data and suggest that CD4" T cells may mediate GvL,
at least in the LBRM model system. Additional studies, now in progress, will
distinguish among the possible mechanisms we have proposed.

Of note, recipients of CD11b [-] BM challenged with LBRM on day -1 had
more GvHD-related death compared to recipients of CD11b [+/-] BM, and re-
cipients of CD11b [-] BM that were infused with LBRM on day +75 (Figure
3C,E). These data indicate that the larger numbers of CD11b APC in CD11b [-]
BM may augment donor T cell activation to the extent that lethal GVHD ensues
when large numbers of MHC class-II" tumor cells are presented, and in the pres-
ence of inflammatory cytokines induced by myeloablative irradiation”. The ab-
sence of lethal GVHD in recipients of LBRM plus CD11b [+/-](partially de-
pleted) BM is hypothesized to be due to lower levels of CD11b™ donor APC
compared to grafts that were CD11b[—] (fully depleted) BM. The lower rates of
GVvHD seen when LBRM was administered day +75 following transplantation of
CD11b[-] BM likely results from either (1) lower levels of inflammatory cyto-
kines at day +75 compared to day —1", or (2) a reduced content of donor CD11b
APC following donor hematopoietic reconstitution by day +75 post-transplant,
leading to less allo-activation of donor T cells. Thus, these data suggest that the
effect of allo-activation of donor T cells that is due to manipulation of the con-
tent of BM CD11b" cells may vary according to the time at which host-type tu-
mor cells are administered post-transplant.

The proposed model leads to testable hypotheses regarding the role of puri-
fied donor DC populations co-transplanted with purified donor stem cells and T
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cells; these experiments are in progress. Clinical translation of this concept
would require a method of selectively removing a human DC subpopulation
from an allogeneic BM or blood HPC graft. Commercially available monoclonal
antibodies, such as BDCA?2, could achieve this without a substantial effect on
the content of donor T cells or stem cells. In conclusion, the data presented
herein support the hypothesis that predominantly immature donor CD11b* DC
cells in the BM allograft have a significant immunoregulatory effect on post-
transplant cellular immune reconstitution in MHC mismatched allogeneic trans-
plantation. Removal of donor CD11b" cells, an immune suppressive element
(Yin), augmented donor T cell activation and proliferation (Yang), resulting in
enhanced GVL activity without a marked effect on GvHD in most transplants.
Future clinical trials are necessary to determine whether this paradigm can be
applied to transplants in humans, and whether manipulation of the analogous
human donor dendritic cell subsets in allogeneic HPCT will result in improved
leukemia-free survival.
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IT’S ONLY INNATE IMMUNITY
BUTILIKE IT

Emanuela Marcenaro'”, Mariella Della Chiesa’',
Alessandra Dondero', Bruna Ferranti',
and Alessandro Moretta"”’

1. INTRODUCTION

Natural Killer (NK) cells are capable of discriminating between normal and vi-
rus-infected cells or cells undergoing tumor transformation'’. The selective
elimination of abnormal target cells, based on classical NK-mediated cytotoxic-
ity, is the result of the combined function of activating receptors including NCR
and NKG2D™ and inhibitory receptors such as Killer Ig-like receptors (KIR)
and CD94/NKG2A™" on NK cells as well as of the expression of their specific
ligands on target cells”"

However, NK cells also display regulatory capabilities mediated by various
cytokines released upon engagement of different triggering NK receptors or
upon signaling by other cytokines'”. This is particularly relevant during the
early phases of inflammatory responses.

Much data have recently highlighted the role of the interactions between
NK cells and other cells of the innate immune system that occur during the early
phases of acute inflammation, secondary to infection. Various studies were fo-
cused on the crosstalk between NK cells and monocyte-derived dendritic cells
(MDDC) and more recently on the involvement of plasmacytoid dendritic cells
(PDC), mast cells, basophils, eosinophils, and neutrophils. Thus a complicated
network of interactions can take place after the recruitment of these different
cells to inflammatory sites in response to tissue damage resulting from invasion

by pathogens (or tumor cells)* ™.
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In the present review we discuss how the early crosstalk occurring between
various cells of the innate immunity could play an important role in the control
of the quality and efficacy of the defenses against pathogens and how these in-
teractions can have an impact on adaptive immune responses.

2. THE IMMUNOREGULATORY ROLE OF NK CELLS:
CROSSTALK BETWEEN NK, MDDC, AND PDC

During the early phases of an inflammatory response, NK cells may be recruited
in response to various proinflammatory chemokines and cytokines into inflamed
tissues and interact with other cell types of the innate immunity**. These inter-
actions can modulate NK cell functions as the result of mechanisms of cell-to-
cell contact (favoring receptor/ligand interactions) and of the activity of soluble
factors. For example, a close cell-to-cell contact has been shown to be required
during the interactions occurring between activated NK cells and MDDC. How-
ever, NK cells recruited from blood into inflamed peripheral tissues may not
necessarily be preactivated and would thus require appropriate activating signals
in order to interact with autologous MDDC. Such activating signals could be
provided by tumors or virus-infected cells susceptible to NK-mediated lysis.
Nevertheless, in most instances, tumors are resistant to non-activated peripheral
blood NK cells and their killing requires previous exposure of NK cells to cyto-
kines such as IL.2, IL12, IL15, or IFN-alpha released by other cell types"*™*.
Another mechanism by which NK cells can become activated within patho-
gen-invaded tissues has been identified recently. It has been shown that circulat-
ing as well as in-vitro activated human NK cells express Toll-like receptors
(TLR)”™ and that TLR can provide an alternative mode of NK cell activation,
independent on the recognition of NK-susceptible target cells. TLR are pattern
recognition receptors (PRR) that, upon recognition of pathogen-associated mo-
lecular patterns (PAMP), induce triggering of innate immune responses, provid-
ing immediate protection against various pathogens”. Human NK cells express
functional TLR3 and TLRY (while they do not seem to express other TLR)”,
thus enabling them to respond both to viral and bacterial products. In particular,
the simultaneous engagement of TLR3 on both NK cells and MDDC appears to
be sufficient to initiate the early phases of innate immune responses. Indeed,
exposure of NK cells to double-stranded (ds) RNA results in NK cell activation,
as revealed by the surface expression of CD69 and CD25. In addition, TLR-
stimulated NK cells, in the presence of IL12, release cytokines including IFN-
gamma and TNF-alpha and acquire a higher cytolytic activity against tumor
target cells as well as against immature MDDC.” On the other hand, MDDC
undergoing maturation after antigen uptake’ ™ release cytokines that can greatly
influence the functional behavior of NK cells” ™. In particular, MDDC-derived
IL12 is crucial for inducing NK cells to release IFN-gamma and also for en-

hancing NK cell cytotoxicity in response to TLR engagement™*.
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The “editing process” by which NK cells eliminate immature but not mature
MDDC is a most remarkable event occurring during NK-DC crosstalk'**. The
NK-mediated killing of MDDC is confined to a phenotypically distinct subset
that expresses CD94/NKG2A but not inhibitory KIR”. In addition it has been
demonstrated that the mechanism of MDDC killing by NK cells involves the
NKp30 triggering receptor since antibodies against NKp30 could sharply inhibit
this function”. Thanks to the editing process, NK cells would prevent the sur-
vival of faulty DC, keeping in check the quality of DC undergoing matura-
tion"””’. Remarkably, this process, by selecting MDDC characterized by optimal
APC capability, has a major impact on the generation of downstream adaptive
immune responses characterized by Th1 polarization.

Mailliard and colleagues have recently shown that, in addition to IL12,
other cytokines, such as IL18, released by MDDC or by macrophages, in re-
sponse to pathogens, may influence the “helper” activity of NK cells®. They
showed that, in contrast to IL2, which selectively promotes the cytotoxic activity
of NK cells, IL18 does not enhance the cytolytic activity of NK cells, but in-
duces a distinct “helper” pathway of their differentiation. Indeed IL18, but not
other NK cell-activating cytokines, promotes the development of a unique type
of helper NK cells characterized by the CD56+/CD83+/CCR7+/CD25+ pheno-
type. These IL18-induced NK cells appear to display high migratory respon-
siveness to LN-produced chemokines, a distinctive ability to support IL12 pro-
duction by MDDC and to promote Thl responses by CD4+ T cells. It is
important to underline that among peripheral NK cells only the minor CD56++,
CD16- NK subset expresses CCR7, CXCR3, and upregulated levels of CD62L.
As a consequence, only these cells are able to reach lymph nodes, whereas
CD56+, CD16+ NK cells that do not express these receptors would not be capa-
ble to migrate to secondary lymphoid compartements'**’. Indeed these NK cells,
which represent >80% of the peripheral blood NK cell pool, are equipped with a
different set of chemokine receptors including CXCR1 and CX3CRI1 that allow
their migration from the blood to inflamed peripheral tissues. The important
effect of IL18 might be that of rendering also CD56+, CD16+ NK cells capable
of migrating toward secondary lymphoid compartments (SLC), where they
could directly influence Th1 polarization.

Another recent study”’ demonstrated that IL18, released by MDDC, might
play a role during the early phases of innate immune responses by recruiting
plasmacytoid DC (PDC), through IL18-receptor expression. This study also
demonstrated that PDC exposed to IL18 skewed the development of adaptive
immunity toward Th1 polarization.

Two different studies have recently been focused on the in-vitro interaction
between human NK cells and plasmacytoid DC (PDC)™. In human PDC, the
pattern of TLR expression is profoundly different from that of MDDC. Thus
PDC do not express TLR1, 2, 3, 4, 5, and 6 but, similar to NK cells, express
TLRO, a receptor specific for unmethylated CpG derived from bacteria or from
viruses”. The abundant release of type I IFN (a potent inducer of NK cell cyto-
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toxicity) by PDC", stimulated via TLR9”, suggests that NK-PDC interaction
can result in enhanced antiviral innate protection. Indeed, in the presence of
stimulation via TLR9 the NK-PDC interaction resulted in upregulation of the
NK-mediated cytotoxicity against various tumor target cells. In turn, NK cells
are capable of promoting PDC maturation and of upregulating their production
of TFN-alpha in response to CpG™”. Tt is of note that, while NK cells cannot
exert an editing program on PDC due to the poor susceptibility of these cells
to NK-mediated lysis, when co-cultured with TLR9-stimulated PDC NK
cells acquire lytic activity against immature MDDC. Thus, it is conceivable
that cellular interactions occurring between NK and PDC during viral infections
may influence the maturation and acquisition of functional competence by by-
stander MDDC.

Altogether, the above data suggest that the multidirectional PDC-NK-
MDDC crosstalk may deeply affect the outcome of antiviral and anti-tumor im-
munity by regulating both innate NK cell responses and Th polarization.

3. CROSSTALK BETWEEN INNATE AND ADAPTIVE
IMMUNE RESPONSES

The NK-mediated capability of killing virus-infected cells, tumors, or immature
MDDC is greatly influenced by the type of cytokines released by bystander cells
during innate immune responses. In turn, the apoptotic/necrotic material or heat-
shock proteins that are generated as a result of the NK-mediated killing of tu-
mors or virus-infected cells can modulate the function of MDDC or other by-
stander innate cells”*. It is likely that, during the early phases of an inflamma-
tory response, the engagement of TLR by PAMP may not be confined to NK
and DC but could also involve other cell types, including resident mast cells* ™,
neutrophils”, eosinophils”, or plasmacytoid DC (PDC)*. As a consequence,
these cells, through the release of cytokines other than IL12 (e.g., IL4, IFN-
alpha, IL18) could differentially modulate the functional capability of bystander
NK and MDDC. In this context, it has recently been proposed that the early ex-
posure of NK cells to IL4 could deviate the subsequent adaptive response to-
ward the acquisition of a non-Thl phenotype”. In particular, while short-term
NK cell exposure to IL12 promoted the release of high levels of both IFN-
gamma and TNF-alpha and the acquisition of cytolytic activity, exposure to 1L4
resulted in poor cytokine production and low cytolytic activity. Remarkably, NK
cells exposed to IL12 for a time interval compatible with in-vivo responses, may
favor the selection of appropriate mature MDDC for subsequent Thl cell prim-
ing in secondary lymphoid organs. On the contrary, NK cells exposed to IL4 do
not exert MDDC selection, and may impair efficient Th1 priming and favor ei-
ther tolerogenic or Th2-type responses. These data suggest that, depending on
the type of cytokines released during the early stages of an inflammatory re-
sponse, by either resident or recruited cells, NK cells can differentially contrib-
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ute to the quality and magnitude of innate immune responses (i.e., killing of
tumor cells, DC editing, and cytokine release). This, in turn, may deeply impact
(Figure 1).

the type of downstream adaptive immune responses”™

Type 1 cytokine milieu

IFNa

L1z

High TFNa

High TFNa and IFNy
High killing of iDC

we===={> MDDCs undergo maturation:
high MHC class | and Il expression
high expression of co-stimulatory molecules
g High expression of CCR7

Migration to lymph nodes and
Priming of Th1 responses

Figure 1. Multidirectional cytokine-based crosstalk between NK and other cells involved in
innate immunity. NK cells recruited during acute inflammation can interact with different cell types
of the innate immunity that are either resident or have been recruited in response to chemokines
produced at the inflammatory sites. These include MDDC, mast cells, eosinophils, and neutrophils.
Upon cell activation, induced by stimuli acting on different surface receptors including TLR, each
cell type releases different sets of cytokines. These cytokines can greatly influence NK cell function,
e.g., their ability to promote MDDC maturation and/or to mediate appropriate editing of MDDC
resulting in priming of Thl cells.

4. INVOLVEMENT OF NEUTROPHILS IN THE REGULATION
OF ADAPTIVE IMMUNE RESPONSES THROUGH
INTERACTIONS WITH OTHER INNATE EFFECTOR CELLS

As mentioned above, a number of signature structures of pathogens, such as
bacterial cell wall components and genetic material from bacteria and viruses,
can induce maturation of MDDC through Toll-like receptors (TLR). Moreover,
MDDC maturation is supported by direct cell-to-cell interaction with other cell
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types, including NK cells. In this case the helper effect mediated by NK cells
was shown to be TNF-alpha-dependent and promoted by engagement of the
NKp30 receptor’.

Recent studies indicate that activation of MDDC may also involve cellular
communication with neutrophils®. In this context it was proposed that acti-
vated neutrophils interact with immature MDDC through binding of DC-SIGN
to Lewis moieties on Mac-1 (this is a specific glycoform of Mac-1, that is ex-
pressed only on neutrophils)™. This molecular interaction appears to be required
for neutrophils to induce MDDC maturation. Although the synapse formation
through DC-SIGN and Mac-1 does not result in generation of signals promoting
direct MDDC maturation, it appears to be required in order to facilitate trans-
mission/delivery of TNF-alpha. Since only activated neutrophils release TNF-
alpha™”, these cells would favor MDDC maturation only upon encounter with
patoghens in inflamed tissues. Neutrophils are the first immune cells to migrate
from the blood to sites of infection. They rapidly sense the presence of patho-
genic bacteria through TLR, such as TLR2 and TLR4”, which is important for
the immediate killing of these pathogens. Remarkably, TLR-activated neutro-
phils can also attract other immune cells”, including other neutrophils through
the release of IL8 and GRO-alpha, Thl cells through MIP-1alpha, MIP-1beta,
MIG, IP-10, and I-TAC, as well as immature MDDC through MIP-1alpha, MIP-
1beta, and alpha-defensin (see above). In addition, since the CD56+, CD16+NK
cell subset expresses CXCRI, it is likely that the release of IL8 from activated
neutrophils may also be involved in the mechanisms of NK cell recruitment at
inflammatory sites.

5. OTHER INNATE CELLS SUCH AS MAST CELLS OR
EOSINOPHILS ARE IMPORTANT IN THE EARLY
PHASES OF INNATE IMMUNE RESPONSES

As mentioned above, the engagement of TLR results in activation of multiple
cell types within the innate immune system”. These include, for example, NK
cells, MDDC, PDC, and neutrophils (see above), but also other innate cells, such
as mast cells or eosinophils.

Mast cells are common at sites in the body that are exposed to the external
environment — including skin, airways, and gastrointestinal tract — where in-
vading pathogens are frequently encountered. In these locations, mast cells are
present in close proximity to blood vessels, where they can regulate vascular
permeability and effector cell recruitment™. Mast cells can modulate the behav-
ior of these effectors cells through release of mediators. Indeed, they produce a
wide variety of cytokines and chemokines, including classical proinflammatory
mediators, such as TNF-alpha or cytokines that are associated with antiinflam-
matory or immunomodulatory effects, such as IL10 and also chemokines, such
as CXCLS, that are important for recruitment of other innate cells, including NK
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cells. Through the selective production of mediators, mast cells can regulate the
type of effector cell that is recruited and retained in response to specific types of
infection. The ability of mast cells to rapidly release preformed TNF might be of
particular importance for generation of responses in lymph nodes. In this con-
text, it has been suggested that mast cells might influence DC migration, matura-
tion, and function via the release of chemokines, such as CCL20, and of proin-
flammatory cytokines, including abundant TNF-alpha”. Remarkably, mast cells
produce TNF-alpha in response to TLR4 engagement by LPS", suggesting their
possible involvement in the maturation process of myeloid DC stimulated as
well via TLR4. On the other hand, mast cells when stimulated via TLR3 pro-
duce high doses of type I IFN". This suggests their direct involvement in innate
antiviral defenses as well as in potentiating the lytic activity of NK cells that are
also simultaneously stimulated via TLR3. In addition, triggering of mast cells
via TLR2, upon exposure to the Gram-positive bacteria cell wall component
peptidoglycan (PGN), favors the release of type 2 cytokines, including IL4, ILS,
and TL6". In this case, as mentioned above, the release of 14 may deviate the
subsequent adaptive response toward Th2 by acting at the early stages of the
innate immune reaction at inflammatory sites in peripheral tissues. Indeed, 1L4,
when added to NK cells simultaneously with IL2 or IL12, has also been shown
to counteract the effect of these cytokines by suppressing IFN-gamma and TNF-
alpha production”. In vivo, type 1 and type 2 cytokines are secreted and exert
their regulatory role on bystander cells within a short time interval after patho-
gen invasion.” It has been estimated that the window of time available for an
innate response to take place is only a few hours, whereas a few days are re-
quired for development of primary T cell-mediated specific responses™®. Thus,
it appears that, depending on the PAMP present at the site of an infection, mast
cells can be activated via different TLR expressed on their surface®’.

Another type of innate cell that is present in peripheral tissue, during in-
flammatory responses, is represented by eosinophils. These cells are prominent
in Th2-driven immune responses, including asthma, allergic, and parasitic dis-
ease”. However, eosinophils are also recognized as immunomodulatory cells,
since they have the ability to interact with T and B lymphocytes and possibly
also with NK cells. The crosstalk between eosinophils and lymphocytes can be
based on direct molecular interactions with costimulatory surface molecules
expressed on eosinophils (e.g., CD28, CD40, CD86, and MHC class II), or via
indirect stimulation by mediators secreted by eosinophils.” In fact, eosinophils
have been demonstrated to contain a multitude of preformed cytokines and
chemokines, including Thl cytokines, such as IFN-gamma and IL12, or Th2
cytokines, such as IL4. Piecemeal degranulation appears to be the major secre-
tory pathway of eosinophils®. Distinct signaling cascades may function to selec-
tively mobilize the preformed cytokine proteins that are stored in eosinophil
granules. Indeed, it is of note that cytokines with opposing functions, such as
IL12 and IL4, may be stored within the same granules, but their release is regu-
lated by distinct stimulatory pathways. For instance, stimulation of eosinophils
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by the CC chemokines eotaxin or (RANTES)/CC chemokine ligand 5 (CCL5)
appears to induce IL4 release®, whereas stimulation through the engagement of
surface molecules such as CD9 or LIR7 triggers IL12 release™. These results
indicate that eosinophils granule-derived IL4 and IL12 may have mutually ex-
clusive mechanisms of vesicle secretion. The capability of eosinophils not only
to rapidly release preformed cytokines but also to differentially regulate which
cytokines are released in response to different stimuli suggests that these cells
may have an important role both in innate and adaptive immune responses.

Low TFNa?

Low TFNa and IFNy
Low killing of IDC

me===(>  MDDCs undergo partial maturation:
*low MHC class | and Il expression
+low expression of co-stimulatory molecules
g but expression of CCR7

*Migration to lymph nodes and
*Promotion of unpolarized or Th2 or regulatory
T cell responses

Figure 2. The same actors but a different script: the cytokine milieu during innate immune
responses may also deviate priming of T cells toward non-Thl polarization. The same set of
innate cells may be induced to release a different set of cytokines depending on the stimuli acting at
the cell surface. For example, mast cells stimulated via TLR2 (recognizing PGN produced by
Staphylococcus aureus) release 1L4 instead of IFN-alpha, whereas eosinophils stimulated by CCL5
(instead of LIR7 ligands) may release IL4 instead of IL12. Remarkably, early exposure of NK cells
to IL4 results in downregulation of their responsiveness to IL12 and IL2 and in inhibition of cyto-
Iytic activity and cytokine production. As a consequence, IL4-exposed NK cells would favor unpo-
larized or Th2 as well as tolerogenic responses.

In conclusion, a variety of stimuli can activate mast cells or eosinophils to
release a diverse array of biologically active products, many of which can medi-
ate potential proinflammatory, antiinflammatory, and/or immunoregulatory ef-
fects. Furthermore, mast cells and eosinophils can be activated differentially to
release distinct patterns of mediators or cytokines, depending on the type and
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strength of the stimuli. This functional and phenotypic plasticity allows their
prompt and appropriate response to distinct challenges that are associated with
various immunological and pathological responses (Figure 2).

6. CONCLUDING REMARKS

An important concept emerging from a number of recent studies focused on the
functional capabilities of cells involved in innate immune responses is their abil-
ity to interact with each other via direct cell-to-cell contacts and via the release a
large variety of soluble factors. These observations suggest the existence of a
remarkable network within different cellular components of the innate immune
system™. This network can control not only the strength and quality of innate
responses but also of the subsequent adaptive immunity. A better understanding
of this network and of the interactions among its cellular and molecular compo-
nents might be of great help in designing new vaccines against infectious agents
and, possibly, tumors.
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INNATE TUMOR IMMUNE
SURVEILLANCE

Mark J. Smyth, Jeremy Swann, and Yoshihiro Hayakawa

1. INTRODUCTION

The innate immune system is emerging as an important mediator of host re-
sponse to tumor initiation, growth, and metastases. Several chemical carcino-
genesis models in mice have implicated an important role for natural killer (NK)
cells, ¥0' T cells, and a specialized CD1d-restricted population of T cells bearing
NK cell receptors, called NKT cells'”. The incidence of both methylcholanthrene
(MCA)-induced fibrosarcoma and dimethylbenzanthracene (DMBA) and phor-
bol ester (TPA)-induced skin carcinomas is higher in mice lacking these vital
innate immune cells. Furthermore, in allo-bone marrow transplantation (BMT),
HLA class I disparities that induce NK cell alloreactions and GVHD also medi-
ate strong graft-versus-leukemia (GVL) effects, producing higher engraftment
rates and protecting patients from GVHD™. In murine MHC-mismatched trans-
plant models with no donor T cell reactivity against the recipient, the pre-
transplant infusion of donor-vs.-recipient alloreactive NK cells obviated the
need for high-intensity conditioning and conditioned the recipients to BMT
without GVHD™. Several other studies also strongly support a key role for in-
nate cells and mechanisms in controlling tumor initiation and growth™”.

2. TYPE I INTERFERON

The potential antitumor function of endogenously produced interferon (IFN)-o/f3
and exogenously administered type I IFNs has been recognized for a long time.
While it had been postulated that IFN acted primarily through host-dependent
mechanisms [either via stimulating NK cell proliferation, TNF-related apop-
tosis-inducing ligand (TRAIL)-mediated cytotoxicity, cytokine secretion, or
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MacCallum Cancer Centre, East Melbourne, 3002, Victoria, Australia.

103



104 M.J. SMYTH, J. SWANN, AND Y. HAYAKAWA

influencing adaptive-immune responses by upregulating class I and class II
MHC, antigen presentation, memory T cell survival, or CD8'T cell recruitment],
most of these concepts have been formulated by experiments where IFN was
exogenously administered. Now, Dunn et al.*” have specifically demonstrated
that host IFN-ov/} prevents the outgrowth of primary carcinogen (methylcholan-
threne (MCA))-induced tumors and that several MCA sarcomas derived from
IFNo receptor 1-deficient mice were rejected in a lymphocyte-dependent man-
ner when transplanted into wild-type mice. By ectopically restoring IFNoR1 or
IFNYR expression of sarcomas from receptor-deficient mice and their sensitivity
to host immunity, this study has revealed that these tumor cells are not important
targets of endogenously produced type I IFN, but rather, IFN-o/p exerted its
anti-tumor actions through its capacity to act on host hematopoietic cells. Our
own unpublished data using IFNaR1" and IFNo:R2™ mice on a C57BL/6 back-
ground support the findings of Dunn et al." IFN-o/B may play a critical intrinsic
role in preventing cellular transformation early in the process and then function
subsequently extrinsically at the level of the host hematopoietic cells to promote
the development of protective tumor specific immune responses. The identity of
the IFN-o/B-producing cells that participate in the host protective anti-tumor
immune responses remains unknown. While all cells are capable of producing
IFN-ov/p in response to viral infection, a specialized subset of plasmacytoid den-
dritic cells known as interferon-producing cells (IPC) produce especially high
levels of IFN-o/B during viral challenge'’. IPC produce type I IFN as a result of
the interaction of pathogen structures with toll-like receptors (TLR); however,
thus far no study has clearly demonstrated a role for this subset or TLR in tumor
immune surveillance. Our studies thus far have not illustrated a unique role for
IPC in tumor control.

3. NKG2D

NKG2D is a key homodimeric activation receptor expressed on the cell surface
of almost all NK cells, ¥ cells, some cytolytic CD8" of T cells and NKT cells,
and a small subset of CD4" oy T cells' ™. Several ligands that bind to NKG2D
are members of the MHC class Ib family*". In humans, the polymorphic MHC
class I chain-related molecules (MIC) A and MICB can be recognized by
NKG2D"™". Although MIC molecules have not been found in mice, the retinoic
acid early inducible-1 (Rae-1) gene products, UL16-binding protein-like tran-
script 1 (Multl), and a distantly related minor histocompatibility Ag, H60, have
been reported as NKG2D ligands in mice™"*"™",

MHC Class Ib gene products, including NKG2D ligands, are upregulated
by heat shock, retinoic acid, [FN-y, TLR signaling, growth factors, viral infec-
tion, DNA damage, and UV irradiation””. More recently, a DNA damage re-
sponse pathway initiated by ataxia telangiectasia, mutated (ATM), has been
shown to regulate expression of NKG2D ligands *. In the mouse, the expression
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of the MHC Class Ib molecules, Rae-1 and H60, is negligible in normal skin,
but is strongly induced by skin painting with chemical carcinogens’. Natural or
induced expression of NKG2D ligands markedly enhances the sensitivity of
tumor cells to NK cells in vitro"*'"**, Expression of NKG2D ligands by tumor
cells also results in immune destruction in vivo and the ectopic expression of
NKG2D ligands, Rae-1 and H60, in several tumor cell lines results in rejection
of the tumor cells expressing normal levels of MHC class I molecules™”. Tm-
mune-depletion and other studies showed that rejection was dependent on NK
cells and/or CD8’ T cells and perforin”*. While previous studies have illustrated
the importance of this pathway in the host immune response to subcutaneous or
intravenous injection of experimental tumors either naturally or ectopically ex-
pressing various NKG2D ligands, these studies tell us nothing about the role of
NKG2D in tumorigenesis'** . Despite the assumption that NKG2D-mediated
engagement of stress-induced ligands may be a key aspect of tumor immune
surveillance™”, until recently no study had ever evaluated the importance of the
pathway in de-novo tumorigenesis. We have now shown the importance of the
NKG2D activation receptor in controlling the natural and activated host re-
sponse to spontaneous malignancy”. Neutralization of NKG2D enhances the
sensitivity of wild-type C57BL/6 and BALB/c mice to methylcholanthrene
(MCA)-induced fibrosarcoma. The importance of the NKG2D pathway was
additionally illustrated in mice deficient for either IFN-y or TRAIL, while mice
depleted of NK cells, T cells, or deficient for perforin did not display any detect-
able NKG2D phenotype. Furthermore, IL-12 therapy preventing MCA-induced
sarcoma formation was also largely dependent upon the NKG2D pathway.
While NKG2D ligand expression was variable or absent on sarcomas emerging
in wild-type mice, sarcomas derived from perforin-deficient mice or mice neu-
tralized for NKG2D were universally Rae-1" and immunogenic when transferred
into wild-type syngeneic mice. These findings suggest an important early role
for NKG2D in controlling and shaping tumor formation. Experiments performed
using the MCA-induced sarcoma model suggest that NK, invariant NKT, y8'T
cells, and other T cells"” ™ may all play a role in host response to the initiation
of these tumors. Of note, NKG2D neutralization did not further sensitize WT
mice depleted of NK cells, perforin-deficient mice, or RAG-1" mice deficient in
both T and B cells. Clearly, NKG2D ligand expression by tumor cells may not
be a barrier to tumor growth since many primary tumors and tumor cell lines
naturally express NKG2D ligands, and in some cases these ligands may be se-
creted”™”. Direct experimentation has shown that less tumor rejection occurred
when tumors only expressed intermediate levels of Rae-17, so it may be that a
threshold level of ligand expression can be maintained on a number of tumor
cells in the population to effectively downregulate immunity. Recently it has
been shown that sustained local expression of NKG2D ligands can impair natu-
ral cytotoxicity and tumor immune surveillance”. It now remains to be deter-
mined whether NKG2D plays an important role in other models of tumor im-
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mune surveillance and whether at later stages of tumor development there is
some survival advantage for some tumors to express NKG2D ligands.

NKG2D is an important receptor in the recognition of target cells by NK
cells, but not the only one. Indeed, some target cells that lack expression of
NKG2D ligands are nevertheless sensitive to NK cells, in line with the identifi-
cation of other NK cell stimulatory receptors that participate in tumor cell rec-
ognition”. Definition of more of these non-NKG2D-mediated pathways will
now be an important step forward.

4. CYTOKINES THAT ACT VIA NKG2D

Cytokines have played an important role in the new progress in tumor immunol-
ogy and immunotherapy”. Other promising cytokines in cancer immunotherapy
— including IL-12%, 1L-21%, IL-18", or combination IL-2/IL-18" — have also
been shown to mediate their anti-tumor activities in mice to a large extent via
NK cells. IL-21 has potent anti-tumor activity in a variety of mouse tumor mod-
els”***. In part, it appears that the anti-tumor activity of IL-21 can be attributed
to its ability to induce terminal differentiation of NK cells* and regulate T cell
proliferation and differentiation”*. We have now illustrated using a series of
cytokines with distinct means of activating NK cell effector function, that the
NKG2D-NKG2D ligand recognition pathway is pivotal in the anti-metastatic
activity of cytokines that promote perforin-mediated cytotoxicity””. In particu-
lar, IL-2, IL-12, or IL-21 suppressed tumor metastases largely via NKG2D
ligand recognition and perforin-mediated cytotoxicity. By contrast, IL-18 re-
quired tumor sensitivity to FasL, and surprisingly did not depend upon the
NKG2D-NKG2D ligand pathway. IL-21 has also been used in combination
with IL-2, IL-12, IL-15, and the CD1d reactive glycolipid, c-galactosylceramide
(o-GalCer), and great synergy in anti-tumor activity has been observed for IL-
15/IL-21 and o-GalCer/IL-21 combinations™ .

These studies now provide a fundamental basis for some rational selection
of cytokines in NK cell-mediated therapy of tumor metastases that either have or
lack NKG2D ligand expression. Given our experimental data, it will be critical
to retrospectively assess tumor NKG2D ligand expression and secretion in the
large number of non-responders and responders that have taken part in previous
clinical trials of cytokine therapies.
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Table 1. Innate Immunity to Tumors

Mice or
treatment Deficiency Tumor susceptibility
TCRS" Yo T cells MCA-induced sarcomas
DMBA/TPA-induced skin tumors ’
Jo18* Va4 TCR* NKT MCA-induced sarcomas"**
cells
Anti-asialoGM1 ~ NK cells MCA-induced sarcomas™
Anti-NK1.1 NK cells MCA-induced sarcomas' **
IFNYyR1" IFN-y receptor 1, MCA-induced sarcomas
IFN-y sensitivity Wider spectrum in p53™
background™
IFN-y" IFN-y production MCA-induced sarcomas™
Spontaneous disseminated
lymphomas
Spontaneous lung adenocarcinomas
in BALB/c background”
HLTVI-tax induced T cell
lymphoma®™
Anti-IFN-o/f  IFN-o/B Sygneneic tumors”’
IFNoR 1" Type I IFN MCA-induced sarcomas®
responsiveness
STAT1" IFN-vy and IFN-o/3- MCA-induced sarcomas

mediated signal

Wider spectrum in p53™
background™
Mammary carcinomas™
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REGULATION OF ADAPTIVE IMMUNITY BY
CELLS OF THE INNATE IMMUNE SYSTEM:
BONE MARROW NATURAL KILLER CELLS
INHIBIT T CELL PROLIFERATION

Prachi P. Trivedi, Taba K. Amouzegar, Paul C. Roberts,
Norbert A. Wolf, and Robert H. Swanborg

1. INTRODUCTION

Natural killer (NK) cells represent the third largest population of lymphocytes
after T and B cells and are derived from the same precursor cell, although they
do not express antigen-specific receptors (Yokoyama et al., 2004). However,
they can distinguish normal host cells from virus-infected or tumor cells and
lyse the latter without prior immunological sensitization — hence the name
“natural killer” cell (Trinchieri, 1989). It was determined that the NK cells rec-
ognize target cells because the latter are deficient in, or lack, the expression of
host major histocompatibility (MHC) class I molecules (Karre et al., 1986).

The fate of the target cell is dependent upon membrane receptors on the NK
cell that either initiate target cell killing in the case of virus-infected or tumor
cells, or that recognize self MHC class I on normal cells and spare those cells
from cytolysis. Activating receptors that initiate cytolytic function against tumor
target cells have been identified. In humans, these include NKp46, NKp30, and
NKp44, which are referred to as natural cytotoxicity receptors (Moretta et al.,
2001). Their function can be blocked with appropriate monoclonal antibodies.
They appear to function in concert with NKG2D, a C-type lectin receptor that
interacts with molecules expressed in various tumors.
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NK cells also express inhibitory receptors that bind to MHC class I on the sur-
face of normal host cells and protect them from cytolysis. These include the
Ly49 receptors in rodents (Yokoyama et al., 2004), and killer cell immu-
noglobulin-like receptors in humans (Long et al., 1997). Subsequent to binding
to MHC class I, these signal through immunoreceptor tyrosine-based inhibitory
motifs (ITIMs) and switch off the NK cells.

2. REGULATORY FUNCTION OF NK CELLS

More recently it has been reported that NK cells can interact with T cells, B
cells, and dendritic cells (DCs) to regulate their activity. For example, NK cells
interact in a contact-dependent fashion with mature DCs, resulting in activation
and secretion of cytokines by both cell types (Ferlazzo et al., 2002; Gerosa et al.,
2002; Piccioli et al., 2002). NK cells have also been shown to be necessary for
allograft tolerance to pancreatic islet cells, apparently through a perforin-depen-
dent pathway that may target DCs for cytolysis (Beilke et al., 2005). In other
studies it was shown that human decidual NK cells constitute a unique subset
that differs significantly from peripheral blood NK cells. The decidual NK cells
have been postulated to play a role in maintaining maternal—fetal tolerance by
downregulating immune responses to the fetus (Koopman et al., 2003). In con-
trast to peripheral NK cells, the decidual NK cells lack cytotoxic function be-
cause they fail to polarize their microtubule organizing centers and perforin
granules to the NK—target cell synapse (Kopcow et al., 2005).

Evidence is also accumulating that NK cells may play a regulatory role in
human and experimental autoimmune diseases. For example, there is an inverse
relationship between NK cell function and disease status in patients with multi-
ple sclerosis (MS); NK activity is high during remission and decreases during
relapses (Kastrukoff et al., 2003; Munschauer et al., 1995; Takahashi et al.,
2004). In the animal model of MS, depletion of NK cells from C57BL/6 mice
with anti-NK1.1 antibody resulted in a more severe form of experimental auto-
immune encephalomyelitis (EAE) (Zhang et al., 1997). Similar results were ob-
served in Lewis rats, where NK cell depletion resulted in a more severe form
and an increased incidence of EAE (Matsumoto et al., 1998).

Previous studies from our laboratory showed that DA rat bone marrow
NK'CD3 cells inhibited proliferation MBP-reactive T cells to the self antigen,
myelin basic protein (MBP) (Table 1), as well as the response of naive T cells to
the mitogen Concanavalin A or to Phorbol-12-myristate-13 acetate (PMA) and
ionomycin (Smeltz et al., 1999; Trivedi et al., 2005; Wolf and Swanborg, 2001).
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Table 1. NK'CD3™ Cells Inhibit Proliferation of
MBP-Specific T Cells to MBP

Culture’ cpm S.D.
T cells + MBP 60,028 6,003
T cells + NK cells (160:1) + MBP 21,628 790
T cells + NK cells (80:1) + MBP 13,278 1,723
T cells + NK cells (20:1) + MBP 3,552 415

* 96-hr cultures (containing 5 uM MBP) pulsed with ['H] thymidine for the last 18 hr of cul-
ture.

3. NK CELLS INHIBIT BY A NON-CYTOTOXIC MECHANISM

Freshly isolated DA rat bone marrow NK'CD3" cells were purified by sorting
using a FACSVantage cell sorter. In all experiments, purity exceeded 97%. Syn-
geneic T cells were activated in vitro with either Con A or PMA + ionomycin, in
the presence or absence of bone marrow NK cells. The NK cells inhibited T cell
proliferation in a dose-dependent fashion (Trivedi et al., 2005). In some experi-
ments the NK cells were separated from the T cells by transmembrane inserts
(0.4 um pore size) to prevent cell-to-cell contact. When separated by a trans-
membrane, the NK cells were not able to inhibit T cell proliferation, indicating
that cell-to-cell contact was required. Representative results are shown in Table
2. To further confirm whether soluble factors are involved, we stimulated T cells
with Con A in the presence of supernatants from the NK/T cell co-cultures. The
supernatants did not inhibit T cell proliferation. Thus, it is unlikely that soluble
factors mediate inhibition.

Table 2. NK Cell Inhibition of T Cell Proliferation Is Contact Dependent

Culture’ cpm S.D.
T cells alone (background) 145 24
T cells + PMA + ionomycin 117,702 17,701
T cells + NK cells + PMA + ionomycin 662 551
T cells + PMA + ionomycin/NK cells 107,748 8,784

separated by Transwell

‘48-hr cultures (T:NK = 10:1) pulsed with ['H] thymidine for the last 18 hr of culture.

The bone marrow NK cells contain intracellular perforin, although they do
not induce T cell apoptosis as determined by annexin V staining. Because the
NK cells inhibit T cell proliferation, we postulated that they might inhibit prolif-
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eration by suppressing IL-2 production. However, when the supernatants from
the T cell/NK cell cocultures were examined by ELISA, they were found to con-
tain abundant concentrations of IL-2. This was confirmed using the IL-2-
dependent CTLL-2 cell assay, which also revealed that the IL-2 was biologically
active (Trivedi et al., 2005). Moreover, the T cells in co-culture with NK cells
expressed activation markers, e.g., CD25 and VLA-4, and also exhibited in-
creased cell size as determined by forward scatter in the FACScan flow cytome-
ter (Trivedi et al., 2005).

Additional support for the conclusion that NK cells do not inhibit IL-2 re-
ceptor signaling in T cells derived from the finding that NK cells did not affect
STATS activation. When IL-2 binds to the IL-2 receptor, the latter phosphory-
lates JAK1, which then phosphorylates the STATS transcription factor (Gaffen,
2001). Western blot analysis revealed that phosphorylated STAT5 was present
in PMA + ionomycin-activated T cells in both the absence and presence of NK
cells, indicating that IL-2-IL-2 receptor signaling was functional.

Furthermore, we also found that NK cell-mediated inhibition of T cell pro-
liferation was reversible, since removal of the NK cells after 48 hr by staining
with PE-labeled anti-NK1.1 monoclonal antibody (mAb) and magnetic bead
separation using anti-PE microbeads (Miltenyi Biotec) restored the proliferative
activity of the T cells. Together, these findings argue against a cytotoxic mecha-
nism of NK cell-mediated inhibition of T cell proliferation. Moreover, since the
NK cells suppress the proliferation of T cells activated by PMA + ionomycin,
we can conclude that inhibition is independent of T cell receptor (TCR) en-
gagement. This is because PMA and ionomycin activate T cells by activating
protein kinase C and increasing intracellular calcium levels, respectively. These
events are downstream of TCR engagement by antigen.

4. NK CELLS INHIBIT CELL CYCLE PROGRESSION

Using Propidium Iodide staining and flow cytometry we determined that most of
the nonproliferating T cells in the T-NK co-cultures were arrested in the GO/G1
phase of the cell cycle. In contrast, almost 50% of T cells activated in the ab-
sence of NK cells were in S phase. This indicated that they were synthesizing
DNA and undergoing cell division, consistent with the proliferative response
that we observed in those cultures (Trivedi et al., 2005). The progression of cells
from G1 to S phase is controlled by cyclins D and E, which complex with cy-
clin-dependent kinases (cdk) and induce phosphorylation of retinoblastoma pro-
tein, which in turn releases the transcription factor E2F. E2F is required for tran-
scription of S phase genes (Bartek and Lukas, 2001). Using Western blot
analysis and immunofluorescence staining, we determined that NK cells did not
affect the upregulation of cyclin D3 or the phosphorylation of retinoblastoma
protein. Thus, NK cells did not inhibit these two phases of the signaling path-
way.
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The activity of cyclin—cdk complexes is regulated by inhibitor proteins, in-
cluding p21 (Coqueret, 2003). Using Western blot analysis, we determined that
p21 was present at low levels in PMA + ionomycin-stimulated T cells, but was
significantly elevated in the presence of NK cells. Moreover, when the NK cells
were removed by magnetic bead separation, the concentration of p21 returned to
that observed in T cells activated in the absence of NK cells (Trivedi et al.,
2005). This correlated with restored proliferative responses in the NK-depleted
T cell population, and strongly suggests that NK cells limit the clonal expansion
of T cells by upregulation of p21. This could serve as a homeostatic mechanism
to prevent unwanted activation of autoreactive T cells.

5. BONE MARROW-DERIVED NK CELLS HAVE
UNIQUE FUNCTION

Since it has been reported that decidual NK cells are distinct from peripheral
blood NK cells with respect to patterns of gene expression (Koopman et al.,
2003) and cytotoxic activity (Kopcow et al., 2005), we compared purified DA
rat bone marrow NK cells with splenic NK cells from the same animals.

We observed several major functional and phenotypic differences between
freshly isolated bone marrow and splenic NK cells. Most significantly, the
splenic NK cells failed to inhibit T cell proliferation (Trivedi et al., submitted
manuscript). A representative experiment is shown in Table 3.

Table 3. Splenic NK Cells Do not Inhibit T Cell Proliferation

Culture’ cpm S.D.
T cells alone (background) 199 25
T cells + PMA + ionomycin 71,720 440
T cells + splenic NK cells (10:1) +
PMA + ionomycin 73,738 1,926
T cells + splenic NK cells (1:1) +
PMA + ionomycin 69,017 2041

“48-hr cultures pulsed with [’H] thymidine for the last 18 hr of culture.

Phenotypically, freshly isolated splenic and bone marrow NK cells display
several differences. The splenic NK cells are NK1.1™", CD56™" and do not
express CD11b. They also transcribe interferon-gamma (IFN-y) mRNA but do
not secrete the protein. In contrast, bone marrow NK cells are predominantly
NK1.1"", CD56™" and express CD11b. However, they do not transcribe IFN-y
messages. A small population resembles the splenic NK cells with respect to
expressing the bright phenotype, but the dim bone marrow NK cells are impli-
cated in suppression of T cell proliferation. Both splenic and bone marrow NK
cells contain intracellular perforin (Trivedi et al., submitted manuscript). It will
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be of interest to determine whether activated NK cells display different pheno-
typic or functional properties.

6. ROLE OF NK CELLS IN IMMUNE HOMEOSTASIS

It is well established that NK cells are important effector cells of the innate im-
mune system, lysing virus-infected cells and malignant host cells that are defi-
cient in MHC class I. However, other evidence points to a role for NK cells in
regulating adaptive immune responses. For example, NK cells have been shown
to negatively regulate T cell responses to viral infection in mice (Su et al., 2001)
and to regulate antibody production by B cells (Takeda and Dennert, 1993). NK
cells have also been shown to regulate autoimmune diseases, including uveitis in
patients (Li et al., 2005) and EAE in rodents (Matsumoto et al., 1998; Zhang et
al., 1997). Recently, it was reported that NK cell depletion enhanced EAE in
SJL/J mice, and that the NK cells were cytotoxic for myelin antigen-specific
encephalitogenic T cells in vitro using a flow cytometric assay (Xu et al., 2005).
We also saw evidence for cytotoxicity in the rat model, using the same assay
with partially enriched NK cells (Smeltz et al., 1999), but when we attempted to
repeat the same studies with highly purified, sorted NK cells, no cytotoxic activ-
ity could be detected. Thus, we concluded that cytotoxicity could have been
mediated by non-NK cells present in the enriched (but not pure) rat NK cell
preparations. Based on evidence presented above, and recently published
(Trivedi et al., 2005), we conclude the suppressive activity of NK cells in rats is
due to p21-mediated cell cycle arrest in the T cell population.

It is clear from several studies (Koopman et al., 2003; Kopcow et al., 2005;
Li et al., 2005), and this report, that functionally distinct NK cell subsets exist.
Evidence for distinct NKT cell subsets has also recently been reported (Crowe et
al., 2005). Although the biological significance of regulatory NK cells remains
to be determined, it is likely that they play a role in fetal-maternal tolerance
(Koopman et al., 2003), and in remissions from human diseases with suspected
autoimmune etiology (Kastrukoff et al., 2003; Li et al., 2005; Takahashi et al.,
2004).

However, a broader role for NK cells in immune homeostasis can be envi-
sioned. For example, it has recently been reported that bone marrow functions as
a major reservoir for memory T cells (Becker et al., 2005; Mazo, 2005). Since
the regulatory NK cells that we have found seem to be restricted to the bone
marrow subpopulation, it is conceivable that they may play a role in maintaining
bone marrow memory T cells in a quiescent state until needed for recall re-
sponses. This is currently under investigation in our laboratory.
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INDUCTION AND MAINTENANCE
OF CDS8+ T CELLS SPECIFIC
FOR PERSISTENT VIRUSES

Ester M.M. van Leeuwen, Ineke J.M. ten Berge,
and René A.W. van Lier

The development of immunological memory is a unique property of
the adaptive immune system. Until recently most studies on the in-
duction of virus-specific memory CD8" T cells have been performed
in mice models of acute infection. Based on these studies, certain
properties have been attributed to memory CD8" T cells concerning
their responsiveness to antigenic stimulation and their ability to sur-
vive. However, many relevant human viruses are persistent and reach
a latency stage in which there is equilibrium between the virus and
the host immune system.

Analysis of virus-specific CD8" T cells responding to persistent
viruses has now shown that these cells contrast in many aspects to the
classical memory cells specific for cleared viruses, which may be ex-
plained by the different tasks that have to be fulfilled. Whereas mem-
ory CD8" T cells specific for cleared viruses only need to become ac-
tivated upon reinfection with the same virus, CD8" T cells specific for
persistent viruses continuously have to keep the virus under control in
the latency stage. In addition, they have to adapt to possible changes
in the immunocompetence of the host (e.g., during aging or at the
start of immunosuppressive therapy).

We here review the recently described differences in induction
and maintenance of memory CD8" T cells recognizing cleared versus
persistent viruses both in human and in mice. We also discuss
whether CD8" T cells specific for persistent viruses can actually be
categorized as memory cells or should be considered “vigilant resting
effector cells.”

Ester M.M. van Leeuwen and Rene A.W. van Lier, Dept. of Experimental Immunology, Academic
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1. PERSISTENT VIRUSES ARE PREVALENT IN HUMAN
AND MICE

Persistent viruses are not cleared by the immune system, like after infection with
an acute virus, but instead a balance is formed between the host immune system
and the virus. Hereafter we will use the terms acute or cleared versus persistent,
chronic, or latent to refer to viruses that are eliminated by the immune system or
persist in the host respectively. Although many cells play a role in keeping per-
sistent viruses under control, in this review we will focus on the role of CD§"
memory T cells. Whereas memory CD8" T cells that arise after recovery of in-
fection with an acute virus have to protect the host from secondary infections
with the same pathogen, memory CD8" T cells specific for persistent viruses
continuously have to prevent reactivation of the latent virus. In humans, such
long-term control by CD8" T cells has been studied after infection with cy-
tomegalovirus (CMV), Epstein-Barr virus (EBV), hepatitis B virus (HBV),
hepatitis C virus (HCV), and human immunodeficiency virus (HIV). In healthy
individuals, CMV and EBV are apparently well controlled, as appears from the
typical absence of signs of infection. This changes when the immune system
becomes compromised, i.e., after bone marrow transplantation, solid organ
transplantation, or in HIV patients. Then the equilibrium between the virus and
the host immune system is disturbed and the virus can easily reactivate and
cause serious secondary illness.

Persistent viruses like those described above differ in the type of persistence
they establish in the host. EBV is a virus that becomes latent and reactivates
only periodically, resulting in limited T cell stimulation. Other viruses, like
CMV, cause a more smoldering infection with ongoing low-level viral replica-
tion. T cells specific for CMV will thus frequently be activated by antigen. In-
fection with HIV, HCV, or HBV leads to viremia and persisting high levels of
viral replication resulting in continuous T cell stimulation. Acute infections with
HIV, HBV, and HCV are more frequently associated with clinical problems.
This might be caused by the high ability of those viruses to mutate and escape T
cell control, whereas EBV and CMV are genetically stable viruses.

Mice models are useful to study viral infections because they allow a more
extensive analysis of immune responses than is possible in man. Especially,
analysis of T cells in humans is mostly restricted to the peripheral blood com-
partment, whereas in mice cells can be retrieved from different organs. Concern-
ing persistent viruses, murine y-herpesvirus 68 (YHV68) infection is applied as a
model for EBV infection. CMYV is species specific, but still valuable information
can be obtained from studies with murine CMV (MCMV). Murine polyoma
virus induces a similar low-level persistent viral infection. Lymphocytic
choriomeningitis virus (LCMYV) is an interesting virus because different strains
are either cleared (LCMV Armstrong or LCMV-WE) or cause persistent infec-
tion (LCMV clone 13, LCMV-T1b or LCMV-Docile), allowing direct compari-
son of T cell responses to these different types of viruses.
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Thus a wide variety of persisting viruses exists, both in human and in mice.
These viruses differ in tropism, behavior during persistence, immunomodulatory
capacity, and genetic stability. Still, as will become apparent later, the immune
reaction to different persisting viruses shows a considerable degree of similarity.

2. GENERAL EFFECTS OF PERSISTENT VIRUSES ON
THE HOST IMMUNE SYSTEM

Because of their persisting nature, control of latent viruses demands much atten-
tion of the immune system. This is very evident in the case of the human her-
pes viruses, which will reactivate and eventually cause disease, as soon as for
whatever reason T cell immunity wanes. As a consequence, infection with a
persistent virus has a major impact on the composition of the T cell pool. Espe-
cially infection with CMV exerts a profound effect on both the total CD8" and
CD4" T cell populations. Khan et al. described that CMV latency led to a greater
clonality of the T cell repertoire’. Several other studies showed that mainly an
expansion in far differentiated, resting cytotoxic T cells was induced in CMV
carriers”". A significant increase in CD8" effector type T cells was only depend-
ent on infection with CMV and was not related to several other pathogens stud-
ied, not even to HIV*. Within the CD4" T cell compartment, a population of
cytotoxic CD28" T cells was present only in CMV-infected individuals and in-
deed partially responded to CMV-specific stimulation by either proliferation or
cytokine production’. Whether all these cells are directly responsive to CMV
itself or are somehow indirectly induced by CMV infection remains to be estab-
lished.

CMYV seems to be unique in its capacity to induce such prominent changes
in the immune system, although a recent paper showed that also HCV infection
had some influence on the CD8" T cell population®. The reason that CMV infec-
tion in particular induces these adaptations of the immune system is largely un-
known. A factor that could be involved is that CMV is a virus with strong im-
mune-evasive properties and during evolution there have been mutual adapta-
tions between the virus and the human immune system™". Therefore it can be
imagined that the immune system has to put more effort into control of CMV
compared to other viruses. Another reason could be the quite large reservoir of
CMYV during the latency stage, as CMV establishes latency in cells of the mye-
loid lineage and in endothelial cells that are both abundantly present. Conse-
quently, T cells will regularly come into contact with CMV antigens, not only
because the virus undergoes continuous low-level replication but also because of
its abundant spread within the body.

An additional specific feature of CMV is that it impairs the response to
other infections. In old age the numbers of EBV-specific cells have been shown
to increase, but this does not occur in CMV-seropositive donors''. We have re-
cently shown that in CMV-seronegative renal transplant recipients the percent-
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ages of EBV-, FLU-, and RSV-specific CD8" T cells increased in time. In con-
trast, this rise did not occur in CMV-seropositive renal transplant patients (van
Leeuwen et al., submitted). In our study, CMV-specific cells increased in per-
centage after transplantation, which correlates with the finding that also murine
CMV-specific CD8" T cells continuously accumulate over time"”. Data from the
group of Welsh showed that a new infection caused permanent loss of pre-
existing memory cells due to competition”. In view of the aforementioned data,
it is remarkable that memory T cell loss was more profound during persistent
infection than after infection with a cleared virus, and was a continuously ongo-
ing process'. In humans with a primary CMV infection we similarly found that
EBV-specific cells decreased in percentage and absolute numbers as soon as
CMV-specific cells appeared in the circulation. Once the viral load became un-
detectable and the numbers of CMV-specific cells declined, the percentage of
EBV-specific cells remained low, although the absolute number did return to the
original value (van Leeuwen et al., submitted). The finding that the number of
EBV-specific T cells is compromised by CMYV infection is interesting in light of
the observation that post-transplant lymphoproliferative disease (PTLD), an
EBV-associated disorder in transplant patients, occurs more often in patients
undergoing a primary CMV infection”. Altogether these observations imply that
competition between memory cells, either for space or homeostatic cytokines, is
taking place. Apparently, the homeostasis of memory T cells is differentially
regulated when cells with different specificities enroll in the memory T cell
pool. CD8" T cells specific for persistent viruses seem to have an advantage in
that situation, possibly because they are frequently triggered by their specific
antigen and thereby maintained in higher numbers.

3. GENERATION OF CD8+ MEMORY T CELLS

The development of memory CD8" T cells in response to infection with acute
viruses has extensively been studied in mice (reviewed in [16]). Upon activation
by an antigen-presenting cell bearing the antigenic peptide, naive T cells differ-
entiate and expand until a large pool of effector cells is formed. These effector
cells can eliminate virally infected cells by means of their cytotoxic capacity.
Once the virus is cleared, most effector cells die and only 5-10% survive and
develop into long-lived memory cells. Upon a secondary encounter with a virus
the immune system will therefore be able to respond faster and more efficiently,
thereby limiting cytopathic viral effects. Recently, expression of the IL-7Ra
(CD127) was found to identify the memory precursor cells that survived the
contraction phase and all memory cells homogeneously expressed this recep-
tor'"". Several studies have suggested that the expansion and differentiation pro-
gram of CD8" T cells specific for cleared viruses is already imprinted shortly
after antigenic stimulation””'. Moreover, in a number of models it has been
shown that CD4" T cell help is required for the development and maintenance of
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a functional CD8" memory T cell population that can mount a proper secondary
response” >

Memory T cell generation in persistent viral infections has not widely been
studied. The initial response to a persistent virus is similar to that of an acute
virus, with the induction of a large pool of antigen-specific effector cells, which
in time contracts to leave a smaller memory population. However, CD8" T cells
specific for persistent viruses are in many aspects very different in the memory
phase when the virus persists at a lower level. After clearance of a virus, the
epitope hierarchy found during acute viral infection is conserved in the memory
phasezﬁ. In chronic infections, however, several studies showed a shift in the
immunodominance of CD8" T cell epitopes in the memory phase as compared to
the acute phase. Epitopes that were subdominant during the acute response were
dominant during the memory phase and vice versa, completely changing the
hierarchy of T cell epitopes. This has been described for chronic LCMV infec-
tion” ™, and although many factors are involved in determining immunodomi-
nancy”, it was shown that increasing the height of the viral load of a LCMV
strain that is cleared from the host also induced significant changes in the epi-
tope hierarchy of LCMV-specific CD8" memory T cells”. Comparable skewing
of the immunodominant epitopes was also described in persistent murine -
herpesvirus infection™, for persistent mouse hepatitis virus”, and for mouse
polyoma virus”. Also in MCMYV infection the ratio between CD8" T cells with
different specificities changed, mainly because a few accumulated over time
whereas others did not"”.

Differences in frequencies of CD8" T cells to dominant and subdominant
epitopes were also found in human EBV infection, where the memory popula-
tion was not a scaled-down version of the primary response either”’. Other longi-
tudinal studies in humans on the frequencies of virus-specific CD8" T cells rec-
ognizing different epitopes have not been performed yet. This can be explained
by the difficulty to trace primary viral infections in humans and to the limita-
tions in the available tetramers, which makes it hard to analyze CD8" T cells
with multiple specificities in the same donor. Another complicating factor oc-
curs in HIV infection, where the high incidence of mutations in the virus affects
the dominance in the T cell response™.

For an understanding of the development of memory T cells in persistent vi-
ral infections, it is important to know why T cells with other specificities are
more prominent in the persistence phase than early after infection. An obvious
explanation would be that during the latency phase the viral antigens, and
thus the epitopes that are presented to the T cells, are different from those in the
acute phase. Certainly, both the virus and the T cells are faced with an altered
situation compared to the acute response. The virus is not constantly replicating
and infecting cells anymore, but only tries to maintain latency, whereas the
T cells adapt to their surveillance task. Also, these changes could account for
the alterations in the composition of the oligoclonal T cell population in the
phase of viral persistence.
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4. FUNCTION OF MEMORY CD8+ T CELLS SPECIFIC
FOR PERSISTENT VIRUSES

Given that most studies on the functionality of memory CD8" T cells were per-
formed after clearance of an acute virus, the properties that were attributed to
memory cells are also derived from these studies. According to these criteria,
memory CD8" T cells should be able to rapidly proliferate upon antigenic-
stimulation and quickly produce cytokines like IL-2 and IFN-vy, chemokines like
RANTES, and cytotoxic effector molecules like perforin and granzyme B**™,
Consequently, in the memory phase after the virus has been cleared there is ex-
cellent concordance between the number of antigen-specific cells measured by
MHC tetramers and the number measured by intracellular cytokine staining™.
Although memory T cells showed poor in-vitro killing as measured by "'Cr-
release assays”™, in vivo they were able to directly eliminate target cells only
slightly slower than effector cells during the acute response”.

Data from murine studies indicated that chronic viral infection could induce
functional impairment (exhaustion) or even physical deletion of memory CD8" T
cells specific for persistent viruses (reviewed in [40]). Direct comparison of
memory CD8" T cells specific for acute or persistent LCMV strains indeed re-
vealed that in chronically infected mice memory T cells lost functionality. Con-
cerning cytokine secretion, memory cells specific for persistent viruses produced
less IFN-y, TNF-y and IL-2***"*_ Also, the ability to lyse target cells in vitro
was less in memory cells during persistent LCMV infection™, although efficient
in-vivo killing is reported for polyoma-specific memory T cells”. Interestingly,
the functional impairment of LCMV-specific memory CD8" T cells occurred in
a hierarchical fashion during chronic infection. The production of IL-2 and the
cytotoxic capacity were first compromised followed by the ability to secrete
TNF-o. Production of IFN-y was most resistant to functional exhaustion™*. The
amount of antigen present seemed to be the reason for this loss of function since
a strong correlation was found between viral load and level of exhaustion. This
was in line with the finding that viruses expressing excessive epitope levels in-
duced reduced numbers of IFN-y-producing memory cells compared to viruses
with lower epitope expression”. Another hallmark of memory T cells is fast di-
vision upon secondary antigenic stimulation. Remarkably, in addition, in mem-
ory cells derived from persistently infected mice proliferation upon in-vitro
stimulation with peptide elicited a reduced response compared to memory cells
from mice infected with an acute, cleared virus''.

From murine studies it appeared that the exhaustion of the memory T cells
was directly correlated with the height of the viral load. Likewise, in humans,
functional exhaustion of memory CD8" T cells has been described in infection
with HIV and HCV, which show high viral replication and consequently high
viral loads in peripheral blood, even in the chronic phase. In HIV infection,
CD8" T cells were impaired in function”™ and dysfunction of HCV-specific
memory cells was also reported™”. The same hierarchical order in the functional
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impairment found in murine memory T cells seems to exist in human memory T
cells since analysis of HIV-specific cells in a chronic phase of infection demon-
strated that cytotoxicity and TNF-a production were impaired whereas IFN-y
could still be produced”. Noteworthily, for HIV infection it is still discussed
whether the functional defects of HIV-specific CD8" T cells are the cause or the
consequence of ineffective viral control’’.

The amount of antigen is much lower in EBV and CMYV infection, where
during latency in healthy individuals the viral load is undetectable in peripheral
blood. In these situations, the memory T cells found are still active and do not
show exhaustion. Direct ex-vivo cytotoxicity has been shown for CMV-specific
memory CD8" T cells™”. Only in elderly individuals was decreased production
of IFN-y by EBV- and CMV-specific cells found". With regard to proliferation,
in humans it is not possible to directly compare T cells specific for the same
virus in acute and persistent form as with the LCMV strains. However, in con-
trast to laboratory mice, humans usually have a history of multiple infections,
allowing a comparison between T cells specific for persistent viruses (e.g.,
CMYV) and cells responding to viruses that have been cleared (e.g., influenza
(FLU)). This analysis showed that proliferation upon stimulation with a specific
peptide was similar for CMV-specific cells and FLU-specific cells from the
same donor™.

Thus, persistence of antigen does not always result in exhaustion of mem-
ory T cells — only when viral loads are continuously high. Therefore, it would
be erroneous to describe memory cells specific for persistent viruses as func-
tionally incompetent in general. Especially since, for example, in CMV
and EBV infection, memory CD8" T cells function properly in controlling the
latent virus.

5. PHENOTYPE OF MEMORY CD8+ T CELLS SPECIFIC
FOR PERSISTENT VIRUSES

An apparent difference in phenotype between memory cells specific for
cleared viruses and viruses that are maintained in the body is found in mouse
models. Here, expression of the lymph node homing receptors CCR7 and
CD62L and, more recently, IL-7Ro are most frequently used to define different
subsets of memory T cells. Without elaborating too much on the differences and
the interrelationship between CCR7 CD62L" cells (effector memory) and
CCR7'CD62L" cells (central memory)'®”, one can state that the latter represent
the memory cells that differentiate after clearance of a virus™. Although during
acute infection the large majority of CD8" T cells do not express IL-7Ra, all
memory cells after acute infection express this receptor, and therefore it is used
as a marker for memory cells'".

Memory CD8" T cells in persistent viral infection do have a clearly different
phenotype. In chronic LCMV infection, only a few memory CD8" T cells re-
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expressed CD62L and CCR7”*. A recent report, using infection with an
LCMV-strain that is cleared, described that, whereas at high naive T cell precur-
sor frequencies a population of CCR7"CD62L" memory CD8" T cells reverted to
CCR7'CD62L, this was not the case when started with low precursor frequen-
cies”. Considering that with low precursor frequencies there would be more
antigen available per T cell, this would resemble a persistent infection as also
there the chances of antigen encounter are high and more memory cells remain
deprived of CCR7 and CD62L re-expression. In addition to the low expression
of CCR7 and CD62L, expression of the memory cell marker IL-7Ro. was much
lower in persistently infected mice, as compared to the expression on all mem-
ory cells after clearance of an acute virus'™”.

Most studies on memory T cells in humans have been performed in indi-
viduals without acute infection who have various memory cells for both elimi-
nated and latent viruses (reviewed in [60]) . CD8" T cells for human viruses
have been phenotypically characterized using different combinations of cell sur-
face molecules. CD8" T cells for viruses that are cleared by the host such as in-
fluenza (FLU) and respiratory syncytial virus (RSV) uniformly express both
costimulatory molecules CD28 and CD27, differ in expression of the chemokine
receptor CCR7, and are CD45RA". As described in mice, human memory CD8"
T cells specific for acute viruses all express IL-7Ro’™ .

Analysis of human CD8" T cells specific for persistent viruses (reviewed in
[63]) revealed that these cells hardly ever express CCR7; only HCV-specific
cells can be CCR7". Concerning the other surface molecules, there is a large
heterogeneity between cells with different viral specificities. HCV-specific cells
usually express both CD28 and CD27, are CD45RA", and are accordingly clas-
sified as early memory cells. CD8" T cells recognizing EBV can be found as
early or intermediate memory cells because the cells lack CD45RA, do express
CD27, but differ in CD28 expression. Also, CD8" T cells specific for HIV are
mostly intermediate memory cells, usually CD28 CD27". The virus-specific
cells that are most differentiated are CMV-specific cells from which the major-
ity can be found as late memory cells, CCR7 CD28 CD27 CD45RA", although
CMV-specific cells can also be found in other differentiation stages™*™ . Inter-
estingly, when FLU- and RSV-specific cells derived from the human lung were
investigated, these showed a decreased expression of CD28 and CD27 compared
to cells with the same specificity in peripheral blood”. This suggests that more
frequent encounter with their antigen at the site of infection, like the lung for
respiratory viruses, changes the phenotype of CD8" T cells specific for acute
viruses such that they more resemble CD8" T cells specific for persistent viruses.

As was shown in mice studies, also for human memory cells it seems that
the height of the viral load determines the phenotype of the memory CD8" T
cells. A higher number of CMV-specific cells, which likely is the result of a
higher antigenic load, correlated significantly with a more CD27" phenotype of
these cells™.
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Expression of IL-7Ra has been analyzed on CMV-, EBV-, and HIV-
specific cells, and in contrast to memory cells specific for eliminated viruses,
only part of the memory cells for persistent viruses expressed this receptor long
after primary infection™”. This implies that, as long as antigen is present, IL-
7Ro will not be re-expressed on memory T cells. Another explanation could be
that T cells specific for persistent viruses have received such prolonged TCR
stimulation that the downregulation of IL-7Ro. has become an irreversible dif-
ferentiation event. This is in line with the finding that in renal transplant recipi-
ents the maximum CMYV viral load measured by PCR early after transplantation
inversely correlated with the percentage of IL-7Ro” CMV-specific cells at a late
time point™.

6. MAINTENANCE OF MEMORY CD8+ T CELLS SPECIFIC
FOR PERSISTENT VIRUSES

An important characteristic of memory CD8" T cells that remain after elimina-
tion of a virus is that they survive for prolonged periods devoid of contact with
antigen™”. To maintain a stable pool of memory T cells, extrinsic factors are
required, however, for survival and homeostatic proliferation. The cytokines IL-
7 and IL-15, both members of the common y-chain family of cytokines, have in
this regard been identified as essential factors™*'. The requirement for IL-7 is
stressed by the finding that expression of IL-7Ra is selectively found on mem-
ory precursor cells, and all memory cells after elimination of an acute virus
highly express this receptor'"".

The requirements for survival of memory CD8" T cells specific for persis-
tent viruses appear to be different. First, the response to the homeostatic cyto-
kines IL-7 and IL-15 is clearly less for memory cells specific for persistent vi-
ruses’"™. This can be explained by the fact that only part of the memory cells
specific for persistent viruses express the IL-7Ra and expression of the IL-15Ra
is also lower than on memory cells specific for cleared viruses'™. Also, experi-
ments in IL-15"" mice showed that memory CDS8" T cells specific for persisting
murine YHV68 did not depend on IL-15 for their maintenance®™. Second, after
adoptive transfer of memory CD8" T cells specific for persistent viruses into
naive mice, these memory cells do not survive and/or proliferate in the absence
of their specific antigen and, therefore, were called antigen-addicted"®. The
same was found in murine models where treatment of chronically infected mice
resulted not only in clearance of the pathogen but simultaneously in a decline in
antigen-specific T cells and loss of protective immunity**. In a normal situa-
tion, however, T cells specific for persistent viruses will regularly encounter
their antigen. Yet, the conclusion will remain that memory cells specific for per-
sistent viruses probably depend on contact with antigen for their maintenance.

An attractive consideration is that antigen-specific memory CD8" T cells
might also still develop during the persistence phase instead of only after the



130 E.M.M. vAN LEEUWEN ET AL.

acute phase of infection. Support comes from experiments in which priming of
epitope-specific CD8" T cells in bone marrow chimeric mice could be visualized
during persistent viral infection™. This implies that not all memory cells found
late in infection have been maintained for a long period but some might have
been induced somewhere along the period of persistent infection. Interestingly,
cells primed during the persistent phase of infection had higher CD62L expres-
sion, which could be explained by a shorter contact with most likely lower levels
of antigen.

Another probably important factor in the maintenance of memory CD8" T
cells in persistent infections is CD4" T cell help”. Their presence is known to be
required for induction and maintenance of fully functional memory CD8" T
cells”™ in models of infection with acute viruses. Their role in persistent infec-
tion was demonstrated in CD4™~ mice infected with chronic LCMV, where ab-
solutely no IL-7Ro’ CD8' memory cells could be detected™. In humans, the
emergence of peripheral blood CMV-specific CD4" T cells in symptomatic pri-
mary CMYV infections was delayed compared to asymptomatic infection, empha-
sizing their contribution to resolution of the acute phase of the infection™. Also
in vitro, human CMV-specific cells dramatically increased their proliferation
when helper cell-derived cytokines or activated CD4" T cells themselves were
added to the culture™”

Thus, presumably, memory CD8" T cells specific for persistent viruses re-
quire contact with antigen and CD4" T cell help for their maintenance.

7. REGULATION OF IL-7Ro. EXPRESSION BY THE
PRESENCE OF ANTIGEN

The difference in expression of IL-7Rc between memory CD8" T cells after
clearance of an acute virus or during persistent infection and the consequences
for the importance of IL-7 for the survival of these cells can be explained by the
notion that IL-7Ra. is downregulated upon TCR activation of the cell™**. After
clearance of an acute virus, the memory T cells are not triggered by antigen any-
more and re-express the IL-7Ra, whereas in persistent infection the T cells
continue to regularly encounter antigen. Indeed, during a recall response after
viral clearance, the levels of IL-7Ro on the memory T cells decreased again,
showing that changes in expression of IL-7Ra reflect the activation state of
memory T cells™. That the ongoing TCR stimulation was responsible for the
continued downregulation of IL-7Ro could be confirmed by treating mice with
peptides that were either short lived or persisted in vivo™.

Also in humans, the influence of the level of antigen was shown as the per-
centage of IL-7Rao.” CMV-specific cells declined when the viral load increased
during CMV reactivation and a higher maximum viral load inversely correlated
with the percentage of IL-7Ra;” CMV-specific cells™. In HIV patients, where
high viral loads both for HIV and for other viruses are more common, the level
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of IL-7Ra expression on total CD8" T cells is lower than in healthy individuals.
In line with a role for contact with antigen, the percentage of IL-7Ra CD8"
T cells reached normal levels when the antigenic load decreased after successful
treatment”"", These data lead to the assumption that the presence of antigen
downregulates the receptor and thus decreases the dependency of memory CD8"
T cells on IL-7.

8. CONCLUDING REMARKS

Combined, these data give rise to the hypothesis that for the maintenance of
CD8’ T cell memory in persistent viral infections cells need regular contact with
their specific antigen in combination with help signals from CD4" T cells. In
contrast to memory cells developed after clearance of an acute virus, there ap-
pears to be a minor role for IL-7, and likely also IL-15, in the maintenance of T
cells specific for persistent viruses.

Furthermore, whether CD8" T cells found during persistent infection can ac-
tually be named memory T cells can be questioned. They do not have to “memo-
rize” the specific antigen because the virus is still present in the host and they
continuously have to keep the infection under control. This could also explain
why these cells, concerning function, phenotype, and maintenance requirements,
differ so much from the classical memory cells that develop after acute infection
when the virus is cleared. Because CD8" T cells during persistent infection can-
not retire as after infection with a cleared virus, but have to continue to monitor
the virus, they appear to function as “vigilant resting effector cells.”
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GERMINAL CENTER-DERIVED
B CELL MEMORY

Craig P. Chappell and Joshy Jacob

1. INTRODUCTION

B cell memory is characterized by persistent levels of Ag-specific serum anti-
body (Ab) following immunization and the ability to rapidly produce Ab upon
secondary Ag exposure'. During primary immune responses in mammals, B cell
activation occurs within or at the border of T cell-rich periarteriolar lymphoid
sheaths following cognate interaction with CD4 T, cells™. This interaction in-
duces B lymphocytes to differentiate into either foci of antibody-forming cells
(AFC) found in red pulp and follicular borders or germinal center (GC) B cells
located within secondary follicles’. The primary foci response in mice is rela-
tively short lived (5—10 days); in contrast, the GC response is a more sustained
program of cellular differentiation in which extensive B cell proliferation, so-
matic hypermutation of IgV gene segments, and memory cell selection occurs*”.
While GC B cells are readily identified using cell surface attributes, no such
markers have been identified on murine memory B cells. The inability to relia-
bly identify memory B cells has hampered the study of memory B cell develop-
ment and differentiation.

Therefore, we sought to develop a mouse model that would identify Ag-
specific memory B cells in a manner that did not rely on Ag-labeling techniques
and would simultaneously allow for recovery of the cells following their identi-
fication. We generated double transgenic mice in which a tractable marker, -
galactosidase (B-gal), was indelibly expressed in germinal center B cells using a
cre-lox recombination strategy. The permanent nature of [-gal expression al-
lowed us to identify and isolate Ag-specific B cells long after immunization with
the model antigen, (4-hydroxy-3-nitrophenyl)acetyl chicken gamma globulin
(NPCG). Our results show that B-gal” B cells persisted into the immune phase
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of the response and exclusively contained hypermutated A, V regions. Impor-
tantly, adoptive transfer experiments demonstrated that B-gal” B cells from im-
mune mice produced >100-fold more AFC than their B-gal” counterparts follow-
ing Ag challenge, demonstrating both a hallmark of B cell memory and Ag
specificity.

2. MATERIALS AND METHODS
2.1. Mice and Immunizations

ROSAZ26R and congenic Ly5.1 mice were purchased from Jackson Laboratories,
(Maine). Germinal center-cre (GCC) transgenic founders (lines GCCI.6,
GCC816, and GCC158) were derived in the C57BL/6 background at Rockefel-
ler University (New York) (GCC816 and GCC1.6) or Emory University Trans-
genic Core Facility (Atlanta, GA) (GCC158). Primers used for genotyping
ROSA26R mice via PCR have been described’. Primers for cre-specific PCR are
as follows: cre-forward 5'-ACACCCTGTTACGTAT AGCCGAAA,; cre-reverse
5’-TATTCGGATCATCAGCT ACACCAG. All mice were housed under spe-
cific pathogen-free conditions at the Emory Vaccine Center. The succinimide
ester of the hapten NP (Cambridge Research Biochemicals Ltd., Gadbrook Park,
Northwich, Chesire, UK) was coupled to chicken gamma globulin (Sigma, St.
Louis, MO), and the NP:CG molar ratios were determined via spectrophotome-
try. We used NP,,CG and NP,,CG for these studies. Primary immune responses
were induced by a single intraperitoneal (i.p.) injection of 50-ug alum-
precipitated NPCG. Secondary responses were induced via tail vein injection of
20-pug NPCG in PBS. All studies were approved by Emory University’s Institu-
tional Animal Care and Use Committee (IACUC).

2.2. B-Galactosidase Detection, Antibodies, and Flow Cytometry

For detection of B-galactosidase activity, 1-10 x 10" RBC-cleared splenocytes
were washed once with 1X PBS, re-suspended in 0.2-0.5ml PBS, and warmed
to 37°C. Next, an equal volume of 250-uM fluorescein-di-B-galactopyranoside
(FDG) (Molecular Probes, Eugene, OR) in dH,O (pre-warmed to 37°C) was
added to the cells, mixed, and incubated at 37°C for 2 minutes in an air incuba-
tor. The loading was quenched by addition of 10 volumes cold PBS. For anti-
body staining, 1-2 x 10° splenocytes were next incubated on ice for 20 minutes
with optimal concentrations of anti-B220-allophycocyanin (Caltag), CD38-PE
(JC11), CD95-PE, GL-7-biotin, CD138-PE (clone 281.2), CD4-PerCP, CD8-
PerCP, CD8-PE, CXCRS5-PE, CD19-PE, CDI11c-PE, F4/80-PE, GRI1-PE (all
from BD Biosciences), or PNA-biotin (Sigma). Biotinylated reagents were de-
tected with 5-ug/ml streptavidin-PerCP (BD Biosciences). Following washes,
cells were kept cold and acquired on a FACSCalibur (BD Biosciences) running
CellQuest software. Data were analyzed using FlowJo software (TreeStar Inc.).
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2.3. ELISPOT Assay

ELISPOT assays were carried out as described"’, with the exception that 96-well
nitrocellulose plates (Millipore) were coated overnight with 20-pug/ml NPCG in
50-ul PBS. Spots were visualized using an ELISPOT reader (Cellular Technolo-
gies Ltd., Cleveland, OH) and counted manually.

2.4. Cell Sorting and Adoptive Transfers

For cell-sorting experiments, RBC-cleared splenocytes were loaded with FDG
and stained with antibodies as described above. For isolation of memory B cells,
B220°Synd-1" cells from immune (day 60-120 p.i.) GCCxR26R mice were
sorted into B-gal® and B-gal fractions. CD4" T cells from immune (>35 days p.i.)
cre-negative GCCxR26R mice were negatively sorted by excluding all cells that
expressed CD19, CDS, Synd-1, CDI11c, F4/80, and GRI1. Sorted cell purities
ranged from 85 to 98%. For adoptive transfers, sorted splenocytes were com-
bined and administered to the tail vein of RAG2™ recipients. 48 hr following
transfer, recipients were challenged i.p. with 20-ug NPCG in PBS.

2.5. PCR and DNA Sequencing

Semi-nested PCR (Roche High-Fidelity FastStart PCR Kit) was used to amplify
the A, light chain V-J region using primer sequences previously reported'. PCR
products were purified (Qiagen PCR Clean Kit), digested overnight with BamHI
and HindIIl (NEB), agarose purified (Qiagen), subcloned into pBluescript”’ (In-
vitrogen), and used for transforming TOP10F bacteria (Invitrogen). Templates
for sequencing were generated by colony PCR using M13-F and M13-R prim-
ers. Sequencing reactions (DYEnamic ET Dye Terminator, Amersham Biosci-
ences) were acquired on a MegaBACE 1000 (Amersham Biosciences) at the
Emory Vaccine Center or, alternatively, by Macrogen Inc. (Seoul, South Korea).
Sequencing results were analyzed with EditView (ABI Prism) and MacClade
software (Sinauer Associates Inc, Sunderland, MD).

2.6. Statistics

Student’s ¢ test was used to generate all statistical values stated. For statistical
designations * denotes p < 0.05, ** denotes p < 0.01, and *** denotes p < 0.001.

3. RESULTS
3.1. Generation of Germinal Center-Cre Transgenic Mice

To develop a mouse model to study B cell memory, we generated three in-
dividual lines of transgenic mice containing the —1.23-kb Smal-truncated MHC
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class 1T I-E,,’ promotor driving the expression of cre recombinase (termed ger-
minal center-cre, GCC). Previous transgenic studies using the —1.23-kb I-E,’
promotor demonstrated that gene expression from this promotor was restricted
in B lineage cells to the germinal center stage of B cell development”. GCC
mice were subsequently bred to the ROSA26R (R26R) cre-reporter strain, in
which constitutive expression of [3-galactosidase (B-gal) occurs upon cre-
mediated recombination of the ROSA locus’ (Figure 1). GCCxR26R offspring
(termed GCCxR26R) developed normally and contained average numbers of
lymphocytes in both spleen and lymph nodes (data not shown) compared to sin-
gle transgenic littermate controls.

ROSA26R Germinal Center-Cre
(R26R) (GCC)
: g
cre-mediated DNA excision . NLS
in germinal center B cells

I hGH exon

‘ loxP site

—] rosa T—‘—{ acz

Figure 1. Cre recombinase expression driven by the truncated —1.23 kb I-E, promotor in germinal
center B cells leads to excision of intervening transcriptional and translational stop signals via rec-
ognition of flanking loxP sites. Removal of the block in transcription allows for B-gal expression
from the constitutive ROSA promotor. NLS, nuclear localization signal; hGH, human growth hor-
mone.

3.2. Splenic B-gal Expression Is Induced upon Immunization

As shown in Figure 2a, naive GCCxR26R mice displayed little B-gal expression
or PNA binding among splenic B cells. However, 16 days following immuniza-
tion with NPCG, both PNA" and B-gal’ B cells were detected in the spleens of
GCCxR26R mice while single transgenic littermate controls displayed PNA" B
cells only. These results demonstrate that B-gal expression is induced following
immunization and is associated with the development of GC. To investigate the
kinetics of B-gal expression following immunization, we immunized cohorts of
GCCxR26R mice and single transgenic littermate controls with NPCG and ana-
lyzed splenic B cells for B-gal expression and PNA binding by flow cytometry
at various time points following immunization. We found that B-gal'B220" B
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Figure 2. (a) Splenocytes from naive or immunized (day 16 NPCG) GCCxR26R and single trans-
genic control mice were analyzed for B-gal and PNA expression. Flow cytometry plots show that
significant B-gal expression is found only after immunization in double transgenic GCCxR26R mice.
(b) Mean (£SEM) total numbers of PNA" and -gal” B cells per spleen following NPCG immuniza-
tion are graphed. n = 3-7 per time point. (¢) Flow cytometry plots show GC activation markers
among gated B220" B cells taken from the spleens of GCCxR26R mice 10 days after NPCG immu-
nization. Shown are representative plots from 5 individual mice.

cells were evident in the spleen 8 days following immunization of GCCxR26R
mice and increased in number until day 12, accounting for 2.1  0.38% of total
splenocytes (3.5 £ 0.54% of B220" cells) at their peak (Figure 2b). This was
followed by a modest contraction phase that reached steady-state levels by day
26 post-immunization. The Kinetics of 3-gal expression was similar to PNA* GC
B cell development; however, the frequency and total number of B-gal’ B cells
per spleen was consistently less than PNA" B cells during the early to intermedi-
ate stages of the primary response. During the immune phase of the response (>5
weeks p.i.), the number of B-gal” B cells was higher than PNA" B cells, suggest-
ing the development of B-gal” memory B cells over time (data not shown). Im-
munized single transgenic littermate controls failed to express -gal at all time
points examined (data not shown).

3.3. B-Galactosidase Expression Does not Mark All GC B Cells

Next, we determined the extent of correlation between B-gal expression and
markers associated with GC B cells following immunization with NPCG". Flow
cytometry analysis of B-gal® B cells from the spleens of GCCxR26R mice im-
munized 10 days previously showed that of 22.7 + 1.4% bound PNA, 13.1 +
5.3% were CD38", and expression of GL7 and CD95 was detected in 16.0 £
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3.8% and 20.3 + 4.7% of B-gal’ B cells, respectively (Figure 2c). This finding
was not unique to the time point analyzed. Analysis on days 8, 16, 26, and 35
post-immunization showed that, while the frequency of both PNA" and B-gal’ B
cells rose and fell over time, the frequency of PNA" B cells within the B-gal’ B
cell fraction did not significantly deviate during primary response (data not
shown). In addition, B-gal'B220" cells were uniformly positive for CD19 and
CXCRS5 expression, and did not express CD4 or CDS (data not shown). Finally,
>90% of B-gal” cells were negative for syndecan-1 (Synd-1) expression 10 days
p.i., indicating that primary AFC were not marked by [B-gal expression (data not
shown). Together, these results demonstrate that B-gal does not mark all PNA"
GC B cells.

3.4. B-gal’ GC B Cells Contain Mutated A, V Regions

The phenotype of B-gal” B cells was unexpected and suggested that many did
not participate in GC reactions. To better understand the phenotype of the f-gal®
B cell populations, we determined which populations of B-gal® B cells under-
went hypermutation of their rearranged A, V region loci following immuniza-
tion. We immunized cohorts of GCCxR26R mice with NPCG, harvested and
pooled their spleens, and sorted B220" B cells with B-gal PNA®, B-gal'PNA",
and B-gal'PNA™ phenotypes 8 or 15 days following immunization (n = 3 per
time point). Due to the predominant use of A, L chains in mice of the Igh” allo-
type during the primary response to NP, this strategy allowed us to selectively
amplify V regions of NP-specific B cells"".

1.04
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8 ]
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Figure 3. A, V region mutation frequencies of the indicated GC B cell populations are graphed for
day 8 and day 15 post-primary immunization with NPCG. The numbers in parentheses indicate the
number of clones analyzed for each population. Mutation frequencies were calculated by dividing
the total number of mutations in each population by the total number of base pairs sequenced and the
result multiplied by 100.
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The mutation frequency of each population is shown in Figure 3. 60 and
82% of B-gal’ PNA™ B cells at days 8 and 15 p.i., respectively, did not contain
mutations. This yielded a low frequency of mutation at both time points (0.248—
0.193), which suggested either these cells did not participate in GC or did not
survive long enough within GC to accumulate significant mutations. In contrast,
58% of sequences recovered from -gal PNA" B cells at day 8 p.i. were mutated,
and this frequency rose to 67% by day 15 p.i. A high frequency (73-82%) of
mutations in B-gal PNA" B cells gave rise to amino acid replacements, and the
percentage of mutations that fell within CDR rose from 47% on day 8 to 73% by
day 15. The mutation frequency of B-gal PNA" B cells was ~2-fold higher than
B-gal'PNA" B cells and ~10-fold higher than that obtained from naive B cells.
Similar to B-gal PNA" B cells, the frequency of mutated B-gal’PNA" B cells in-
creased from day 8 to day 15 (45-75%). Likewise, the mutation frequency of
these cells also increased from day 8 to day 15 p.i. The pattern of mutations
within B-gal’PNA" B cells was highly indicative of Ag-driven selection; 80—
100% of mutations fell within CDR and gave rise to amino acid replacements
80-90% of the time. The presence and pattern of somatic hypermutation within
rearranged A, V regions demonstrates that B-gal’ B cells with a GC phenotype
(PNA") participated in GC reactions and were under Ag selection pressures.

3.5. Hypermutated B-gal’ Memory B Cells Transfer Ag Recall Responses

To determine whether the B-gal* B cell population in immune GCCxR26R mice
represented authentic memory B cells, we analyzed rearranged A, V gene seg-
ments from B-gal” and B-gal” B cells taken from immune GCCxR26R mice for
evidence of hypermutation and Ag-driven selection. GCCxR26R mice were
immunized with NPCG and sacrificed 60 days later, or, alternatively, boosted
with soluble Ag and rested for 50 days before sacrifice. B220" cells were then
sorted according to [3-gal expression and sequenced as above. 79% (38/48) of
clones from B220"B-gal" B cells displayed up to 5 mutations per sequence. On
the other hand, B220'B-gal” B cells displayed very few mutations; 80% (33/41)
were unmutated, while the remaining 20% contained a single mutation each.
The mutation frequency of rearranged A, loci in B-gal” B cells did not signifi-
cantly differ from that observed in naive splenocytes (0.069 vs. 0.052, p = 0.65)
(Figure 4a). In contrast, the mutation frequency in B-gal" memory B cells was
8.1-fold higher than B-gal” B cells (0.560 vs. 0.069, p < 0.001), and 10.7-fold
higher than splenocytes taken from a naive GCCxR26R control (0.560 vs. 0.052,
p < 0.001). 72% of unique mutations from B-gal" B cells yielded amino acid
changes, and 58% of these fell within CDR, a pattern indicative of Ag-driven
selection. These results show that A, V region mutations are found almost exclu-
sively within the B-gal’ B cell pool in immune GCCxR26R mice.

Next, we determined whether $-gal” memory B cells were capable of trans-
ferring memory responses to naive mice. We performed adoptive transfers in
which 5 x 10" purified B-gal” or B-gal B cells from immune GCCxR26R mice
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(day 60-120 p.i.) were transferred to immunodeficient RAG2™ hosts (schematic
in Figure 4a). To provide a source of T cell help, each mouse received ~1 x 10°
CD4" T cells from NPCG-immune (>day 60 p.i.) R26R mice. In addition, each
recipient also received 3 x 10° splenocytes from naive Ly5.1 mice to aid in lym-
phoid follicle formation in the RAG2™ hosts. To control for possible memory B
cell contamination in the CD4" T cell fraction, one cohort received only CD4" T
cells from immune mice plus the naive splenocyte fraction. Additionally, 2
groups of mice received unfractionated splenocytes (5 x 10°) from immune
GCCxR26R mice in which one group was given Ag and the other was left un-
challenged. The recipients were challenged i.p. with 20-ug soluble NPCG 48 hr
following cell transfer. We analyzed recipient spleens 5 days following Ag chal-
lenge for the presence of IgG-secreting NPCG-specific AFC by ELISPOT (Fig-
ure 4b).
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Figure 4. (a) The frequency of mutations within rearranged A, V regions is plotted for individual
clones derived from the indicated population of B cells taken from naive or immune (>day 60 p.i.)
GCCxR26R mice. Mutation frequencies were calculated as in Figure 2. The number of clones ana-
lyzed from each population are indicated in parentheses. (b) ELISPOT assay 5 days following Ag
challenge of RAG2™" recipients showing the number of splenic AFC obtained from the transfer of
the indicated number of the cell type listed. Plotted are the combined results from 2 of 3 representa-
tive experiments. SPL = non-fractionated splenocyte transfers.

As expected, Ag-challenged recipients that received non-fractionated
splenocytes from immune GCCxR26R mice contained elevated numbers of
splenic AFC capable of secreting NPCG-specific IgG (76 + 10 spots/10° cells).
We were unable to detect Ag-specific AFC from the spleens of either unimmu-
nized recipients of non-fractionated splenocytes, nor recipients of CD4" T cells
alone (<4 spots per 10° cells). In contrast, animals that received B-gal” memory
B cells contained high numbers of AFC that secreted Ag-specific IgG (382 £ 45
per 10°). AFC detection in B-gal recipient spleens was virtually absent (5.8 +
4.9 per 10°). However, upon transfer of 40-fold higher numbers of B-gal B cells
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from immune mice, a consistent AFC response was detected. This indicated that
memory B cells were present in the B-gal fraction, albeit at a highly reduced
(116-fold) frequency compared to B-gal” B cells from immune mice.

4. CONCLUSION

The results presented in this report demonstrate the identification of germinal
center-derived memory B cells in mice following immunization with a hapten—
protein conjugate. In a novel mouse model system, we induced permanent [3-
galactosidase expression in GC B cells via cre-mediated recombination, which
allowed us to detect both B cells participating in GC reactions and long-lived
Ag-specific memory B cells that persisted long term following the initial anti-
genic stimulus. Our results showed that B-gal’” memory B cells contain three
hallmark traits of B cell memory: (i) Ag specificity; (ii) hypermutated IgV gene
segments; and (iii) the ability to transfer memory responses following adoptive
transfer to naive hosts. This model is a unique demonstration of memory B cell
identification using techniques that do not rely on Ag-labeling methods, and
therefore should facilitate the study of B cell memory following multi-protein
immunization as well as live pathogenic infection.
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CD28 AND CD27 COSTIMULATION OF
CDS8+ T CELLS: A STORY OF SURVIVAL

Douglas V. Dolfi and Peter D. Katsikis

1. INTRODUCTION

The role of costimulation in antiviral CD8+ T cells responses is becoming in-
creasingly important as we try to develop adjuvant technologies for therapeutic
or vaccine applications. Understanding how costimulation signals work and be-
ing able to harness their function to promote robust and protective immune re-
sponses is of particular interest. Much of current immunological research is ad-
dressing the many costimulatory molecules that are being discovered and
characterized in order to elucidate the different mechanisms by which they
work. It is becoming clear that multiple costimulation molecules are involved
during the different phases of the CD8+ T cell response providing important
proliferative and survival signals for these cells. The concept of T cell costimu-
lation has evolved from the initial concept of the single CD28 second signal to
an increasingly complex array of costimulation signals that involve multiple
members of the B7:CD28 and TNFo/TNFR families. This review will focus on
CD28 and CD27 costimulation and examine their involvement in the costimula-
tion of CD8+ T cell responses and the role of such costimulation in the survival
of activated, resting, and memory CD8+ T cells. We will also examine the im-
portance of costimulatory-induced survival in antiviral CD8+ T cell responses.

2. CLASSICAL AND ALTERNATIVE COSTIMULATION

The idea that lymphocytes require additional signals to those provided by their
antigen-specific receptors was first proposed in 1970 by Bretscher and Cohn in
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their two-signal theory of self/non-self discrimination'. The observation that
T cells become activated and proliferate in response to TCR stimulation only in
the presence of accessory cells, now known as APCs, was the first experimental
evidence that costimulation was critical for a T cell response to occur’. How-
ever, the nature of costimulation was not initially known and was thought to be
provided by soluble components expressed by the accessory cells, which is both
true and false, as discussed below. However, soluble factors are only part of the
story and are not sufficient in most cases to initiate proper effector T cell forma-
tion. When anti-CD28 antibody was discovered to replace the need for activated
splenocytes, the first molecule of what we now term costimulatory molecules
was identified. As opposed to the action of IL-2, which also induces strong pro-
liferation of T cells and T cell clones, CD28 stimulation has the ability to pre-
vent anergy of T cells stimulated through the TCR in the absence of accessory
cells’. Costimulation via CD28 also increases the ability of T cells to produce
IL-2 as well as other factors that increase proliferation. The interaction between
CD28 and its B7 family member ligands has become the hallmark of the two-
signal theory of T cell activation and the classical costimulatory pathway in im-
munology. Although CD28 is one of the most investigated molecules in immu-
nological research, many facets of CD28 signaling are still unknown. The identi-
fication of additional novel members of the CD28 receptor family and their
respective B7 family ligands has revealed an ever-increasing complexity of
costimulation. To the known CD28 and CTLA-4 receptors, the new CD28 fam-
ily members ICOS, PD-1, and BTLA have been added to the family*’. On the
other hand, the B7 family of ligands is now comprised of B7-1 (CD80), B7-2
(CD86), ICOS ligand, PD-L1 (B7-H1), PD-L2 (B7-DC), B7-H3, and B7-H4
(B7x, B7-S1)". The above ligands are expressed by antigen-presenting cells as
well as non-lymphoid tissues. Signaling through the CD28 family members pro-
vides both positive and negative signals that either augment, sustain, downregu-
late, or terminate T cell responses.

Similar roles have been identified for TNF family members and their re-
spective receptors. The receptors CD40, Ox40, 4-1BB (CD137), TNFR I and II,
CD95/Fas, and CD27 and their respective ligands have all been shown to be
involved in the regulation of CD4+ and CD8+ T cell responses’. Thus the ini-
tial two-signal theory that involved a TCR signal and a single second signal that
is required for initiation of T cell proliferation has evolved to a much more com-
plex concept of a TCR signal combined with an array of costimulatory signals
that have different temporal actions and target T cells at different differentiation
stages or activation states. The end result of these multiple costimulation signals
on the T cells response is to regulate the optimal immune response by control-
ling the initiation, expansion, survival, contraction, and generation of memory.
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3. T CELL DEVELOPMENT

In order to understand the importance of costimulation it is appropriate to dis-
cuss the development of T cells and the role of costimulation during T cell de-
velopment. Of course, this means taking into account TCR stimulation and other
signals a T cell may encounter, how they differ, and why each signal is required
for proper T cell development. Also of importance is the idea that different sig-
naling requirements exist for T cells at each phase of T cell development. The
ability of a T cell to signal through its TCR is critical to its survival. An impor-
tant test a developing T cell faces in the thymus is the ability to begin expressing
a functional TCR. Rearrangement of a TCR that is able to recognize and bind
self-peptide in the context of self-MHC, with adequate specificity, allows pro-
gression of cells into positive selection’. Failure to signal through a rearranged
TCR leads to death by neglect. Too strong an interaction of the TCR with self-
peptide in the context of MHC complex leads to deletion of the thymocyte due
to negative selection. However, additional signals other than the TCR are also
needed to keep cells alive and allow them to progress down their developmental
pathway and mature in the thymus. Several decisions that determine the ultimate
phenotype of these potential T cells occur while progressing through the thymus.
Choice between the of} or ¥d lineage is based on the ability of either the B or y
and 8 TCR chains to rearrange, and may require signals other than that of the
TCR. Other cell fate decisions as well as proliferation and survival in the thymus
may also require additional signals to guide development. The exact influence of
costimulation on positive and negative selection is unclear, and little is known in
regard to the requirements for costimulation during thymic development. The
decision to become a CD4+ or CD8+ T cell seems to be regulated by the ability
of CD4 or CDS to recognize either class II or class I MHC molecules, respec-
tively, during the interaction with TCR, and provide an additional signal through
Lck™. Association of Lck with the cytoplasmic tail of both CD8o and B chains
regulates signaling through Lck and development of CD8+ T cells during the
selection process in the thymus". Yet the signal through Lck seems to be much
more of a requirement for CD4+ T cells as lack of Lck signaling directs cells
against the CD4 single positive (SP) T cell phenotype. Also, constitutively ac-
tive Lck leads to development down the CD4 pathway even in MHC class I re-
stricted TCR transgenic animals''.

The need for Lck signaling in lineage differentiation, activated through CD4
or CD8 coreceptor, gives one of the first notions that signals other than that of
the TCR are required during thymic development. This leads to the question of
what other molecules are required during this stage of T cell development and
the mechanisms by which they affect T cell activation, proliferation, survival, or
death. We will touch on what is known for the role of other forms of costimula-
tion during thymic development, but this field is as of yet wide open as the func-
tion of known or novel costimulatory molecules is not clearly defined during
thymic development. One molecule that has come to the forefront as critical for
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Figure 1. Costimulatory molecules are involved in early stages of T cell development. Signaling
through the Notch pathway seems to be one of the earliest signals a T cell progenitor receives. Both
CD27 and CD28 are present on cells committed to the T cell lineage even prior to CD3 expression.
Several phases in thymic progression may be regulated by costimulatory signals in which specific
signals play a proliferative or anti-apoptotic role in T cell development.

thymic development is the Notch family. Notch 1 and 2 receptors are essential
for normal embryonic development of several organ systems, including the pro-
duction of hematopoietic stem cells (HSCs)'"* . However, this may be due to the
inability of Notch-deficient animals to form proper organs such as bone or liver
in which lymphogenesis would occur. Although Notch receptors and their
ligands are widely expressed beyond T cell populations, they seem to have spe-
cific effects on lymphocyte differentiation. Lymphocytes are particularly af-
fected by Notch, as Notch-transfected HSCs are unable to develop into B lym-
phocytes and are directed preferentially into the CD8+ T cell lineage'. In this
case Notch costimulation is required to maintain cells in an undifferentiated
state so that they may continue to proliferate and provide progeny cells, which
will then differentiate into T precursors'. Notch is also critical to the transition
between immature double-positive (DP) thymocytes and mature CD4+ or CD8+
SP naive T cells. Notch Delta ligands are thought to synergize with TCR signals
and influence this lineage decision as Delta 1-expressing stromal cells can pro-
mote maturation of CD8+ cells but not CD4+ T cells'". Not only does this pro-
vide evidence for the necessity of stimulatory signals in addition to TCR signal-
ing in all stages of T cell development, but it also introduces the idea of synergy
of the TCR signal with costimulatory signals. Therefore, we must consider that
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not only the source of the signal but the strength as well is important in initiating
and defining the specific response induced.

Here, however, we will discuss more familiar forms of costimulation, as
their requirements and functions are not nearly fully understood. Although much
attention has been paid to several factors involved in costimulation, we have
merely scratched the surface of understanding the entirety of costimulatory
mechanisms. We will summarize some of the important aspects of what we
do know and discuss important questions yet to be answered. Our interests
are rooted in the functions of Ig superfamily member CD28 and TNFR super-
family member CD27 during CD8+ T cell responses. These two molecules will
be discussed in detail for each phase of CD8+ T cell life cycle starting
with thymic development and proceeding through primary activation, memory
formation, and antigenic rechallenge, discussing recent findings and impli-
cations for future directions. The focus of this review will be on T cells as
they progress through different thymocyte development stages and how sig-
nals from the CD28 and CD27 molecules in addition to TCR stimulation guide
and support this progression.

When T cell costimulation is the topic, one cannot avoid to start the discus-
sion from the classical costimulation molecule CD28. CD28 is the most in-
tensely studied and well-characterized costimulatory molecule of T cells, and
yet many aspects of its function are as of yet undefined. This is easily exempli-
fied by the paucity of data related to the function of CD28 in thymic develop-
ment. The first indication that CD28 may be required for thymic development
was its expression on mature human CD3+ thymocytes as well as its ability to
be induced on CD3- thymocytes upon PMA stimulation”. Addition of anti-
CD28 antibodies to CD3+ thymocytes increases thymidine incorporation medi-
ated by CD3 stimulation but has little effect on CD3- thymocytes. This work
was furthered by the finding of BB-1 (B7-1), a known CD28 ligand, on thymic
stromal cells and the ability of CD28 signaling to induce proliferation of DP
thymocytes in the presence of CD3 antibody crosslinked to either CD4 or CD8™.
These data somewhat conflict with what would be expected in the mouse thy-
mus, as CD28 is expressed most prevalently on immature thymocytes™. Prolif-
eration of the SP mature thymocytes is induced only after the decision has been
made toward one phenotype or the other. The signal from CD28, however, may
play an instructive role in double-negative (DN) TCR positive or DP TCR in-
termediate populations, where it is highly expressed prior to the proliferative
signal transduced in SP mature T cells.

Since thymocytes development requires alternating phases of proliferation,
cell survival decisions or differentiation progression, one can reason that recep-
tor signaling and signal transduction during different phases of thymic progres-
sion may lead to non-identical results. Each thymocyte population has distinct
phenotypic markers, as well as different functional and proliferative capacities.
The most important decision in thymic development is that of life/progression
through to the next phase or death. Thus the role of CD28 in thymocytes may be
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dictated by timing throughout T cell development and other signals such as that
from the TCR with which it is synergizing. As DN1 (CD44+CD25-) progenitor
cells enter the thymus they are committed to the lymphoid lineage, but not yet to
that of a T cell. The ability to respond to IL-2 and acquisition of CD25 expres-
sion commits these cells to the T cell lineage (DN2). Once cells begin to rear-
range the TCR, expression and signaling through CD28 seems to enhance pro-
liferation and survival of DN3 thymocytes; however, this may only be on those
cells that are able to properly rearrange a functional pre-TCR, as approximately
20% of thymocytes do not produce functional TCR B chains and undergo apop-
tosis. However, mice lacking CD28 or B7 have decreased DN2 and DN3 popu-
lations with an increase in cells of the DN4 phenotype. Although 80% of DN3
cells express the CD28 counterpart CTLA-4, CTLA-4-deficient animals have
otherwise normal thymocytes populations. Both B7- and CD28-deficient DN
thymocytes also have increased apoptotic rates and increased TCR expression,
which correlate to a block in mitotic progression”. Loss of costimulation may
correlate to a loss in cell cycle progression; however, the increase in TCR may
not be a direct result of upregulation of TCR due to a lack of CD28 costimula-
tion. As previously mentioned, the strength of signal may be the key element in
determining the effect of any given stimulus. The selection of cells with higher
TCR expression may be the result of a survival advantage of cells capable of
increased TCR signaling in the context of absent CD28 signaling and not di-
rectly from the lack of signaling through CD28.

Double-transgenic animals for both CD28 and B7-2 exhibit an interesting
phenotype in which DN4 populations are also significantly increased”. These
animals have an overall increase in DN thymocytes and a decrease in the pro-
portion of mature SP thymocytes. Upon closer examination of a seemingly nor-
mal population of DP thymocytes, a majority of the DP population does not ex-
press TCRP. This model is also interesting as it rescues thymocytes in the Rag-
2- or CD3e-deficient animals from arrest in the DN phase of thymic develop-
ment passing the pre-TCR checkpoint, but not as far as to allow for production
of SP populations™. The importance of CD28 in the progression through positive
and negative selection is also of great interest. Animals lacking CD28 or B7 also
exhibit higher proportions of SP thymocytes and mature T cells™*. This was
demonstrated in both TCR transgenic and wild-type animals, which suggests
either an increase in positive selection or a decrease in negative selection.
Transduction of a strong enough signal in response to ligation of the TCR on
self-MHC/peptide is critical for progression through positive selection. The
strength of signal theory, however, would argue against the idea that loss of
costimulation would increase positive selection. Also, evidence that a deletion
event during negative selection requires costimulation that can be provided by
CD28 seems much more plausible. In this case greater cumulative signaling by
addition of costimulation can be deleterious as negative selection prevents
strong autoreactivity. Still, CD28-B7 interactions play a role in thymic devel-
opment, although the mechanisms are not clearly defined. Whether CD28 acts
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merely as an amplification of the TCR or other signals, influences survival and
proliferation independently, or has other downstream effects needs to be deter-
mined. The importance of timing seems to be critical, and the restricted expres-
sion of CD28 and its ligands may also be of relevance.

TNFR superfamily member CD27 has also been identified as an important
regulator of T cell development but is not nearly as well described as CD28.
CD27 is expressed on most thymocytes, save a population of DN CD25- cells™.
The expression of CD27 ligand (CD70) has also been demonstrated on thymic
stromal cells in addition to activated lymphocytes and dendritic cells (DCs)*.
Signaling through CD27 helps promote differentiation of DN4 cells in the pres-
ence of pre-TCR stimulation. Blocking CD27 in Rag- or TCRo-deficient mice
leads to decreased expansion of DP thymocytes. CD27-deficient mice also ex-
hibit in the periphery CD4+ and CD8+ T cells that are unable to proliferate in
response to CD3 with or without CD28 stimulation”’. Thus CD27, like CD28,
also plays an important role in thymic development, which is not clearly de-
fined. Again, the nature of the CD27 signal is also undefined in whether it acts
independently of or in concert with TCR signals.

4. ANTIGEN-SPECIFIC T CELL RESPONSES

The ability of CD8+ T cells to expand, differentiate, and kill in response to a
specific antigenic stimulation is the basis of cell-mediated immunity. The idea
that antigenic stimulus alone is not sufficient to extract this ability is both neces-
sary and intriguing. The need for costimulation protects us against autoreactiv-
ity, yet hinders our ability to spontaneously defend against insult. Our under-
standing of the how, why, what, and when of costimulation is gradually
developing and helping us understand the best ways to protect ourselves against
lethal attack by pathogens. Turning to costimulation as a possible adjuvant for
provoking robust immune responses has led us to the pursuit of defining the
actions and mechanisms of costimulatory molecules such as CD28 and CD27
during a CD8+ T cell response. Development of new experimental approaches
has allowed a better understanding of the function of costimulation, however
much is left to be defined.

Recently, much attention has been placed on visualization of the interaction
between CD8+ T cells and antigen-presenting cells (APCs) in the context of
antigen presentation” . As mentioned above, such an interaction provides im-
portant costimulation signals to the T cells in addition to antigen. These publica-
tions have demonstrated the interactions between antigen-specific T cells and
APCs in the period after antigenic encounter throughout the priming of T cells
in a secondary lymph node. This has helped us to visualize the dynamics of that
interaction and establish a better anatomical understanding for the cellular and
molecular interactions that occur early in an immune response. Utilizing the
technique of two-photon microscopy may lead to a much better understanding of
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both the TCR-MHC interactions and costimulation that occur during efficient
priming of an immune response. However, we must currently depend on indirect
evidence from established techniques to explain these interactions. Here we will
highlight significant findings and questions that remain unanswered.

CD28 is expressed on all human peripheral blood CD4+ T cells and in
about 50% of CD8+ T cells. In mature T cells CD28 signaling can induce the
transcription of IL-2, the expression of IL-2Ra chain (CD25) and entry into the
cell cycle***. CD28 costimulation has been shown to enhance T cell survival by
upregulating the anti-apoptotic member of the Bcl-2 family, Bcl-xL, and c-
FLIPshort™*. CD28 signaling also enhances glucose uptake and glycolysis, thus
allowing T cells to meet the energetic demands required during an immune re-
sponse™. CD28 was initially shown to increase RNA expression levels of several
T cell-derived cytokines in the presence of optimal CD3 stimulation even in the
presence of the immunosuppressant cyclosporine A (CSA)”. The ability of
CD28 to overcome CSA treatment and induce much greater amounts of IL-2 as
well as proliferation as compared to CD3, or PMA and calcium ionophore, was
taken to mean that CD28 initiated a unique signaling pathway that qualitatively
complimented TCR stimulation. CD28 was also shown to increase proliferation
and prevent apoptosis in the presence of suboptimal CD3 stimulation’. These
studies suggest that CD28 has its own signaling cascade, leading to additional
transcription factors and responsible for its gene regulation. More recently the
strength of signal theory has gained some support™”. This theory makes the ar-
gument that CD28 or other costimulatory signals converge upon the TCR path-
way to increase the quantitative signal activating gene transcription events, cell-
cycle progression, anti-apoptotic factors, and expression of other costimulatory
molecules (Figure 2). Analyzing the effect of CD28 on proliferative response
and cell division using CFSE labeling provided additional evidence supporting
the strength of signal hypothesis. Addition of CD28 to splenocyte cultures in-
creased the sensitivity of T cell proliferation to TCR engagement. However,
CD28 costimulation did not change the relative number of cells undergoing cell-
cycle progression”. Other experiments show increased survival, antigenic re-
sponse, and proliferative capacity, and decreased doubling time at suboptimal
antigen concentrations’. Since the signaling cascade specific for CD28 down-
stream of the most proximal to the receptor signals has not yet been fully identi-
fied, and some signaling components of this downstream pathway are shared by
those activated by the signaling pathways of the TCR, this theory holds signifi-
cant weight.

Interestingly, CD28-deficient mice are phenotypically normal with regard to
splenic T and B cell populations®”. Basal immunoglobulin concentrations are
decreased in the absence of CD28 with IgG1 and IgG2b isotypes being severely
diminished, yet IgG2a being slightly increased”. Also, mitogenic stimulation of
T cells resulted in decreased proliferation and IL-2 production, which is only
partially restored by addition of exogenous IL-2”. In the context of antiviral
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Figure 2. Signals from costimulatory molecules may be additive or independent to those of the
TCR. The strength of signal hypothesis dictates that signals from costimulation amplifies the TCR
signal and helps to activated the same set of transcription factors. Independent proximal signals have
been identified for both CD27 and CD28, but unique transcriptional activators have not been identi-
fied. CD27 and CD28 do seem to act independently yet both function synergistically with TCR
signals.

responses, CD28 was originally thought to not be required for antiviral CD8+ T
cell responses. This was based on studies using CD28-deficient animals infected
with lymphocytic choriomeningitis virus (LCMV) and that showed that CD28-
deficient animals had normal anti-LCMV CD8+ T cell responses”. CD4+ T cell
responses to vesicular stomatitis virus (VSV), however, were diminished even
though CD8+ T cell cytotoxicity and DTH responses after LCMV infection re-
mained intact. Other studies have shown that CD28 is required for anti-VSV and
other virus-specific CD8+ T cell responses, as we discuss below® *. This points
to the importance of the infection model in examining the role of costimulation.
LCMYV infection results in high antigen loads and infection of secondary lym-
phoid organs that may override the need for costimulation in vivo. This would
subscribe to the strength of signal model in that very strong antigenic stimuli
through the TCR could replace complimentary signals from other costimulatory
molecules. However, the presence of antigen past initiation of a T cell response
is not required in some models*’. Therefore, the amount and source of antigen
can influence the need for CD28 costimulation and cloud the importance of
costimulation in physiological conditions.
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The role of CD28 in the context of an antigen-specific response is most
relevant when talking about the value of costimulation in adjuvant or therapeutic
application. Several models have been used to examine the role of CD28 in CTL
responses to viral infections”** . CD28 is required for CTL responses to influ-
enza, VSV, and low-virulence vaccinia virus, but not LCMYV infection. Differ-
ences between viral antigenic load/TCR stimulation, viral tropism, localization,
and degree of inflammation may account for the differential need for costimula-
tion in these different viral infection models®. As mentioned above, the LCMV
model differs in both the high antigenic load that is produced as well as the site
of infection. LCMV will infect secondary lymphoid organs and cause non-
specific inflammation and bystander activation of lymphocytes. Activated by-
standers may then promote the inflammatory environment and decrease compe-
tition for costimulatory resources and cytokines. In other peripheral tissues
where costimulation is scarce, CTL responses may be more dependent upon the
presence of CD28 during an ongoing response or priming in the presence of
CD28 in the local lymph node. The requirement does not seem to be dependent
on the avidity of TCR binding to the peptide/MHC complex as CD8+ T cell
responses to the same LCMV-glycoprotein epitope cannot be mounted by
CD28-dependent recombinant vaccinia virus that expresses LCMV-
glycoprotein, yet such a response can be mounted against CD28-independent
LCMV virus. Therefore, the avidity to this peptide/MHC complex is not
the critical factor, as LCMV can mount a CD8 response in the absence of CD28
whereas vaccine virus cannot. This may resemble the requirement for CD4+
T cell help, but correlations between the two have not yet been made. It has
also been shown that other costimulatory molecules, such as CD27 and 4-1BB,
can replace the need for CD28 in CD8+ cell responses***. This again supports
the strength of signal hypothesis and links several sources of synergistic signals
to the TCR.

CD27 costimulation also plays an important role in primary CD8+ T cell re-
sponses. The initial characterization of CD27 was as a T cell differentiation an-
tigen that facilitated proliferation of mitogen or CD3-activated T cells™. T cells
in CD27-deficient animals have a deficiency in the ability to respond to CD3
stimulation in vitro or to influenza infection in vivo”. Interestingly, CD27-
deficient T cells have no deficit in the ability to divide in response to anti-CD3
with or without CD28 costimulation, as CFSE dilution is similar in cultures of
purified T cells from wild-type or CD27-deficient animals. However, prolifera-
tion assays show a nearly twofold reduction in T cells from CD27-deficient
animals as compared to wild-type littermates. Since the defect is only mani-
fested in reduced thymidine incorporation, this could be explained by reduced
survival of activated cells. In CD27-deficient animals, differences in influenza
virus-specific CD8+ T cell numbers were observed on days 8 and 10 of the pri-
mary response, suggesting that the initial expansion phase was not affected, but
the later survival of these cells was. Interestingly, the percentage of CD8+ T
cells specific for the immunodominant NP(366-374) epitope was unchanged
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even though the absolute numbers differed. No differences were otherwise ob-
served in the ability of T cells to express IFN-y or to kill peptide-loaded targets;
thus the effector function of the cells that did expand was not affected by lack of
CD27”. This may reflect a specific subset of cells that require CD27 costimula-
tion or that do not compete as well for other signals.

Two models showed similar results with over-stimulation of CD27".
CD70 transgenic animals that constitutively express the ligand on B lympho-
cytes under the control of the CD19 promoter develop nearly normally with re-
gard to T cell populations. In the thymus, however, CD27 is downregulated as
well as in the spleen and peripheral lymph nodes, which also contain higher
numbers of both CD4+ and CD8+ T cells than wild type. T cells in the periphery
appear to be blasting and have an effector/memory phenotype, CD44"CD62L",
by 4 weeks of age. Stimulated T cells expressed increased levels of IFN-y but
not TNFo or IL-2. Increased IFN-y expression gradually led to decreased im-
munoglobulin levels and eventually depletion of B cell populations, which was
abrogated in CD70tg-IFN-y" mice™. These mice also showed increased sponta-
neous proliferation, and cell-cycle progression, of peripheral T cell population
although they were less able to proliferate in response to CD3 antibody and were
less able to respond to PHA as the mice aged. Aged animals showed a depletion
of naive and eventually all CD3+ T cell populations, leading to an inability to
mount a primary antigen-specific T cell response and premature death”. Recom-
binant human Fc-CD70 increased antigen-specific proliferation as well as IFN-y
and IL-2 production in the presence or absence of B7.1/B7.2-blocking antibod-
ies in vitro”. Injection of Fc-CD70 along with antigen or antigen and LPS dra-
matically increased the magnitude of both primary and secondary antigen-
specific responses by increasing cell division and effector function”. CD70 ex-
pressed by an unusual population of non-hematopoietic cells in the lamina pro-
pria has also been shown to play an important role in protecting against infection
by Listeria monocytogenes. These antigen-presenting phagocytic cells promoted
proliferation and IFN-y production of antigen-specific CD8+ T cells in gut mu-
cosa that was abrogated by blocking CD70™. Thus CD70 promotes CD8+ T cell
proliferation at physiological and non-physiological levels and is shown to be
important in antigen-specific expansion in response to multiple infections.

CD27 signaling was also determined to be important for CD8+ T cell re-
sponses in the absence of CD28. As shown in similar experiments with 4-
1BB™”, CD27 stimulation was shown to overcome blocking of B7 molecules to
induce T cell proliferation”. Blocking CD70 prolonged cardiac allograft sur-
vival, decreased CD8+ T cell numbers and IFN-y production in response to the
graft, and enhanced graft survival in CD28-deficient mice™. CD27-deficient
mice also accumulated fewer influenza-specific CD8+ T cells in the lung as
compared to CD28-deficient mice. Whereas CD28 seems to be more important
in lymphoid organs, CD27 seems to enhance survival of antigen-activated CD8+
T cells in non-lymphoid tissues. CD27-deficient animals had decreased numbers
of cells accumulating in the lung without proliferation of these cells being af-
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fected”. This identifies CD27 as a CD28-independent survival factor for acti-
vated CD8+ T cells.

The lack of studies on the requirement of CD27 costimulation in other viral
infection models leaves unanswered the question of whether some infections can
also be independent of CD27 costimulation, similar to what occurs with CD28
costimulation and LCMYV infection. CD27 costimulation does seem to be less
important in the spleen as compared to CD28, and yet there does not seem to be
an additive effect when both CD28 and CD27 are absent™. Thus differences and
similarities seem to exist between CD27 and CD28 costimulation during viral
infections which, however, have yet to be fully elucidated.

5. MEMORY, ANTIGENIC RECHALLENGE, AND
SECONDARY RESPONSES

The ability to develop protective memory is the ultimate goal of vaccination or
stimulation of the adaptive immune system. Soluble factors such as cytokines
have been traditionally thought of as the survival stimuli of the immune system.
Since the characterization of IL-2 as a T cell growth factor, this field has ex-
panded and grown to include an immense number of factors whose functions
and targets vary. Recently several cytokines have been given special attention
for their role in keeping T cells alive. In particular, IL-7, IL-15, in addition to
IL-2 are known to have related, but distinct, roles in CD8+ T cell survival and in
memory generation and maintenance following viral infections” . However, the
role of CD28 and CD27 costimulation in the production of CD8+ T cell memory
has been all but ignored. The lack of data is somewhat due to the models that are
available to study these molecules. Knockout animals for either the CD28 or
CD27 costimulatory molecule have proven extremely useful in our under-
standing of their function during primary CD8+ T cell responses. Data discussed
in §§3 and 4 of this review, however, clearly demonstrate that the usefulness of
those models in elucidating the role of costimulation plays in memory develop-
ment is compromised by the fact that primary responses are affected. Given that
memory CD8+ T cell responses are influenced and determined to some extent
by the magnitude of the primary response” " and that these primary responses
are diminished by the lack of CD28 or CD27 in knockout animals™**, it is clear
that it is very difficult, if not impossible, to dissect any direct effect of CD28 or
CD27 costimulation on memory generation or maintenance or quality of re-
sponse of memory upon rechallenge in these knockout animals. Furthermore,
even though the development of memory may not require primary effector cell
expansion”*"’*"intrinsic deficits or defects in thymic development of T cells
that occur in CD28 and CD27 knockout animals"****"**™* may be manifested
as defects in peripheral mature T cells that result in impaired memory responses.
The addition of cloned exogenous cytokine, agonist, or antagonist monoclonal
antibodies directed against costimulatory receptors or ligands or inhibitory fu-
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sion proteins is a another approach that can be taken to study the role of CD28
or CD27 costimulation in memory responses. Using such reagents one can study
the memory CD8+ T cell response in animals that have undergone an intact pri-
mary response.

Upon contraction of a primary immune response, the vast majority of effec-
tor T cells undergo apoptosis, leaving behind a population of cells representing
memory*™**. Much work has been done to elucidate the mechanisms involved
in the production and maintenance of these cells. A theory of linear differentia-
tion from naive to effector and finally memory*™* may be giving way to one
where a defining event that occurs early in antigen encounter results in memory
production bypassing effector differentiation’”***”'. However, costimulatory
requirements for the production and maintenance of memory populations have
yet to be fully determined. Recent examination of CD4+ T cell help has deter-
mined that, although CD4+ T cells may not be required for primary CTL expan-
sion in some infection models, they are required in maintaining memory CD8+
T cells™ ™. This may be through direct CD4-CD8 T cell interactions via CD40—
CD154 or through CD4 help in licensing APCs. Other factors such as cytokines
and surface-bound receptors may also play a role that has not yet been identi-
fied. Additionally, though the primary CD8+ T cell response may occur after
infection has been cleared, the requirements of CD8+ T cell interactions non-
specifically or with antigen-loaded APCs have not been ruled out during expan-
sion nor memory maintenance. A useful transgenic model (DTR-CD11c trans-
genic animals) has been developed in which CDI11c+ dendritic cells can be
selectively depleted throughout an immune response”. Although this may not
directly identify the factor or factors that mediate memory production, determin-
ing the source of those factors will be of value. Indeed, using the DTR-CD11c
transgenic animals it was recently demonstrated that DCs are required during the
secondary response for the optimal antiviral CD8+ T cell response against influ-
enza virus rechallenge'”. The implications of these findings are that costimula-
tion or cytokines derived from DC are important for the reactivation, expansion,
or survival of memory CD8+ T cells.

CD28 does not seem to be required to maintain memory populations in
LCMV-infected animals®'. Although CD8+ T cells are decreased during the
primary response and memory is reduced twofold in CD28-deficient animals,
activation threshold, homeostatic proliferation, and protective immunity to lethal
challenge were maintained"”". Influenza infections, which require CD28 costimu-
lation, produce less memory in CD28-deficient or CTLA-4-Ig transgenic ani-
mals™”. However, these two models differ in the requirement for CD28 during
the secondary response and reactivation of memory CD8+ T cells. Replacement
of CD28 with 4-1BB stimulation recovers primary CD8+ T cell responses in
CD28-deficient animals™”. In CD28-deficient animals 4-1BB stimulation is
sufficient to restore secondary responses even though memory cells still lack
CD28 during reactivation. However, blocking B7 during restimulation of primed
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Figure 3. Requirements for costimulation and CD4 help during CD8+ T cell development and
differentiation. Some aspects of CD8+ T cell requirements have been defined for different stages of
the immune response and T cell development. Known requirements for CD4+ T cells help during a
CD8+ T cell response may parallel costimulatory requirements. This relationship needs to be defined
as costimulation may directly affect CD8+ T cells or affect them indirectly through APCs or CD4+
T cells. Clarifying the role of CD27 and CD28 may open new windows of therapeutic and adjuvant
usage of costimulatory molecules.

splenocytes decreases expansion™. Listeria monocytogenes infection of CD28-
deficient mice results in decreased CD8+ T cell number and impaired effector
function'”. Secondary responses in these animals reflected a decrease in the
primary response, but the remaining cells seem to have normal effector function,
meaning the secondary expansion was not specifically inhibited by the lack of
CD28. From the above it is apparent that the role of CD28 during memory
CD8+ T cell reactivation and secondary responses has yet to be fully elucidated.

Currently, there are very few studies that have examined CD8+ T cell re-
quirement for CD27 costimulation. CD27-deficient animals have a defective
primary response, resulting in less memory and decreased secondary expan-
sion”**'"”, CD27, 4-1BB, and OX40 each play a significant role in the primary
CDS8+ T cell response to influenza virus. In affecting the primary response,
memory formation was also impaired as well as recall responses. Hendriks et al.
went a step further in examining the quality of memory expansion. Transfer of
equivalent numbers of memory CD8+ T cells from CD27-, 4-1BBL-, or
OX40L-deficient animals demonstrated the inability of these cells to respond
equivalently to reinfection. However, a lack of CD27 signaling during the sec-
ondary response was not ruled out'”. Even if primary expansion does not define
the size of memory populations, CD27 may be required during the maintenance
phase as opposed to the effector phase. CD27 costimulation may parallel that of
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CD4+ T cell help and be required for maintenance of antigen-specific memory
CD8+ T cells”®. However, stimulation with soluble CD70 enhances secondary
responses to OVA antigen”. This does not necessarily define the role of CD27
in memory or secondary responses, as excessive costimulation may enhance
aresponse even if it is not physiologically required. Monoclonal antibody treat-
ments of normally primed animals may clarify the role of CD27 in the secon-
dary response.

Again, defining the role of costimulation in memory production and main-
tenance is expected to be complex. New models and innovative manipulation of
existing models will be needed. Knockout models may prove useful for transfer
of normally primed cells, but caveats to those experiments must be taken into
account when analyzing the results.

6. SUMMARY AND CONCLUSIONS

Although the requirement of CD28 and CD27 costimulation has been clearly
demonstrated during primary CD8+ T cell responses and this costimulation acts
by providing proliferation and survival cues to naive CD8+ T cells, a number of
questions also arise from these studies. Is the requirement for CD28 and CD27
costimulation restricted to the initiation of the immune response in the lymph
nodes, where presumably the initial contact between naive CD8+ T cell and DC
occurs? What is the purpose of the dramatic influx of DC to sites of inflamma-
tion such as the lung during influenza virus infection and the formation of in-
flammatory BALT (iBALT)?"™ Are such DC at the site of inflammation and at
later stages of the immune response providing cytokines or costimulation to ef-
fector CD8+ T cells? If DC are required for optimal secondary responses'”, is
CD28 costimulation the missing signal or is it other members of the B7:CD28
family or TNF family? Given that a number of investigators are actively ad-
dressing these questions, the answers we expect will be soon to come and open
exciting new opportunities for immune enhancement or dampening strategies
and vaccine adjuvants.
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CD38: AN ECTO-ENZYME AT THE
CROSSROADS OF INNATE AND
ADAPTIVE IMMUNE RESPONSES

Santiago Partidad-Sénchez, Laura Rivero-Nava,
Guixiu Shi, and Frances E. Lund

1. INTRODUCTION

No one would dispute that intracellular enzymes such as kinases and phosphata-
ses play critical roles in regulating the development, activation, differentiation,
and survival of lymphocytes'. However, it is less well appreciated that cells of
the immune system also express many membrane-associated ecto-enzymes that
have the potential to regulate immune cell function. Ecto-enzymes have their
active sites located on the outside of the cell and therefore must utilize substrates
that are found in the extracellular milieu. Some of these enzymes, such as CD26,
act as peptidases, while others, including CD73, CD38, CD39, ART2, and PC-1,
utilize nucleotides as substrates. Although it was proposed that these nucleotide-
utilizing enzymes might be involved in salvaging purines’ or in generating prod-
ucts such as ATP, ADP, and adenosine that function as signaling molecules for
purinergic receptors’, until recently very little was known about the functional
roles these enzymes might play during immune responses. However, in the last
10 years it has become clear that many of these enzymes play very important
roles in regulating the survival, activation, and effector function of leukocytes'.
Our laboratory has spent the last several years assessing the role of one of these
ectoenzymes, CD38, in immune responses. In this article, we will review our
recent work, focusing on the role that CD38 plays in regulating innate and adap-
tive immune responses.
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2. CD38 REGULATES INNATE AND ADAPTIVE
IMMUNE RESPONSES

CD38 is a member of a family of enzymes that catalyze NAD glycohydrolase
and ADP-ribosyl cyclase reactions’. The different CD38 family members are
structurally similar and members of the family have been identified from organ-
isms as diverse as Aplysia californica (invertebrate sea slug),”’ Schistosoma
mansoni (mammalian parasite),’ and humans’. CD38 catalyzes the formation of
three products — cyclic adenosine diphosphate ribose (cADPR), adenosine di-
phosphate ribose (ADPR), and nicotinic acid adenine dinucleotide (NAADP) —
from its substrate(s) nicotinamide adenine dinucleotide (NAD(P))". Interest-
ingly, all three of the products generated by CD38 can induce calcium mobiliza-
tion™"', and cADPR has been shown to regulate calcium signaling in smooth
muscle, neurons, and exocrine cells”. However, despite the fact that CD38 is
expressed on most hematopoietic cells'™ " and can be upregulated in response to
inflammatory stimuli'", it was unclear whether CD38, through its production of
calcium-mobilizing metabolites, could regulate immune responses.

To address this important question, CD38-deficient mice were generated in
the laboratory of Maureen Howard. The initial examination of these mice indi-
cated that CD38 was not obligate for the development of any of the hematopoi-
etic lineages but was necessary for optimal T cell-dependent humoral immune
responses' . Interestingly, the CD38-deficient (CD38KO) mice were unable to
produce antibody in response to vaccination when low doses of a relatively
weak adjuvant (alum) were used but responded normally when immunized with
protein antigens emulsified in Freund’s adjuvant'’. At the time we proposed that
CD38 might function to regulate B cell activation by acting as a co-receptor for
the B cell receptor (BCR). However, subsequent experiments indicated that
CD38KO B cells proliferated normally in response to BCR ligation' and that the
defective humoral immune response seen in the CD38KO mice was not due to
the loss of CD38 on B lymphocytes”. Thus, while it was clear that CD38 did
regulate humoral immune responses, we had few clues as to how CD38 or its
enzymatic products might function in the immune system.

2.1. CD38 Regulates Neutrophil Migration and Lung
Inflammatory Responses

Since CD38KO mice made defective humoral immune responses when antigen
dose and adjuvant were limiting", we considered the possibility that CD38KO
mice might have difficulty in responding to the innate signals that trigger hu-
moral immune responses. To test this hypothesis, we determined whether
CD38KO mice were able to generate a normal inflammatory response. In one
set of experiments, we infected CD38KO mice with the gram® organism S.
pneumoniae and measured the inflammatory response. Interestingly, despite the
fact that the infected CD38KO mice upregulated expression of inflammatory



CD38 AND NAD REGULATION OF INNATE AND ADAPTIVE IMMUNITY 173

cytokines systemically as well as in the lung”, the inflammatory cell infiltrate
was significantly reduced in the lungs of these mice and the bacteria rapidly
disseminated from the lungs to the blood”. The dissemination occurred within
12 hr and the majority of CD38KO mice succumbed to infection within 36 hr™**'.
Thus, it was quite clear that these animals had profound defects in their ability to
generate an innate inflammatory response after infection with S. pneumoniae.

Upon further examination, we found that neutrophils did not accumulate in
the lung airways of S. pneumoniae-infected CD38KO mice™. This was due, at
least in part, to an intrinsic defect in the CD38KO neutrophils, as we found that
the chemotactic response of CD38KO neutrophils to the bacterial-derived
chemoattractant, fMLF, was significantly reduced”. Likewise, CD38KO neutro-
phils were unable to migrate in response to several endogenous chemoattractants
and chemokines, including serum amyloid A and MIP-1a”. Interestingly,
CD38KO neutrophils were able to respond to the CXCR1/2 ligands, IL-8 and
MIP-2", indicating that the cells were not refractive to all chemokines.

2.2. CD38 Regulates Dendritic Cell Trafficking in Vitro and in Vivo

Although the increased susceptibility of the CD38KO mice clearly demonstrated
that, at least under some conditions, the innate inflammatory response to Strep-
tococcus infection was dependent on CD38, we thought that it was unlikely that
a migratory defect in neutrophils could explain the poor humoral immune re-
sponses observed in the CD38KO mice. Therefore, we next asked whether other
cell types that respond to inflammatory stimuli were also unable to migrate nor-
mally in response to chemokines. We immediately turned our attention to den-
dritic cells (DCs) as these cells migrate from the blood to the peripheral tissues
and from the peripheral sites to the draining lymph nodes in response to inflam-
mation”. Indeed, T cell-dependent immune responses in the lymph nodes are
significantly impaired in animals that lack the chemokines or chemokine recep-
tors that induce DC migration™*. To determine a potential role for CD38 in DC
migration, we sort-purified immature and mature DCs from cultures of bone
marrow-derived CD38KO and normal wild-type (WT) cells and tested whether
these cells could migrate in chemotaxis assays. Similar to the results that we
had previously obtained with CD38KO neutrophils, we found that the CD38KO
DCs were intrinsically defective in their chemotactic response to an array of
chemokines”. In particular, the immature DCs from the CD38KO bone marrow
cultures were unable to migrate in response to the CXCR4 ligand CXCL12
(SDF-1) and the CCR2 ligand CCL2 (MCP-1). Likewise, the CD38KO DCs
matured in vitro with TNFo did not migrate effectively in response to the CCR7
ligands CCL19 and CCL21" and DCs isolated from the spleen could not migrate
in response to CCL19, CCL21, and CXCL12 (Figure 1). This was not due to an
inability of the CD38KO DCs to mature in response to TNFa as these cells
upregulated expression of costimulatory molecules like CD80 and CD86 and
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upregulated CCR7". Instead, it again appeared that the CD38KO DCs were re-
fractory to chemokine receptor signaling.

Splenic DCs %20
= 1 £
g : '% 10 [JWT
o ‘g‘ I CD38 KO
O CD38KO | 2
CD11c —»  ° % nil ELC SLC SDF-1

Figure 1. CD38 regulates DC chemotaxis. Dendritic cells were purified from the spleens of WT or
CD38KO mice by positive selection using CD11c magnetic beads. FACS plots (left panel) indicate
that the splenic DCs from both WT and CD38KO mice expressed high levels of CD11c and MHC
class II. The migration of DCs to CCL19 (ELC, 10 ng/ml), CCL21 (SLC, 10 ng/ml), and CXCL12
(SDF-1, 10 ng/ml) was measured using transwell chambers. The purified DCs were placed into the
upper well of the chemotaxis chamber and the number of cells that migrated to the bottom chamber
within 90 minutes in response to the chemotactic stimulus was quantitated by flow cytometry. The
data are reported as the mean + SD of the chemotactic index (CI), which represents the number of
cells that migrated in response to the chemokine divided by the basal migration of cells in response
to control medium (nil).

We confirmed these in-vitro results using in-vivo migration assays and
demonstrated that the trafficking of DC precursors from the blood to the skin
was significantly impaired in CD38KO mice"”. These results were consistent
with the fact that CD38 is required for CCR2-dependent migration” and that
CCR?2 is required for trafficking of DC precursors to the skin®. Furthermore, we
showed that DC trafficking from the skin to the lymph node after epicutaneous
application of FITC was highly impaired in the CD38KO mice”. Again, these
data were consistent with the finding that CD38 regulates the chemotaxis of DCs
to CCR7 ligands and that migration of Langerhans cells in the skin to lymph

24,25

nodes after FITC application is highly dependent on CCR7".

2.3. CD38 Regulates T Cell-Dependent Immune Responses

Since CD38 clearly regulated the migration of DCs both in vitro and in vivo, we
predicted that the priming and activation of CD4 T cells was likely to be im-
paired in the CD38KO mice. To test this hypothesis, we adoptively transferred
normal T cell receptor (TCR) transgenic ovalbumin (OVA)-specific CFSE-
labeled T cells into CD38KO or normal WT hosts and assessed the activation,
proliferation, and expansion of these cells after immunization with OVA peptide
in alum. We found that the normal TCR transgenic T cells expanded upon im-
munization and underwent multiple rounds of proliferation in both the spleen”
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and lymph node (Figure 2). In contrast, the T cells transferred into the CD38KO
hosts did not proliferate as extensively as assessed by dilution of the CFSE dye
and a larger proportion of the transferred OVA-specific T cells remained
CD44"" in the CD38KO hosts (Figure 2). These data indicated that CD38KO
DCs were less effective at priming CD4 T cells, even when the T cells were able
to express CD38. Since we immunized the mice with the OVA peptide, it was
unlikely that the functional defect in the CD38KO DCs could simply be attrib-
uted to an inability to process and present antigen. Instead, these data argued
that the intrinsic inability of the CD38KO DCs to respond to chemokines ac-
counted, at least in part, for the poor T cell priming seen in the CD38KO mice.

CD38 KO sham WT sham CD38 KO immunize WT immunize

CD44

CFSE >

Figure 2. CD4 T cells are less efficiently primed in a CD38KO host. OVA-specific CD4 T cells
were purified from the spleens and lymph nodes of Thyl.1” OT-II TCR transgenic mice, labeled
with CFSE, and then transferred to either WT or CD38KO (Thy1.2") hosts (5 x 10° cells/mouse).
The recipient mice were immunized i.p. with 1 ug OVA peptide in alum or with a vehicle control
(sham). On day 3, the draining lymph node cells were isolated and stained with antibodies to Thyl.1,
CD4, and CD44. The CFSE and CD44 profile was analyzed on the donor Thyl.1°CD4" T cells. The
percentage of activated CD44" donor T cells that underwent one or more rounds of cell division is
indicated.

As expected, the impairment in DC trafficking and CD4 T cell priming ob-
served in the CD38KO mice had functional consequences for the humoral im-
mune response. First, we observed that the number of B and T cells within the
lymph node was significantly reduced in the CD38KO mice that were exposed
to FITC. This indicates that, in the absence of significant DC trafficking from
the skin to the lymph node, lymphocytes did not accumulate or were not retained
in the lymph node”. The number of antigen-specific CD4 T cells and B cells
present in the lymph node at 1 week after vaccination was also significantly re-
duced in the CD38KO mice, and antigen-specific antibody was reduced by at
least 10-fold, regardless of whether the mice were immunized systemically with
protein antigen or at a local site with FITC". Taken altogether, our data showed
that CD38 regulates the trafficking of multiple cell types, including neutrophils,
monocytes, and dendritic cells in response to vaccination and infection and that
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this has important consequences for the initiation of both innate and adaptive
immune responses.

3. CD38 MODULATES CHEMOKINE RECEPTOR SIGNALING
BY PRODUCING CALCIUM MOBILIZING METABOLITES

While our data clearly demonstrated that CD38 regulates the chemotactic re-
sponse of leukocytes to an array of chemokines and chemoattractants, we still
did not understand how CD38 was controlling cell migration or whether the
enzyme activity of CD38 was necessary for its function. However, in elegant
studies from a number of other labs, it had become clear that cADPR, one of the
metabolites generated in the CD38 enzyme reaction, was able to mobilize cal-
cium release from ryanodine receptor-gated stores in smooth muscle cells, neu-
rons, and exocrine cells that were stimulated with ligands of a number of differ-
ent G-protein coupled receptors (GPCRs)”. Since chemokine receptors are also
members of the GPCR family, and leukocytes are reported to express some ry-
anodine receptor isoforms™, we considered the possibility that CD38 might me-
diate calcium mobilization by producing cADPR in chemokine-stimulated cells.
As expected, hematopoietic cells expressing CD38 were competent to produce
cADPR when NAD, the CD38 substrate, was present in the media®. Further-
more, we found that hematopoietic cells could mobilize calcium when exposed
to cADPR and that this calcium release could be blocked with a specific cADPR
antagonist, 8Br-cADPR, as well as with ryanodine receptor antagonists’. These
data indicated that hematopoietic cells express all of the machinery necessary to
mediate cADPR-dependent calcium release.

Table 1. Chemokine Receptors Regulated by CD38 or cADPR

Chemokine CD38 cADPR
receptors Mouse/human Cell type dependent dependent
CCR1 Mouse Neutrophil Yes Yes
CCR1 Human Monocyte ? Yes
CCR2 Mouse Immature DC Yes Yes
CCRS5 Human Monocyte ? Yes
CCR7 Mouse Mature DC Yes Yes
CXCR1/2 Mouse and human Neutrophil No No
CXCR4 Mouse Immature DC Yes Yes
CXCR4 Human Monocyte ? Yes
FPRL1 Mouse and human Neutrophil Yes Yes
FPR1 Mouse Neutrophil Yes Yes

High-affinity FPR Human Neutrophil No No
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When we examined the calcium response of chemokine-stimulated
CD38KO neutrophils or DCs, we found that the response was greatly attenuated.
Specifically, we found that the chemokine-treated CD38KO cells were not able
to make a sustained calcium response and that the influx of extracellular calcium
into the chemokine-stimulated CD38KO cells was almost entirely ablated™”.
Likewise, the calcium response to an array of chemokines was defective in WT
neutrophils and DCs that were first pretreated with the specific cADPR antago-
nist. In fact, these responses were indistinguishable from the calcium response
of CD38KO cells”*'. Perhaps most importantly, WT cells that were pretreated
with the cADPR antagonist were unable to migrate in response to a number of
chemoattractants including the ligands for FPRL1, CCR1, CCR2, CXCR4, and
CCR7 (summarized in Table 1). Interestingly, and in agreement with our earlier
observations using CD38KO neutrophils, 8Br-cADPR-treated WT cells were
still competent to respond to CXCR1/2 ligands™. Together, these data argued
very strongly that cADPR produced by CD38 does regulate calcium signaling in
chemokine-stimulated leukocytes and, more importantly, also regulates the
chemotactic response of these cells to a specific and discrete subset of chemoki-
nes and chemoattractants.

We have since extended this work to test whether cADPR antagonists can
be used to block the calcium and chemotactic response of human neutrophils
and monocytes to inflammatory chemokines and found that cADPR antagonists
can act as very potent inhibitors of human leukocyte migration at least in vitro™
(Figure 3). Similar to what we observed with the mouse leukocytes, we found
that the 8Br-cADPR-treated human leukocytes were still competent to migrate
to some chemoattractants including IL-8 and the HIV T-20 peptide (Figure 3),
indicating that cADPR regulates signaling through a select subset of chemokine
receptors in both mouse and human cells. Since the cADPR antagonist was ef-
fective in blocking migration of leukocytes to some inflammatory chemokines,
we postulated that CD38 enzyme inhibitors might make effective anti-
inflammatory drugs. Unfortunately, no small molecule inhibitors of the CD38
enzyme reaction have been identified to date. However, it has been reported that
some NAD analogues act as potent competitive antagonists of CD38 glycohy-
drolase and cyclase activity”, suggesting that NAD analogues might be effective
in vivo. To begin to test this possibility, we treated mouse and human leukocytes
with the NAD analogue N(8-Br-A)D’, reasoning that if the cells expressed
CD38 they would produce the cADPR antagonist, 8Br-cADPR, from N(8-Br-
A)D". Excitingly, treatment of leukocytes with the NAD analogue very effec-
tively attenuated the calcium response of these cells to FPRL1, CCR1, CCR2,
CXCR4, and CCR7 ligands and completely blocked their migration to these
chemokines in vitro”*"* (Figure 3). Thus, we are confident that CD38 substrate
analogues or cADPR antagonists may be useful in blocking inflammatory re-
sponses and hope to test this hypothesis soon.
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Amyloid-B4.42 (1 0-5M) HIV T-20 peptide (10-7M)
g +N(8-Br-A)D*
§ +8-Br-cADPR
£
2 +vehicle
Nil
0 25 50 75 100 0 50 100 150 200

migrated human neutrophils x 103

Figure 3. A CD38 substrate analogue and a cADPR antagonist block the chemotaxis of human
peripheral blood neutrophils to FPRL-1 ligands but not FPR ligands. Human peripheral blood neu-
trophils isolated from normal donors were preincubated in medium (nil) or in medium containing 8-
Br-cADPR (100 uM) or N(8-Br-A)D" (500 uM) for 15 minutes and then placed in the upper wells of
chemotaxis chambers. The lower wells of the chambers contained either the FPRL-1 ligand Amy-
loid-B, ,, peptide (10° M) or the high-affinity FPR ligand HIV T-20 peptide (107 M). The cells that
migrated to the bottom chamber in 45 minutes were collected and enumerated by flow cytometry.
The mean % SD of triplicate wells is shown.

4. CONCLUSIONS AND FUTURE DIRECTIONS

In summary, we have shown that at least one of the ectoenzymes expressed by
mouse and human leukocytes does play an important role in regulating immune
responses. However, instead of salvaging extracellular purines or inducing
purinergic receptor signaling, it appears that one major function of CD38 is to
produce the calcium-mobilizing metabolite cADPR from its substrate, extracel-
lular NAD. This metabolite regulates calcium responses in monocytes, neutro-
phils, and dendritic cells activated with a discrete subset of chemoattractants and
controls the migration of these cells to sites of inflammation and secondary lym-
phoid tissues. In the absence of CD38-dependent cell trafficking, both innate
and adaptive immune responses are significantly attenuated. Perhaps most im-
portant from a clinical perspective, CD38 substrate analogues and cADPR an-
tagonists can be used to block the migration of human leukocytes to many, but
not all, inflammatory chemokines.

4.1. Unresolved Questions

Despite the significant progress we have made in understanding the role of the
ecto-enzyme CD38 in immune responses, there are a number of remaining unan-
swered questions. For example, we do not yet know why CD38 and cADPR
regulate signaling through some chemokine receptors and not others. However,
our preliminary experiments suggest that chemokine receptors can be subdi-
vided depending on which class of G proteins associate with the receptor and
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whether the calcium response is CD38 and cADPR dependent. We also do not
yet know whether NAADP and ADPR, the other calcium-mobilizing metabo-
lites produced by CD38, are important for chemokine receptor signaling, nor do
we have a good understanding of how any of the CD38-generated metabolites
are transported from outside the DC or neutrophil into the cytosol. Finally, we
do not yet know whether CD38 plays any non-enzyme-dependent roles in im-
mune responses. This question is particularly important, as we and others have
shown that CD38 can also function as a receptor on lymphocytes**. Human
CD38 has been shown to bind CD31°"*, which is prominently expressed by en-
dothelial cells, and both mouse and human CD38 can bind to hyaluronic acid™*,
a component of extracellular matrix. Thus, one can envision that CD38 might
not only regulate the chemotaxis of cells via an enzyme-dependent mechanism
but could also mediate adhesion of the cells within tissues and blood vessels.
Since the structure of CD38 has been elucidated”, and the key catalytic residues
have been identified”, we now hope to identify other non-enzyme-dependent
roles for CD38 by making animals that express enzymatically inactive CD38.

4.2. Model

Perhaps the most intriguing question remaining to be addressed is why NAD, a
dinucleotide that is usually found almost exclusively in cells and is critically
important for ATP generation in the mitochondria, would be present outside the
cell and why catabolism of this nucleotide would be important for immune cell
function. We hypothesize that extracellular NAD might function to activate in-
nate immune mechanisms (Figure 4). If this is correct, then we expect that ex-
tracellular NAD levels will rise in inflamed or damaged tissues and that CD38-
expressing cells will catabolize this free NAD. Indeed, it is known that ecto-
NAD levels are very low in the serum of normal mice”, suggesting that under
homeostatic conditions very little free NAD is available. Interestingly, in
CD38KO mice, serum, and tissue NAD levels are elevated”, indicating that
NAD is released or actively transported to extracellular sites and that CD38
normally catabolizes the “free” ecto-NAD. Upon inflammation or damage, local
levels of extracellular NAD can rise quite dramatically, particularly in mice that
lack CD38, and cannot efficiently catabolize the free NAD®. Therefore, we pro-
pose that NAD is released by dying cells during infection or damage and that,
once NAD is available, CD38-expressing cells will catabolize the free NAD and
produce cADPR. Cyclic ADP-ribose producing cells respond to chemokine re-
ceptor ligation by making a prolonged calcium response and are then competent
to migrate to inflamed tissues and lymphoid tissues. Thus, one of the major
functions of CD38 might be to “sense” elevated extracellular NAD and to pro-
duce metabolites from the ecto-NAD that can enhance the migratory capacity of
leukocytes at times of stress or damage. This would put CD38 in the same cate-
gory as other damage and pathogen ‘“‘sensing” receptors such as the Toll-like
receptors (TLRs) that are activated by pathogen components and endogenous



180 S. PARTIDA-SANCHEZ ETAL.

heat shock proteins”. It further suggests that CD38, like the TLRs, stands firmly
at the intersection of innate and adaptive immune responses and that therapies
that are designed to either augment or suppress the CD38 and ecto-NAD in-
teraction may prove useful as immune modulators.

Injury/Infection
skin

inflammatory mediator |l
NAD O

SLC/ELC «

Figure 4. CD38 regulates innate and adaptive immune responses by “sensing” extracellular NAD
released in infected or damaged tissues. We propose in our current working model that CD38 binds
extracellular NAD released by damaged or dying cells and produces calcium-mobilizing metabolites
like cADPR. The cADPR produced by the CD38-expressing cells enhances the ability of these cells
to migrate in response to certain chemokines. We further propose that compounds that alter NAD
levels or CD38 enzyme activity could be used to block inflammatory responses.

5. ACKNOWLEDGMENTS

The authors would like to thank Dr. Troy Randall for his comments and helpful
discussions during the course of this work. We gratefully acknowledge financial
support for this work from NIH grants AI-43629 and AI-057996, and the Tru-
deau Institute.

6. REFERENCES

1. J.L. Cannons and P.L. Schwartzberg. Fine-tuning lymphocyte regulation: what's
new with tyrosine kinases and phosphatases? Curr Opin Immunol 16:296-303
(2004).

2. P. Deterre, L. Gelman, H. Gary-Gouy, C. Arrieumerlou, V. Berthelier, J.-M. Tixier,
S. Ktorza, J. Goding, C. Schmitt and G. Bismuth. Coordinated regulation in human
T cells of nucleotide-hydrolyzing ecto-enzymatic activities, including CD38 and PC-
1. J Immunol 157:1381-1388 (1996).

3. R.Resta, Y. Yamashita and L.F. Thompson. Ecto-enzyme and signaling functions of
lymphocyte CD73. Immunol Rev 161:95-109 (1998).



CD38 AND NAD REGULATION OF INNATE AND ADAPTIVE IMMUNITY 181

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

M. Salmi and S. Jalkanen. Cell-surface enzymes in control of leukocyte trafficking.
Nat Rev Immunol 5:760-771 (2005).

F. Schuber and F.E. Lund. Structure and enzymology of ADP-ribosyl cyclases: con-
served enzymes that produce multiple calcium mobilizing metabolites. Curr Mol
Med 4:249-261 (2004).

H.C. Lee and R. Aarhus. ADP-ribosyl cyclase: an enzyme that cyclizes NAD" into a
calcium mobilizing metabolite. Cell Regul 2:203-209 (1991).

M.R. Hellmich and F. Strumwasser. Purification and characterization of a molluscan
egg-specific NADase, a second-messenger enzyme. Cell Regul 2:193-202 (1991).
S.P. Goodrich, H. Muller-Steffner, A. Osman, M.J. Moutin, K. Kusser, A. Roberts,
D.L. Woodland, T.D. Randall, E. Kellenberger, P.T. LoVerde, F. Schuber and F.E.
Lund. Production of calcium-mobilizing metabolites by a novel member of the
ADP-ribosyl cyclase family expressed in Schistosoma mansoni. Biochemistry
44:11082-11097 (2005).

D.G. Jackson and J.I. Bell. Isolation of a cDNA encoding the human CD38 (T10)
molecule, a cell surface glycoprotein with an unusual discontinuous pattern of ex-
pression during lymphocyte differentiation. J Immunol 144:2811-2815 (1990).

H.C. Lee. Multiplicity of Ca2+ messengers and Ca2+ stores: a perspective from
cyclic ADP-ribose and NAADP. Curr Mol Med 4:227-237 (2004).

F.J. Kuhn, I. Heiner and A. Luckhoff. TRPM2: a calcium influx pathway regulated
by oxidative stress and the novel second messenger ADP-ribose. Pflugers Arch
451:212-219 (2005).

A.H. Guse. Regulation of calcium signaling by the second messenger cyclic adeno-
sine diphosphoribose (cADPR). Curr Mol Med 4:239-248 (2004).

J.E. Fernandez, S. Deaglio, D. Donati, I.S. Beusan, F. Corno, A. Aranega, M. Forni,
B. Falini and F. Malavasi. Analysis of the distribution of human CD38 and of its
ligand CD31 in normal tissues. J Biol Reg Homeost Agents 12:81-91 (1998).

F. Malavasi, A. Funaro, M. Alessio, L.B. De Monte, C.M. Ausiello, U. Dianzani, F.
Lanza, E. Magrini, M. Momo and S. Roggero. CD38: a multi-lineage cell activation
molecule with a split personality. Int J Clin Lab Res 22:73-80 (1992).

T. Musso, S. Deaglio, L. Franco, L. Calosso, R. Badolato, G. Garbarino, U. Dian-
zani and F. Malavasi. CD38 expression and functional activities are up-regulated by
IFN-g on human monocytes and monocytic cell lines. J Leukoc Biol 69:605-612
(2001).

B. Bauvois, L. Durant, J. Laboureau, E. Barthelemy, D. Rouillard, G. Boulla and P.
Deterre. Upregulation of CD38 gene expression in leukemic B cells by interferon
types I and I1. J Interferon Cytokine Res 19:1059-1066 (1999).

D. Cockayne, T. Muchamuel, J.C. Grimaldi, H. Muller-Steffner, T.D. Randall, F.E.
Lund, R. Murray, F. Schuber and M.C. Howard. Mice deficient for the ecto-NAD"
glycohydrolase CD38 exhibit altered humoral immune responses. Blood 92:1324—
1333 (1998).

F.E. Lund, D.A. Cockayne, T.D. Randall, N. Solvason, F. Schuber and M.C. How-
ard. CD38: A new paradigm in lymphocyte activation and signal transduction. Im-
munol Rev 161:79-93 (1998).

S. Partida-Sanchez, S. Goodrich, K. Kusser, N. Oppenheimer, T.D. Randall and F.E.
Lund. Regulation of dendritic cell trafficking by the ADP-ribosyl cyclase CD38:
Impact on the development of humoral immunity. Immunity 20:279-291 (2004).



182

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

S. PARTIDA-SANCHEZ ETAL.

S. Partida-Sanchez, T.D. Randall and F.E. Lund. Innate immunity is regulated by
CD38. an ecto-enzyme with ADP-ribosyl cyclase activity. Microbes Infect 5:49-58
(2003).

S. Partida-Sanchez, D.A. Cockayne, S. Monard, E.L. Jacobson, N. Oppenheimer, B.
Garvy, K. Kusser, S. Goodrich, M. Howard, A. Harmsen, T.D. Randall and F.E.
Lund. Cyclic ADP-ribose production by CD38 regulates intracellular calcium re-
lease, extracellular calcium influx and chemotaxis in neutrophils and is required for
bacterial clearance in vivo. Nat Med 7:1209-1216 (2001).

S. Partida-Sanchez, P. Iribarren, M.E. Moreno-Garcia, J.-L. Gao, P.M. Murphy, N.
Oppenheimer, J.M. Wang and F.E. Lund. Chemotaxis and calcium responses of
phagocytes to formyl-peptide receptor ligands is differentially regulated by cyclic
ADP-ribose. J Immunol 172:1896-1906 (2004).

G.J. Randolph, G. Sanchez-Schmitz and V. Angeli. Factors and signals that govern
the migration of dendritic cells via lymphatics: recent advances. Springer Semin
Immunopathol 26:273-287 (2005).

M.D. Gunn, S. Kyuwa, C. Tam, T. Kakiuchi, A. Matsuzawa, L.T. Williams and H.
Nakano. Mice lacking expression of secondary lymphoid organ chemokine have de-
fects in lymphocyte homing and dendritic cell localization. J Exp Med 189:451-460
(1999).

R. Forster, A. Schubel, D. Breitfeld, E. Kremmer, I. Renner-Muller, E. Wolf and M.
Lipp. CCR7 coordinates the primary immune response by establishing functional
microenvironments in secondary lymphoid organs. Cell 99:23-33 (1999).

M. Merad, M.G. Manz, H. Karsunky, A. Wagers, W. Peters, I. Charo, I.LL. Weiss-
man, J.G. Cyster and E.G. Engleman. Langerhans cells renew in the skin throughout
life under steady-state conditions. Nat Immunol 3:1135-1141 (2002).

H.C. Lee. Physiological functions of cyclic ADP-ribose and NAADP as calcium
messengers. Annu Rev Pharmacol Toxicol 41:317-345 (2001).

E. Hosoi, C. Nishizaki, K.L. Gallagher, H-W. Wyre, Y. Matsuo and Y. Sei. Expres-
sion of the ryanodine receptor isoforms in immune cells. J Immunol 167:4887-4894
(2001).

H. Muller-Steffner, O. Malver, N.J. Oppenheimer and F. Schuber. Slow-binding
inhibition of NAD" glycohydrolase by arabino analogues of b-NAD". J Biol Chem
267:9606-9611 (1992).

S. Deaglio and F. Malavasi. Human CD38: a receptor, an (ecto) enzyme, a disease
marker and lots more. Mod Asp Immunobiol 2:121-125 (2002).

S. Deaglio, U. Dianzani, A.L. Horenstein, J.E. Fernandez, C. van Kooten, M. Bra-
gardo, A. Funaro, G. Garbarino, F. Di Virgilio, J. Bancherau and F. Malavasi. Hu-
man CD38 ligand: a 120-kDA protein predominantly expressed on endothelial cells.
J Immunol 156:727-734 (1996).

S. Deaglio, M. Morra, R. Mallone, C.M. Ausiello, E. Prager, G. Garbarino, U. Dian-
zani, H. Stockinger and F. Malavasi. Human CD38 (ADP-Ribosyl Cyclase) is a
counter-receptor of CD31, an Ig superfamily member. J Immunol 160:395-402
(1998).

F.E. Lund, T.D. Randall and S. Partida-Sanchez. Cyclic ADP-ribose and NAADP.
In Structures, metabolism and function, Vol. 1, pp. 217-240. Ed. H.C. Lee. New
York: Kluwer Academic (2002).



CD38 AND NAD REGULATION OF INNATE AND ADAPTIVE IMMUNITY 183

34,

35.

36.

37.

38.

39.

H. Nishina, K. Inageda, K. Takahashi, S. Hoshino, K. Ikeda and T. Katada. Cell
surface antigen CD38 identified as ecto-enzyme of NAD glycohydrolase has hyalu-
ronate-binding activity. Biochem Biophys Res Comm 203:1318-1323 (1994).

Q. Liu, LLA. Kriksunov, R. Graeff, C. Munshi, H.C. Lee and Q. Hao. Crystal struc-
ture of human CD38 extracellular domain. Structure (Cambridge) 13:1331-1339
(2005).

C. Munshi, R. Aarhus, R. Graeff, T.F. Walseth, D. Levitt and H.C. Lee. Identifica-
tion of the enzymatic active site of CD38 by site-directed mutagenesis. J Biol Chem
275:21566-21571 (2000).

U.H. Kim, M.K. Kim, J.S. Kim, M.K. Han, B.H. Park and H.R. Kim. Purification
and characterization of NAD glycohydrolase from rabbit erythrocytes. Arch Bio-
chem Biophys 305:147-152 (1993).

M. Seman, S. Adriouch, F. Haag and F. Koch-Nolte. Ecto-ADP-ribosyltransferases
(ARTs): emerging actors in cell communication and signaling. Curr Med Chem
11:857-872 (2004).

G.M. Barton and R. Medzhitov. Toll-like receptors and their ligands. Curr Top Mi-
crobiol Immunol 270:81-92 (2002).



13

VASCULAR LEUKOCYTES:

A POPULATION WITH ANGIOGENIC AND
IMMUNOSSUPPRESSIVE PROPERTIES HIGHLY
REPRESENTED IN OVARIAN CANCER

George Coukos, Jose R. Conejo-Garcia,
Ron Buckanovich, and Fabian Benencia

1. PHYSIOLOGICAL ANGIOGENESIS VS. PATHOLOGICAL
ANGIOGENESIS

Physiological angiogenesis occurs mainly during the embryonic stage, originat-
ing a vascular network that meets the nutritional and functional demands of the
developing organism. In the embryo, formation of blood vessels occurs via vas-
culogenesis and angiogenesis. Vasculogenesis involves the de-novo differentia-
tion of endothelial cells from angioblasts, mesoderm-derived precursor cells,
which assemble into primary capillary vessels'. This network differentiates
then by angiogenesis, where new vessels arise from sprouting of preexisting
capillaries. In the adult, physiological neovessel formation is involved in wound
healing, tissue remodeling, and the female reproductive cycle, while patho-
logical angiogenesis is associated with ischemia, rheumatoid arthritis, diabetic
retinopathy, age-related macular degeneration, psoriasis, inflammatory bowel
diseases, endometriosis, and tumor neovascularization™. Pathological neovascu-
larization is characterized by increased vascular permeability, which leads to
leakage, hemorrhaging, and inflammation. Although sprouting of blood vessels
is the principal process in neovascularization, other mechanisms such
as intussusception or cooptation of circulating endothelial cell progenitors have
also been described *.
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2. ENDOTHELIAL PROGENITORS AND NEOANGIOGENESIS

It has been proposed that cooption of endothelial cell progenitors is an additional
mechanism of neoangiogenesis. The existence of this angioblast-like circulating
cell has been shown in certain murine models’. Moreover, it seems that the re-
cruitment and in-situ differentiation of bone marrow-derived endothelial pro-
genitor cells is essential to promote effective neovascularization®’. Particularly,
several reports suggested that adult bone marrow contains a scarce population
of endothelial progenitor cells that can be mobilized to the circulation
and contribute to neovascularization. In murine models of bone marrow trans-
plantation, donor bone marrow cells were found to incorporate into vessels dur-
ing wound healing, ischemia, corneal neovascularization, and tumor growth
upon transplantation into recipient wild-type or immunodeficient animals®’.
These data indicated that circulating endothelial cell progenitors are mobilized
and contribute to different events in postnatal neovascularization and regenera-
tive processes. Although the exact mechanisms by which endothelial cell pre-
cursors are unknown, it has been showed that high levels of VEGF are responsi-
ble for recruitment of endothelial cell precursors to the tumor, where they
incorporate into neovessels'’.

3. HEMATOPOIETIC CELLS PARTICIPATE IN
NEOANGIOGENESIS

The participation of cells other than typical endothelial cells during the process
of neoangiogenesis has become the focus of numerous recent studies. Several
populations of hematopoietic cells assume an endothelial phenotype when cul-
tured under pro-angiogenic conditions. These include CD34", Scal®, CD133’,
and CD14" cells. Endothelial cell progenitors were first identified by expression
of the hematopoietic stem cell antigens, CD34 and flk-1, by other hematopoietic
stem cell antigens, such as CD133 (AC133)". More recently different studies
have demonstrated that monocytes or monocyte-like cells can also function as
endothelial cell progenitors and incorporate into growing vasculature in experi-
mental models'".

4. ANTIGEN-PRESENTING CELLS AS ENDOTHELIAL CELLS

Antigen-presenting cells (APCs) such as monocytes/macrophages and dendritic
cells have the capability to phagocyte antigen, process it, and present it to T cells
in the context of major histocompatibility complex in order to initiate an im-
mune response. APCs mature after receiving the antigenic stimuli, increasing the
levels of expression of MHC and costimulatory molecules, thus ensuring proper
stimuli for T cell activation. In recent years an additional capability of APCs has
been reported. It has been shown that monocytes or dendritic cells cultured in
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the presence of angiogenic factors such as VEGF undergo an endothelization
process characterized by the lost of CD14/CD45 and displayed endothelial
markers CD31, CD34 von Willebrand factor (vWF), vascular endothelial growth
factor receptor-2 (VEGFR-2), and VE-cadherin. They displayed other character-
istics of endothelial cells, such as LDL uptake, lectin binding, and formation of
cord-like structures in 3D gels. Several reports have shown that these cells are
able to assemble into vascular structures in vitro and in vivo” . Furthermore,
it has recently been reported that these cells even acquire functional prop-
erties similar to brain microvascular endothelial cells under the appropriate
stimuli'. On the other hand, treatment of the aforementioned cells with inflam-
matory molecules render typical antigen-presenting cells with the capability to
activate T cells”.

5. TUMOR ANGIOGENESIS

It has been proposed that dormant avascular tumor nodules could only grow and
develop if they become vascularized”. Induction of this "angiogenic switch" on
tumors involves a change in the balance between various molecules with the
capability to activate or inhibit vascular growth. These molecules include basic
fibroblast growth factor, epidermal growth factor, platelet-derived growth factor,
matrix metalloproteinases, placental growth factor, and angiopoietins-1 and -2,
among others *. In particular, a key molecule in tumor angiogenesis activators is
the vascular endothelial growth factor (VEGF). VEGF alone can initiate the
angiogenic cascade of events, acting as a proliferation, migration, and survival
factor for endothelial cells, both in vitro and in vivo’. Thus, VEGF induces new
blood vessel formation in the tumors, which supplies tumor cells with an ade-
quate supply of oxygen, metabolites, and an effective way to remove waste
products. VEGF is secreted by the vast proportion of human cancers”, and we
have reported that high levels of VEGF in human ovarian carcinoma are related
to poor prognosis”. Moreover, in a mouse tumor model of ovarian carcinoma
developed in our laboratory we showed that VEGF overexpression highly in-
creases tumor vascularization®.

6. VASCULAR LEUKOCYTES

We have recently reported, in human ovarian carcinoma, the presence of a sub-
set of CD45"/CD11c¢" dendritic cells expressing high levels of endothelial mark-
ers such as VE—Cadherin, CD31, CD34, and CD146™. These cells constitute a
high proportion of the CD45 population in human ovarian cancer (20-60%) in
most of the samples analyzed (Figure 1A). Phenotypical characterization of this
population also showed expression of MHC-II, and low levels of costimulatory
molecules CD80 and CD86. By means of cell sorting we were able to obtain a
highly purified population of these cells, and we showed that they have the
capacity to assemble into endothelial-like structures in vitro and to create per
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fusible blood vessels in vivo (Figure 1B). These cells were also detected in tu-
moral tissue by means of immunofluorescense analysis (Figure 1C). Taking into

account the dual nature of these cells, we named them vascular leukocytes
(VLCs).

A B

VE-Cadherin CFSE Lectin Combined DAPI

CD45 VE-Cadherin Combined + DAPI

CD45

Figure 1. Angiogenic capability of human VLCs. (A) Population of leukocyte expression endothe-
lial markers was observed in human ovarian carcinomas. These cells, named vascular leukocytes
(VLCs), were recovered from ovarian carcinomas stained with CFSE and injected into the flank of
NOD/SCID mice admixed in Matrigel (B). Ten days later, biotinylated tomato lectin was adminis-
tered intravenously in order to stain functional vessels and Matrigel plugs were recovered for histo-
logical analysis. Samples were stained with streptavidin-rhodamine and DAPI. (C) Immunofluores-
cence analysis showing co-staining of CD45 and VE-Cadherin in human tumors.

In order to further study these cellular populations, we generated a mouse
model of ovarian carcinoma co-expressing VEGF, a molecule reportedly in-
volved in the endothelization of leukocytes, and -defensin 29, an antimicrobial
peptide that chemoattracts immature DCs through CCR6”. By recruiting DCs to
tumor sites in the presence of high levels of VEGF we expected to recapitulate
the microenvironmental conditions from which human VLCs are recovered. In
our experimental syngeneic model we were able to increase the levels of CD11¢”
DCs in the CD45" peritoneal population from 2-4% up to 60% in the ascites
model (Figure 2A). More than 90% of CD11¢'CD45" cells were MHC-IT", but
they expressed very low levels of costimulatory molecules, and were thus identi-
fied as DC precursors. In the flank model, these cells localized to the luminal



VASCULAR LEUKOCYTES IN OVARIAN CANCER 189

A B

naive 4 weeks

CD45

6 weeks 8 weeks

e #

“CDIllc

Figure 2. Dendritic cells accumulate intratumorally in a mouse model of ovarian carcinoma. (A) The
proportion of CD11c cells dramatically increases in the peritoneal cavity of mice developing ascites
in a mouse model of ovarian carcinoma coexpressing high levels of VEGF A and beta-defensin, an
attractor for immature DCs. (B) Positive CD1l1c staining was observed associated to endothelial
structures in solid tumors of beta-defensin-VEGF mouse ovarian carcinoma.

surface of capillary-like structures, indicating that they had contributed to the
increased vascular density (Figure 2B). These cells expressed high levels of en-
dothelial markers, such as CD31, CD34, VE-Cadherin, CD146, and VEGFR1
and 2, thus being the mouse counterpart to human VLCs (Figure 3). Moreover,
VLCs transplanted in Matrigel plugs in vivo assembled into vascular-like struc-
tures, with the capability to transport blood as determined by intravascular per-
fusion of fluorescent dextran (Figure 4). By means of immunofluorescense
analysis, we showed that these neovessels retain the expression of CD11c and
CD45”,

Furthermore, we were able to reproduce this endothelization process in vi-
tro. We obtained highly pure murine bone marrow-derived DCs. These
CD45"CD11¢"CD34 cells showed typical characteristics of DCs and were able
to induce antitumor immune responses when used as vaccines in different mouse
tumor models®. Upon incubation with media conditioned by tumor cells ex-
pressing high levels of VEGF tumor, these cells overexpressed endothelial
markers, CD31, CD34, and vWF and were able to assemble into vascular struc-
tures in vitro. Moreover, in-vitro obtained VLCs exhibited typical endothelial
cell features such as Weibel-Palade bodies and endocytic vesicles. In addition,
they created intercellular junctions, organizing themselves around a lumen,
which are typical morphological properties of endothelial cells. VEGF, impor-
tant for the survival and proliferation of bona-fide endothelial cells, was the
critical factor for endothelization since blocking VEGFR-2 (but not other VEGF
receptors) with neutralizing antibodies stopped the transdifferentiation process.
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Figure 3. Vascular leukocytes are a subpopulation of DCs that express endothelial markers and low
levels of costimulatory molecules. CD11c+/VE-Cadherin+/CD45+ cells recovered from beta-
defensin—-VEGF mouse ovarian carcinomas were analyzed for different markers of endothelial cells.

CFSE TRITC-Dextran Combined

Figure 4. Angiogenic capability of mouse VLCs. VLCs recovered from beta-defensin-VEGF mouse
ovarian carcinomas were stained with CFSE and injected into the flank of syngeneic mice admixed
in Matrigel. Ten days later TRITC-coupled dextran was administered intravenously in order to stain
functional vessels and Matrigel plugs were recovered for histological analysis.

7. VASCULAR LEUKOCYTES AND ANTITUMOR
IMMUNE RESPONSE

The presence of antigen-presenting cells with immunosuppressive properties
within the tumor microenvironment has been widely reported. In particular,
dendritic cells showing low levels of costimulatory molecules have been re-
ported within tumor microenvironments characterized by high levels of
VEGF””. These tumor-associated APCs show highly immunosuppressive prop-
erties, rendering anergic or tolerized T cells, thus abrogating antitumor immune
responses. Tumor-associated DCs have been shown to overcome this tolerogenic
status after treatment with inflammatory molecules. Similarly, we have reported
that VLCs express very low levels of costimulatory molecules, while producing
high levels of VEGF”. This status can be reversed by incubation with inflamma-
tory molecules such as LPS, TNF, and CPGs, rendering the cells capable of in-
ducing specific T cell responses *.
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8. FINAL REMARKS

VLCs comprise a population of CD45"/Vecadherin® with the dual capability of
presenting antigen or assembling into endothelial cell structures. These cells are
present in higher proportions of the CD45" population in human ovarian carci-
nomas, and in a syngeneic mouse model of ovarian cancer overexpressing
VEGEF. Within the tumor microenvironment, this dual function contributes to
tumor growth by increasing neoangiogenesis or silencing antitumor immune
responses. Thus, this population is an interesting target for antitumor therapies,
since depletion of VLCs may impair neoangiogenesis within the tumor.
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CD4+ T CELLS COOPERATE WITH
MACROPHAGES FOR SPECIFIC
ELIMINATION OF MHC CLASS 1I-
NEGATIVE CANCER CELLS

Alexandre Corthay

1. INTRODUCTION

Our present knowledge of how T cells eliminate cancer is mainly based on
memory immune responses investigated with vaccinated mice"’. In-vivo deple-
tion studies with anti-CD4 monoclonal antibodies (mAb) have revealed that the
antitumor immunity conferred by prophylactic vaccination is usually CD4" T
cell dependent. CD4" T cells were required for vaccination-induced immunity
against the B16 melanoma®”, against the Mc51.9 fibrosarcoma’, against the J558
plasmacytoma’, and against the A20 lymphoma’.

The crucial function of CD4" T cells is further supported by the observation
that antitumor immunity can be transmitted by adoptive transfer of CD4" T cells
from vaccinated mice to naive recipients. Transfer of tumor-specific CD4" T
cells protected mice against challenge with the X5563 and MOPC315 plasmacy-
tomas™’, against the 6132A-PRO UV light-induced tumor", and against the P815
mastocytoma'".

Most tumor cells do not express major histocompatibility complex class II
(MHC-II) molecules and thus cannot be directly recognized by tumor-specific
CD4" T cells. Therefore, rejection of MHC-II-negative tumor cells by CD4" T
cells is most likely dependent on professional antigen-presenting cells (APCs)
that endocytose, process, and present tumor antigens on their MHC-II to tumor-
specific CD4" T cells. This hypothesis is supported by the observation that den-
dritic cells isolated from large tumors are loaded with tumor antigens and can
activate tumor-specific CD4" T cells™".

Institute of Immunology, University of Oslo and Rikshospitalet-Radiumhospitalet Medical Center,
0027 Oslo, Norway. Alexandre.Corthay @medisin.uio.no
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2. CD4+ T CELLS HELP CD8+ T CELLS TO KILL TUMOR CELLS

The crucial role of tumor-specific CD4" T cells in helping cytotoxic CD8" T
cells kill tumor cells is well-accepted' " ". Induction of tumor-specific CD4" T
cells by vaccination with a specific viral MHC-II-restricted epitope resulted in
protective immunity against RMA, a virus-induced T lymphoma cell line". In
this model, the main effector cells responsible for tumor eradication were identi-
fied as tumor-specific CD8" cytotoxic T cells’. Transfer of tumor-specific Th1l
and Th2 CD4" T cells protected mice against challenge with the P815 mastocy-
toma''. This protection was abolished by treatment with depleting anti-CD8
mAb".

In a more recent study, CD4" T cells were shown to be essential for activa-
tion of memory CDS8" T cells to kill tumor cells'’. Tumor-specific CD4" T cells
were required for reactivation of memory CD8" T cells by tumor antigens pre-
sented indirectly. In contrast to memory CD8" T cells, effector CD8" T cells did
not need help from CD4" T cells to kill tumor cells".

3. CD4+ T CELLS CAN REJECT TUMORS IN THE ABSENCE
OF CD8+ T CELLS

Several reports have demonstrated that CD4" T cells can reject tumors in the
absence of CD8" T cells"*"". Transfer of tumor-specific CD4" T cells into
T cell-depleted or T cell-deficient mice conferred protection against the X5563
and MOPC315 plasmacytomas®’. Similarly, transfer of tumor-specific CD4" T
cells protected T and B cell-deficient severe combined immunodeficient (SCID)
mice against challenge with the 6132A-PRO UV light-induced tumor".

It has been proposed that CD4" T cells eliminate tumors through activation
and recruitment of effector cells, including macrophages and eosinophils’. Sev-
eral studies suggest that cytokines such as interferon-y (IFNY) that are secreted

by Thl cells might be involved in antitumor and anti-angiogenic activities™'"".

4. CANCER IMMUNOTHERAPY BY ADOPTIVE TRANSFER
OF TUMOR-SPECIFIC CD4+ T CELLS

Adoptive transfer of tumor-specific T cells can efficiently cure mice with can-
cer'"™"* Transfer of tumor-specific CD4" T cells protected mice from chal-
lenge with the MHC-II-negative Friend virus-induced leukemia FBL-3"". Tu-
mor eradication was shown not to require participation of cytotoxic CD8" T
cells”. In another model, both ovalbumin-specific Th1l and Th2 cells could cure
mice from subcutaneous (s.c.) tumors of the MHC-II-positive A20 lymphoma
transduced with ovalbumin®. Both Th1 and Th2 cells required CD8" T cells to
eliminate tumors, and neither of these cells were able to completely eliminate
A20- ovalbumin tumors from T and B cell-deficient RAG2-/- mice”.
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Th1 cells have been reported to cure mice with cancer through activation of
tumor-specific CD8" T cells”. This was shown in a model of immunotherapy of
pulmonary nodules of the WP4 fibrosarcoma transduced with 3-galactosidase.
In this model, the therapeutic effect of transferred B-galactosidase-specific CD4"
T cells required the presence of CD8" T cells in the recipient. Transfer of -
galactosidase-specific CD4" T cells was further shown to result in de novo gen-
eration of CD8" T cells with specificity to that antigen"’.

5. CD4+ T CELLS IN CANCER IMMUNOSURVEILLANCE

The immune system has been proposed to specifically recognize and eliminate
newly transformed cells”. A series of reports with gene-targeted mice has re-
cently provided strong experimental support for this cancer immunosurveillance
hypothesis® ™. A number of lymphocyte subsets (like CD8" T cells, ¥ T cells,
NK cells, and NKT cells) and effector mechanisms (such as IFNy, perforin, and
TRAIL) have been shown to be critical for immunosurveillance against various
types of malignancies™ . These studies in animals support earlier observations
that humans with a reduced immune capacity are more prone to develop malig-
nancies’"”.

The mechanisms of cancer immunosurveillance by CD4" T cells have been
recently investigated in a T cell receptor (TCR)-transgenic mouse system”. In
these transgenic mice, T cells recognize a tumor-specific idiotopic (Id) peptide
from the secreted immunoglobulin L-chain V region of the MOPC315 mouse
myeloma, presented in the context of MHC-II I-E’. The high frequency of naive
tumor-specific CD4" T cells in TCR-transgenic mice renders the mice resistant
to s.c. injection with syngeneic MOPC315 tumor cells, whereas non-transgenic
mice develop fatal tumors. Protection is Id-specific, CD4" T cell-mediated, and
MHC-II restricted, and does not require the presence of B cells, 0 T cells, and
CD8" T cells™™*. Importantly, MOPC315 lacks MHC-II and therefore cannot be
directly recognized by transgenic Id-specific CD4" T cells”. Rejection of
MOPC315 by Id-specific TCR-transgenic mice does not require immunization
of the mice, and thus represents a genuine primary immune response’™”.

5.1. Injection of Tumor Cells in Matrigel

It has been difficult to study the mechanisms of tumor rejection in Id-specific
TCR-transgenic mice, because the myeloma cells could not be precisely local-
ized in vivo after injection. To solve this, injected tumor cells were embedded in
a collagen gel (Matrigel™) that is soluble at +4°C but gels at body temperature,
resulting in a plug that can easily be identified in vivo (Figure 1)*. Another ad-
vantage of this technique is that it allows analysis of the infiltrating host cells
trapped in the gel. Matrigel is a soluble basement membrane derived from a
murine tumor and therefore represents a genuine tumor cell microenvironment™.
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Figure 1. Injection of tumor cells in Matrigel. In order to precisely localize the tumor
cells in vivo after subcutaneous injection, injected tumor cells were embedded in a colla-
gen gel (Matrigel). This technique enables analysis of the early interactions between tu-
mor cells and infiltrating cells from the host. Adapted with permission from A. Corthay,
D.K. Skovseth, K.U. Lundin, E. Rosjo, H. Omholt, P.O. Hofgaard, G. Haraldsen and B.
Bogen. Primary antitumor immune response mediated by CD4+ T cells. Immunity
22:371-383 (2005). Copyright © 2005, Elsevier Inc.

Matrigel constituents (mainly laminin, type IV collagen, and heparan sulfate
proteoglycan) are physiological components of the extracellular matrix and thus
not expected to hinder migration of leukocytes™. TCR-transgenic SCID mice
were effectively protected against MOPC315 injected in Matrigel for more than
50 days after injection (Figure 2)”. However, most transgenic mice failed to
completely reject the myeloma cells injected in Matrigel. As a consequence of
this incomplete rejection, slow-growing tumors developed in 3 out of 7 TCR-
transgenic SCID mice as late as 60-90 days after injection (Figure 2)*.
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Figure 2. Idiotype (Id)-specific TCR-transgenic SCID mice are protected against syngeneic
MOPC315 myeloma cells injected s.c. in a collagen gel (Matrigel). Adapted with permission from
A. Corthay, D.K. Skovseth, K.U. Lundin, E. Rosjo, H. Omholt, P.O. Hofgaard, G. Haraldsen and B.
Bogen. Primary antitumor immune response mediated by CD4+ T cells. Immunity 22:371-383
(2005). Copyright © 2005, Elsevier Inc.

5.2. Naive Tumor-Specific CD4+ T Cells Become Activated in
Draining Lymph Nodes (LN), Migrate to the Incipient
Tumor Site and Secrete Cytokines

Proliferation of naive tumor-specific CD4" T cells was first observed in the LN
draining the injection site at day 3 and dramatically increased at day 6 after in-
jection of MOPC315 myeloma cells in Matrigel™. This clonal expansion of the
tumor-specific CD4" T cells was associated with upregulation of the activation
marker CD69. The immune response was local, as similar changes were not
observed in non-draining LN or in the spleen. T cell activation was Id-specific
since no response was seen after injection with the control J558 myeloma, which
secretes a monoclonal IgA with V-regions different from that of MOPC315.
From day 3 to 9 after MOPC315 cell injection, the tumor-specific CD4" T cells
differentiated in draining LN from naive to memory phenotype: the cells in-
creased in size (blast formation), upregulated surface CD11a and CD44 mole-
cules, downregulated CD62L, and synthesized DNA (i.e., incorporated bro-
modeoxyuridine, BrdU). At day +6, a small but distinct population of CD69"
tumor-specific T cells could be detected inside the Matrigel. At day +9, Ma-
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trigel-infiltrating tumor-specific T cells were more frequent and had a typical
memory phenotype (enlarged size, CD11a", CD44", CD62L"", BrdU"). Impor-
tantly, these Matrigel-infiltrating tumor-specific T cells were producing the Thl
cytokines IFNy and tumor necrosis factor o at day +11. These results demon-
strate that 11 days are sufficient for priming of naive tumor-specific CD4" T
cells in draining LN, migration of primed T cells into the tissue where the tumor
cells are located, and secretion of cytokines .

5.3. Massive Recruitment of Host Macrophages toward the
Injected Myeloma Cells

The early in-vivo interactions between the tumor cells and cells of the immune
system were visualized by immunostaining of MOPC315-containing Matrigel
plugs”. At day +6, the nucleated cells inside the Matrigel plug could basically be
divided into two distinct populations: (i) The MOPC315 cells growing in islets
and stained by the myeloma marker CD138 (syndecan-1), and (ii) the host cells
that essentially all expressed MHC-II. These MHC-II" host cells formed a dense
layer covering the edge of the myeloma-containing Matrigel plug 3—6 days after
injection. Numerous MHC-IT" host cells were seen penetrating the Matrigel plug,
of which several were in close contact with the CD138" myeloma cells. The Ma-
trigel-infiltrating MHC-IT" cells co-expressed the macrophage marker F4/80.
These data suggest that there is a massive recruitment of host MHC-II" macro-
phages toward the tumor cells. These macrophages are most likely derived from
blood monocytes that extravasated mainly from vessels situated at the periphery
of the plug, but also from vessels surrounded by the gel. Infiltrating T cells
could be detected in Matrigel sections, but they were much fewer than the
macrophages. Importantly, some tumor-specific T cells apparently made contact
with MHC-IT' macrophages in the MOPC315-containing Matrigel plug™.

Flow cytometry was used to characterize the Matrigel-infiltrating MHC-IT"
cells. Analysis of the cellular content of a Matrigel plug at day +5 revealed a
massive infiltration of cells expressing the CD11b (Mac-1) myeloid cell marker.
MHC-II expression was almost exclusively restricted to these CD11b" cells.
Further characterization of the Matrigel-infiltrating CD11b" cells identified
the cells as typical macrophages: they expressed CD1la (LFA-1 o chain),
CD54 (ICAM-1), CD80, CD86, and Mac-3, while they were negative for
CD45R/B220, CD4 and CDS. Interestingly, a minority (4-12 %) of the Matrigel-
infiltrating CD11b" cells expressed CD11c¢’, indicating a small subset of den-
dritic cells. Notably, the recruitment of macrophages was dependent on
the presence of myeloma cells and not caused by the Matrigel itself since
very few macrophages infiltrated cell-free Matrigel plugs”. Indeed, already
3 days after injection, myeloma-containing Matrigel plugs were massively infil-
trated by macrophages, apparently recruited by chemoattractants secreted by
tumor cells”.
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5.4. Tumor-Specific CD4+ T Cells Activate Matrigel-Infiltrating
Macrophages

Immunostaining data revealed that some tumor-specific CD4" T cells made close
contact with macrophages inside the MOPC315-containing Matrigel plugs™. A
functional consequence of such an interaction could be activation of the macro-
phages by the CD4" T cells. Indeed, after MOPC315 injections, levels of the
activation marker MHC-II on Matrigel-infiltrating macrophages were dramati-
cally increased in Id-specific TCR-transgenic SCID mice as compared to non-
transgenic SCID mice. Large numbers of macrophages were found in Matrigel
plugs containing MOPC315 as early as 3 days after injection, but at this time
point MHC-II expression was not upregulated. In contrast, at day +6 most Ma-
trigel-infiltrating CD11b* cells had upregulated MHC-II in TCR-transgenic
mice, correlating with the influx of tumor-specific CD4" T cells at the same time
point. In order to demonstrate that the observed macrophage activation was me-
diated by the tumor-specific CD4" T cells, an anti-CD4 mAb was used to deplete
CD4" T cells in TCR-transgenic SCID mice. The activation of Matrigel-
infiltrating macrophages was completely blocked in such CD4" T cell-depleted
mice .

To assess the role of antigen presentation in the malignant tissue, an ex-
periment was designed in which tumor-specific CD4" T cells would be able to
meet their cognate antigen in the LN (and be primed) but not in the malignant
tissue. For this purpose, MOPC-specific TCR-transgenic SCID mice were in-
jected with MOPC315-containing Matrigel on the right flank and J558-
containing Matrigel on the left flank (Figure 3). At day 6 after injection, Ma-
trigel plugs and draining LN were analyzed individually. Several observations
could be made from this experiment. First, Id-specific CD4" T cells became ac-
tivated in the right flank LN, draining MOPC315-containing Matrigel, but not in
the left flank LN, draining J558-containing Matrigel (Figure 3, upper part). This
demonstrates that the initial priming of tumor-specific CD4" T cells is taking
place locally, in the LN draining the malignant tissue, rather than systemically.
Second, primed Id-specific CD4" T cells migrated to the same extent into both
MOPC315- and J558-containing Matrigel plugs. This reveals that, in contrast to
the priming in LN, migration of primed CD4" T cells into tumor tissues is not
antigen-specific. Third, macrophages were recruited to the same extent into
MOPC315- and J558-containing Matrigel plugs. Fourth, macrophages were ac-
tivated in MOPC315-containing Matrigel but not in Matrigel with J558, demon-
strating the importance of antigen presentation in situ for T cell-mediated
macrophage activation (Figure 3, lower part). Fifth, the levels of CD69 on Ma-
trigel-infiltrating T cells were higher in the MOPC315-containing Matrigel plug
as compared to the J558-containing Matrigel plug. This strongly suggests that
T cell recognition of tumor-derived peptides presented on MHC-II by macro-
phages results in reactivation of the tumor-specific CD4" T cells in situ at the
incipient tumor site™.
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Figure 3. Primary antitumor immune response mediated by CD4" T cells. An MOPC-specific TCR-
transgenic SCID mouse was injected s.c. with MOPC315-containing Matrigel on the right flank and
J558-containing Matrigel on the left flank. At day +6, Matrigel plugs and draining LN were analyzed
individually. Upper part: expression of CD69 on gated CD4*MOPC315-specific T cells in LN drain-
ing the left and right flanks. Lower part: expression of MHC-II on gated CD11b" macrophages that
had infiltrated the Matrigel plugs containing either J558 (left) or MOPC315 (right). Dotted line:
isotype-matched control mAb. Adapted with permission from A. Corthay, D.K. Skovseth, K.U.
Lundin, E. Rosjo, H. Ombolt, P.O. Hofgaard, G. Haraldsen and B. Bogen. Primary antitumor im-
mune response mediated by CD4+ T cells. Immunity 22:371-383 (2005). Copyright © 2005, El-
sevier Inc.

5.5. IFNy Is Critical for T Cell-Mediated Macrophage Activation
and Tumor Rejection

Matrigel-infiltrating tumor-specific CD4" T cells produce IFNY that is a potent
macrophage-activating factor”. To test whether the observed activation of Ma-
trigel-infiltrating macrophages was dependent on IFNYy, TCR-transgenic SCID
mice were injected with a blocking anti-IFNy mAb. T cell-mediated activation
of Matrigel-infiltrating macrophages was completely inhibited by blocking
IFNY. Notably, macrophage activation could be restored in non-transgenic SCID
mice by s.c. injection with mouse recombinant IFNYy. Thus, IFNY is critical for
activation of the macrophages that infiltrate the MOPC315-containing Matrigel
plugs™.

Macrophage activation by IFNYy is referred to as the classical activation
pathway and is characterized by upregulation of surface FcyRII/III. A number of
alternative pathways for macrophage activation have been described, which are
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associated with upregulation of receptors like FceRII (CD23), scavenger RI
(CD204), and mannose R (CD206)”. Flow cytometry analysis confirmed that
Matrigel-infiltrating macrophages in TCR-transgenic SCID mice have a classi-
cal activation phenotype (FcyRIVIII", CD23", CD204"°", CD206 "), in accor-
dance with their IFNy-mediated activation®.

The importance of IFNYy in tumor rejection by CD4" T cells was investi-
gated. In a first experiment, blockage of IFNyrendered the TCR-transgenic
SCID mice susceptible to MOPC315 tumor development, revealing that the anti-
tumor response was dependent on IFNY. In a second complementary experiment,
s.c. injection with mouse recombinant IFNy was shown to significantly delay
MOPC315 tumor growth in SCID mice. This indicates that the antitumor func-
tion of tumor-specific CD4" T cells can at least partly be substituted with local
injection of IFNY".

5.6. T Cell-Activated Macrophages Suppress Tumor Cell Growth

The primary anti-MOPC315 immune response is associated with secretion of
IFNYy by tumor-specific CD4" T cells, resulting in activation of macrophages in
close proximity to the tumor cells”. This suggests that IFNy- and T cell-
activated macrophages could directly exert tumor suppressive functions. Addi-
tion of IFNY in high concentration to MOPC315 cells in vitro had no effect on
cell proliferation, demonstrating that IFNY per se was not directly cytotoxic to
the myeloma cells. Similarly, Matrigel-infiltrating macrophages isolated from
control SCID mice had no influence on MOPC315 in-vitro growth (Figure 4). In
striking contrast, Matrigel-infiltrating macrophages isolated from TCR-trans-
genic SCID mice at day +7 were able to completely inhibit the in-vitro prolifera-
tion of MOPC315 cells in a dose-dependent manner (Figure 4). These results
demonstrate that Matrigel-infiltrating macrophages that have been activated in
vivo by tumor-specific CD4" T cells can effectively inhibit the growth of
MOPC315 cells in vitro. Since the suppression of tumor cell growth was ob-
served in a short-term (2.5 days) ex-vivo assay, it is likely that the activated
macrophages exert the same inhibitory function in vivo™.

It is well established that solid tumors are infiltrated by macrophages, but
the function of these tumor-associated macrophages (TAMs) is controversial.
Initial studies revealed that peritoneal macrophages from immunized mice could
kill tumor cells in vitro, and the reaction was shown to be immunologically spe-
cific*""'. Subsequent in-vitro studies demonstrated that macrophages could be
rendered tumoricidal by treatment with IFNy". However, extensive infiltration
of tumors by macrophages is often associated with a poor prognosis*”. Therefore,
it was proposed that the tumor microenvironment may educate TAMs, so that
they produce important growth factors and enzymes that stimulate angiogenesis
and tumor growth™**. More specifically, tumor cells have been suggested to
redirect TAM activity by secreting cytokines like IL-10 and TGF-f. Thus,
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Figure 4. T cell-activated macrophages suppress tumor cell growth. MOPC315-specific TCR-
transgenic SCID or SCID mice were injected with Matrigel containing MOPC315. Matrigel-
infiltrating CD11b" macrophages were purified at day +7 and tested at various effector to target
ratios for their ability to suppress the proliferation of MOPC315 cells in vitro in a growth inhibition
assay. In the same experiment, the direct cytotoxicity of IFNy (5000 U/ml) on MOPC315 was tested.
Adapted with permission from A. Corthay, D.K. Skovseth, K.U. Lundin, E. Rosjo, H. Omholt, P.O.
Hofgaard, G. Haraldsen and B. Bogen. Primary antitumor immune response mediated by CD4+ T
cells. Immunity 22:371-383 (2005). Copyright © 2005, Elsevier Inc.

TAMs may have either tumor-suppressing or tumor-promoting functions, de-
pending on their activation state**”. Tumor-specific CD4" T cells may have a
pivotal role in preventing early tumorigenesis by secreting IFNY and inducing
the classical macrophage activation pathway, which results in inhibition of tu-
mor cell growth®™. A proposed mechanism for immunosurveillance of MHC-II-
negative cancer cells by tumor-specific CD4" T cells through collaboration with
macrophages is summarized in Figure 5.

6. CONCLUSIONS

CD4" T helper cells have the well-known function of regulating the adaptive
immune response against pathogens. Surprisingly, the role of CD4" T cells in
tumor immunity has been largely neglected, while extensive research was con-
ducted on tumor-specific CD8" T cells. The role of CD4" T cells in fighting can-
cer has been conceptually problematic because most tumor cells do not express
MHC class II (MHC-II) and thus cannot be directly recognized by tumor-
specific CD4" T cells. Recent data reveal that specific recognition and elimina-
tion of MHC-II-negative tumor cells can be efficiently achieved through col-
laboration between tumor-specific CD4" T cells and macrophages. MHC-II-
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Figure 5. Mechanism for immunosurveillance of MHC-II-negative cancer cells by tumor-specific
CD4" T cells. (A) MHC-II-negative myeloma cells injected s.c. into syngeneic mice are surrounded
within 3 days by macrophages that capture tumor antigens. (B) Within 6 days, naive myeloma-
specific CD4" T cells become activated in draining LN and subsequently migrate to the incipient
tumor site. After recognition of tumor-derived peptides presented on MHC-II by macrophages, the
tumor-specific CD4" T cells are reactivated and start to secrete cytokines. T cell-derived IFNYy acti-
vate macrophages in close proximity to tumor cells. (C) Tumor cell growth is inhibited by such
locally activated macrophages.

negative myeloma cells injected subcutaneously into syngeneic mice were sur-
rounded within 3 days by macrophages that captured tumor antigens. Within 6
days, naive myeloma-specific CD4" T cells became activated in draining LN and
subsequently migrated to the incipient tumor site. Upon recognition of tumor-
derived antigenic peptides presented on MHC-II by macrophages, the myeloma-
specific CD4" T cells were reactivated and started to secrete cytokines. T cell-
derived IFNYy activated macrophages in close proximity to the tumor cells. Tu-
mor cell growth was completely inhibited by such locally activated macro-
phages.
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1. INTRODUCTION

In the last years, the clinical relevance of fungal diseases has gained importance
because of an increasing population of immunocompromised hosts, such as pa-
tients who have undergone transplants, patients with various types of leukemia,
and people infected with HIV. Although some virulence factors are of obvious
importance, pathogenicity cannot be considered an inherent characteristic of
fungi.' Fungi seem to have a complex relationship with the vertebrate immune
system, mainly due to some prominent features: among these, the ability of di-
morphic fungi to exist in different forms and to reversibly switch from one to the
other in infection. Although association between morphogenesis and virulence
has long been presumed for fungi that are human pathogens’, no molecular data
unambiguously establish a role for fungal morphogenesis as a virulence factor.
What fungal morphogenesis implicates through antigenic variability, phenotypic
switching, and dimorphic transition is the existence of a multitude of recognition
and effector mechanisms to oppose fungal infectivity at the different body sites.
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Most fungi need a stable host—parasite interaction characterized by an im-
mune response strong enough to allow host survival without pathogen elimina-
tion, thereby establishing commensalisms. Therefore, the balance of proinflam-
matory and antiinflammatory signaling is a prerequisite for successful host—
fungus interaction. In light of these considerations, although developments in
fungal genomics may provide new insights in mechanisms of pathogenicity’, the
responsibility for virulence, regardless the mode of its generation and mainte-
nance, is shared by the host and the fungus at the pathogen—host interface. Stud-
ies with Candida albicans have provided a paradigm that incorporates contribu-
tions from both the fungus and the host to explain the theme of the origin and
maintenance of virulence for commensals. Through a high degree of flexibility,
the model accommodates the concept of virulence as an important component of
fungus fitness in vivo within the plasticity of the host immune system"”.

2. WHAT AND WHICH ARE OPPORTUNISTIC
FUNGAL PATHOGENS?

The human commensal C. albicans is the leading fungal cause of important dis-
eases in humans’. Candida is a polymorphic fungus; it can exist in different
forms that have distinct shapes: yeast cells, pseudohyphal cells, and true hyphal
cells, all of which can be found in infected tissues. The ability to switch from
yeast to filamentous form is required for virulence, but much of the evidence
linking transition and virulence remains equivocal. The clinical spectrum of C.
albicans infections ranges from mucocutaneous to systemic life-threatening in-
fections. The predisposing factors to severe candidal infections can be congeni-
tal or acquired and concern defects of cell-mediated immunity, including defects
in neutrophils and dysregulated Th cell reactivity.

Most fungal infections are of exogenous origin. A striking example is As-
pergillus fumigatus, a saprophitic and ubiquitous fungus, for the ease of disper-
sion of its conidia. The diseases caused by Aspergillus range from benign colo-
nization and allergy to deadly diseases such as invasive pulmonary aspergil-
losis.” The small conidia can remain in suspension in the environment for a long
period of time, reaching human pulmonary alveoli and constantly exposing indi-
viduals inhaling them. In immunocompromised hosts, such as neutropenic pa-
tients or transplanted patients undergoing graft-versus-host disease, the inhala-
tion can provoke serious diseases, consisting of host tissue invasion by conidia
germinated to septate hyphae, an invasive form associated with fatal infections.

3. THE IMMUNE RESPONSE TO FUNGI : FROM MICROBE
SENSING TO HOST DEFENCING

Protective immunity against fungal pathogens is achieved by integration of two
distinct arms of the immune system — the innate and adaptive (or antigen-
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specific) responses’. The majority of fungi are detected and destroyed within
hours by innate defense mechanisms. The innate mechanisms appeared early in
the evolution of multicellular organisms and act early after infection. Innate de-
fense strategies are designed to detect broad and conserved patterns that differ
between pathogenic organisms and their multicellular hosts. Most of the innate
mechanisms are inducible upon infection, and their activation requires specific
recognition of invariant evolutionarily conserved molecular structures shared by
large groups of pathogens by a set of pattern recognition receptors (PRRs), in-
cluding Toll-like receptors (TLRS)B. In vertebrates, however, if the infectious
organism can breach these early lines of defense, an adaptive immune response
will ensue, with generation of antigen-specific T helper (Th) effector and B cells
that specifically target the pathogen and memory cells that prevent subsequent
infection with the same microorganism. Cytokines and other mediators play an
essential role in the process and, indeed, may ultimately determine the type of
inflammatory response that is generated toward the pathogens. The dichotomous
Th-cell model has proven to be a useful construct that sheds light on the general
principle that diverse effector functions are required for eradication of different
fungal infections’. To limit the pathologic consequences of an excessive in-
flammatory cell-mediated immune reaction, the immune system resorts to a
number of protective mechanisms, including the reciprocal crossregulatory ef-
fects of Thl- and Th2-type effector cytokines, such as interferon (IFN)-y and
interleukin (IL)-4, and the generation of regulatory T cells (Treg). Thus, innate
and adaptive immune responses are intimately linked and controlled by sets of
molecules and receptors that act to generate the most effective form of immunity
for protection against fungal pathogens (Figure 1).

4. SENSING FUNGI

Innate mechanisms of defense are traditionally divided into constitutive and
inducible. Constitutive mechanisms are present at sites of continuous interaction
with fungi and include the barrier function of the body surface and the mucosal
epithelial surfaces of the respiratory, gastrointestinal, and genitourinary tracts.
Additional mechanisms are microbial antagonism, defensins, and collectins.
These molecules lead to microbe opsonization and recruitment of phagocytic
cells. Innate inducible mechanisms are activated upon specific recognition of
microbes through various PRRs. PRRs are expressed on a variety of innate cells,
such as epithelial cells, polymorphonuclear cells (PMNs), monocytes, and den-
dritic cells (DCs). PRRs for fungi include TLRs, receptors for complement
components (CRs), for the FC portion of immunoglobulins (FcRs), receptors for
mannosyl/fucosyl glycoconjugate ligands (MRs) and for B—glucan (dectin-1)
(Figure 1)". Each receptor on phagocytes not only mediates distinct downstream
intracellular events related to clearance, but also participates in complex and
disparate functions related to immunomodulation and activation of immunity,
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Figure 1. The interface between innate and adaptive immunity to fungi. Essential to the successful
removal of fungal pathogens is the early recognition of fungi by components of the innate immune
system. These involve the complement system, opsonins, antibodies, IDO-dependent metabolic
pathways, and specialized receptors such as TLRs expressed on phagocytes and dendritic cells that
recognize specific fungal-derived molecular structures. Successful engagement of some of these
pathways leads to an inflammatory response with destruction of the pathogen alongside the estab-
lishment of dendritic cell and T cell interactions. A well-orchestrated innate and adaptive immune
response will lead to pathogen control and host protective Th1/Treg immunity. Failure to do so can
lead to pathogen proliferation and ultimately to dysregulated Th2 immunity. Solid and dotted lines,
positive and negative signals.

depending on cell types. The different receptors are called upon to serve as
early-warning systems. Not surprisingly, their ability to activate, in isolation,
various effector functions is limited. With few exceptions, internalization via
constitutively competent MRs does not represent an effective way of clearing
fungi in the absence of opsonins. However, MRs on DCs activate specific pro-
grams that are relevant for the development of antifungal immune responses (see
below). CR3 (also known as CD11b/CD18) engagement is one of the most effi-
cient uptake mechanisms of opsonized fungi, but it has the remarkable charac-
teristic of a broad capacity for recognition of diverse fungal ligands. The multi-
plicity of binding sites and the existence of different activation states enable
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CR3 of disparate (both positive and negative) effector activities against fungi.
Thus, because signaling through CR3 may not lead to phagocyte activation
without concomitant engagement of FcR, the use of this receptor may contribute
to intracellular fungal parasitism. It is of interest, indeed, that H. capsulatum
uses this receptor for entry into macrophages where it survives', but not into
DCs, where it is rapidly degraded”. Likewise, Candida exploits entry through
CR3 to survive inside DCs'. In contrast, ligation of FcR is usually sufficient to
trigger phagocytosis, a vigorous oxidative burst, and generation of proinflamma-
tory cytokines. TLRs, which are broadly distributed on cells of the immune sys-
tem, are arguably the best-studied immune sensors of invading pathogens, and
the signaling pathways that are triggered by pathogen detection initiate innate
immunity and help to strengthen adaptive immunity. TLRs belong to the TIR
(Toll/interleukin-1 (IL-1) receptor) superfamily, which is divided into two main
subgroups: the IL-1 receptors and the TLRs. The IL-1 receptor subgroup con-
sists of at least ten receptors, whose most notable members include both type I
and type II receptors, the IL-18 receptor, and the orphan receptors ST2 and sin-
gle immunoglobulin IL-1-related receptor (SIGIRR; also known as TIRS8). The
TLR subgroup comprises TLR1-TLR11. All members of this superfamily signal
in a similar manner owing to the presence of a conserved TIR domain in the
cytosolic region, which activates common signaling pathways, most notably
those leading to the activation of the transcription factor nuclear factor-eB (NF-
EB) and stress-activated protein kinases. TLR activation is a double-edged
sword. It is essential for provoking the innate response and enhancing adaptive
immunity against pathogens”. However, members of the TLR family are also
involved in the pathogenesis of autoimmune, chronic inflammatory, and infec-
tious diseases — by hyperinduction of proinflammatory cytokines, by facilitat-
ing tissue damage, or by impaired protective immunity.

The different impact of TLRs on the occurrence of the innate and adaptive
Th immunity to fungi is consistent with the ability of each individual TLR to
activate specialized antifungal effector functions on phagocytes and DCs™".
Although not affecting the phagocytosis, TLRs affect specific antifungal pro-
grams of phagocytes, such as the respiratory burst, and degranulation and pro-
duction of chemokines and cytokines (see below). As the quantity and specific-
ity of delivery of toxic neutrophil products ultimately determine the relative
efficiency of fungicidal activity versus inflammatory cytotoxicity to host cells,
this implicates that TLRs may contribute to protection and immunopathology
against fungi”. The emerging picture calls for: (i) the essential requirement for
the IL-1RI/MyD88-dependent pathway in the innate and Thl-mediated resis-
tance to C. albicans; (ii) the essential requirement of the MyD88-dependent
pathway in recognition of and response to C. neoformans; (iii) the crucial in-
volvement, although not essential, of the TLR4/MyD88 pathway in recognition
of and resistance to A. fumigatus; (iv) the beneficial effect of TLR9 stimulation
on immune-mediated resistance to pulmonary aspergillosis and cryptococcosis;
(v) the dependency of TLR-dependent pathways from the site of the infection,
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also illustrated in flies infected with C. neoformans, and (iv) the occurrence of
TLR signaling in a morphotype-specific manner, although the simultaneous en-
gagement of multiple TLRs as well as TLR cooperativity in vivo makes it diffi-
cult to gauge the relative contribution of each single fungal morphotype in TLR
activation and functioning'*"". For instance, TLR4 and CD14 mediate the recog-
nition of C. albicans-derived mannan. However, TNF-o. and IL-1f production in
response to Candida may also occur in a TLR4-independent manner, a finding
consistent with the observation that resistance to infection is decreased in TLR4-
deficient mice along with release of chemokines. Therefore, TLR2 and TLR4
are both implicated in the elicitation of host defense to the fungus, a finding ex-
emplifying recruitment of different TLRs by one microbial species.

5. TUNING THE ADAPTIVE IMMUNE RESPONSES:
THE INSTRUCTIVE ROLE OF DCs

Since their original discovery in 1973, DCs have assumed center stage as key
players in the initiation of adaptive immunity. They consist of a family of differ-
ent subpopulations, which originate from the bone marrow and develop to per-
form different functions. In infections they are central in the regulation of bal-
ance between immunopathology and protective immunity generated by host—
microbe interactions. At the immature stages of development, DCs capture anti-
gen-derived information in perypheral tissues, acting as sentinel cells. They are
located at the epithelial barriers that often represent the major portals of patho-
gen entry, take up antigens avidly, and move into secondary lymphoid organs
activating both helper and cytotoxic T cells. DC maturation is characterized by
downregulation of antigen acquisition, increased expression of major histocom-
patibility complex (MHC), costimulatory molecules, IL-12 production, and al-
tered expression of chemokine receptors. In addition to initiating immunity, DCs
can also downregulate immune responses, resulting in induction of peripheral
tolerance and prevention of autoimmune disorders".

It is now clear that DCs, through different receptors, are able to recognize
and capture fungus-associated information, translating it in qualitatively differ-
ent Th immune responses, in vitro and in vivo'. Human and murine DCs inter-
nalize many different fungi such as A. fumigatus, C. albicans, Cryptococcus
neoformans, Hystoplasma capsulatum, Coccidioides immitis, and Malassezia
furfur. A. fumigatus and C. albicans have been successfully used as pathogen
models to dissect events occurring at the fungus/DC interface. DCs internalize
Candida yeasts, Aspergillus conidia, and the hyphae of both. Phagocytosis oc-
curs in different ways and involves different PRRs. Recognition and internaliza-
tion of yeasts and conidia occur mainly by coiling phagocytosis, through the
ligation of MRs of different sugar specificity, DC-SIGN and, partly, CR3. The
entry of hyphae occurs by a more conventional, zipper-type phagocytosis, and
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involves the cooperative action of FcyR and CR3. Phagocytosis does not require
TLR2, TLR4, TLR9, and MyDS8.

The engagement of distinct receptors by different fungal morphotypes trans-
lates into downstream signaling events, ultimately regulating cytokine produc-
tion and costimulation, an event greatly influenced by fungal opsonins. Entry of
Candida yeasts or Aspergillus conidia through MRs results in the production of
proinflammatory cytokines, including IL-12, upregulation of costimulatory
molecules and histocompatibility Class II antigens, and activation of protective
Th1 cell responses. IL-12 production by DCs also occurs through the MyD88
pathway with the implication of distinct TLRs (IL-1RI and TLR9 for Candida
and TLR4 and TLR9 for Aspergillus). Actually, these events are all suppressed
upon entry through CR3. In contrast, coligation of CR3 with FcyR, as in the
phagocytosis of hyphae, results in the production of IL-4/IL-10, upregulation of
costimulatory molecules and histocompatibility Class II antigens, and activation
of Th2/Treg cells. Opsonization with MBL, C3, and/or IgG greatly modifies
receptor exploitation on DCs by the different fungal morphotypes and qualita-
tively affects DCs activation. Thus, collectins appear to favor the phagocytosis
of the fungus without implicating the production of cytokine messengers to the
immune system, an activity compatible with a primitive mechanism of host de-
fense and in line with their ability to downregulate the inflammatory response to
fungi. All together, opsonins, by subverting the morphotype-specific program of
activation of DCs, may qualitatively affect DC and Th functioning.

Studies in vivo confirm that DCs sample fungi at sites of infection, transport
them to the draining lymph nodes, and initiate disparate Th responses to the dif-
ferent fungal morphotypes”*. Furthermore, adoptive transfer of ex-vivo DCs
transfected with fungal RNA restores protective antifungal immunity in a mur-
ine model of allogeneic bone marrow transplantation'””. These results, along
with the finding that fungus-pulsed DCs could reverse the T cell anergy of pa-
tients with fungal diseases, may suggest the utility of DCs for fungal vaccines.

6. DCs AS TOLERANCE MEDIATORS VIA TRYPTOPHAN
CATABOLISM

The inflammatory reaction, although useful for the microbicidal functions, may
also contribute to pathogenicity. Recovery from infection may not only depend
on fungal growth restriction but also on resolution of inflammatory pathology.
This resolution imposes a new job on the immune system. In addition to effi-
cient control of pathogens, tight regulatory mechanisms are required in order to
balance protective immunity and immunopathology. Experimental and clinical
evidence indicates that the course and outcome of infections not only correlate
with fungal load but also with immunopathology'. Recent evidence suggests that
the inflammatory/antiinflammatory state of DCs in response to fungi is strictly
controlled by the metabolic pathway involved in tryptophan catabolism and me-



216 T. ZELANTE ET AL.

diated by the enzyme indoleamine 2,3-dioxygenase (IDO)”. IDO has a complex
role in immunoregulation in infection, pregnancy, autoimmunity, transplanta-
tion, and neoplasia. IDO expressing DCs are regarded as regulatory DCs spe-
cialized to cause antigen-specific deletional tolerance or otherwise negatively
regulating responding T cells. IFN-v is required for functional IDO enzymatic
activity in DCs™ ™. In candidiasis, IDO activity was induced at sites of infection
as well as in DCs via IFN-y- and cytotoxic T lymphocyte-associate antigen
(CTLA) 4-dependent mechanisms. IDO inhibition greatly exacerbated the infec-
tion and associated inflammatory pathology, as a result of deregulated innate
and adaptive immune responses. In vitro, IDO blockade reduced IL-10 produc-
tion in response to hyphae and increased IL-6/IL-12 production in response to
yeasts by PP-DCs. Consistent with the finding that PP-DCs producing IL-10 are
absolutely required for activation of CD4" CD25" Treg capable of negatively
regulating the inflammatory response and antifungal Th1 immunity upon adop-
tive transfer in vivo (see below), the number of IL-10-producing CD4" CD25"
Treg was significantly decreased in mice with candidiasis upon IDO blockade.
Concomitantly, the number of CD4" T cells producing IFN-y increased, while
that of cells producing IL-4 would decreased”. It appears that activation of IL-
10-producing CD4" CD25" T cells is one important mechanism through which
the IFN-y/IDO-dependent pathway may control the local inflammatory pathol-
ogy and Thl reactivity to the fungus. These results provide novel mechanistic
insights into complex events that, occurring at the fungus/pathogen interface,
relate to the dynamics of host adaptation to the fungus. The production of IFN-y
may be squarely placed at this interface, where IDO activation likely exerts a
fine control over inflammatory and adaptive antifungal responses. Therefore, the
selective expression of IDO in the gut may represent the missing tissue-
dependent factor that conditions the ability of DCs to produce IL-10 upon expo-
sure to Candida hyphae, ultimately dictating the local pattern of both cytokine
production and Th reactivity to the fungus. In addition, as C. albicans is a com-
mensal of the human gastrointestinal and genitourinary tracts and IFN-y is an
important mediator of protective immunity to the fungus, the IFN-y/IDO axis
may accommodate fungal persistence in a host environment rich in IFN-y. In its
ability to downregulate antifungal Th1 response in the gastrointestinal tract, IDO
behaves in a fashion similar to that described in mice with colitis, where IDO
expression correlates with the occurrence of local tolerogenic responses™.

7. DAMPENING INFLAMMATION AND ALLERGY TO
FUNGI THROUGH Treg

It is clear that Treg cells, in addition or instead of Th2 cells or cells infected or
exposed to pathogen products, are a principal source of antiinflammatory IL-10.
Beyond their fundamental role in ensuring self-tolerance, different types of Treg
cells participate in all immune responses”. Naturally occurring Treg cells origi-
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nate in the thymus during the normal process of maturation and survive in the
periphery as natural regulators, whereas inducible or adaptive Treg cells develop
from conventional CD4" T cells that are activated in conditions of blockade of
costimulatory signals, and presence of deactivating cytokines or drugs.
CD4'CD25" Treg cells have several modes of suppressive action at their dis-
posal, ranging from the inhibitory cytokines IL-10 and TGF-B to cell-to-cell
contact via the inhibitory CTLA-4 molecule. Both natural and inducible Treg
cells have been described in infection, their activation occurring through anti-
gen-specific and nonspecific mechanisms. Treg cells with immunosuppressive
activity have been described in fungal infections™”***'. Naturally occurring Treg
cells operating in the respiratory mucosa may account for the lack of pathology
associated with fungal clearance in P. carinii-infected mice. In mice with can-
didiasis, CD4"CD25" Treg cells producing IL-10 and TGFp, by dampening Th1-
sterilizing immunity, prevented sterilization of the fungus from the gastrointesti-
nal tract and allowed fungal persistence and the occurrence of memory immu-
nity. The induction of CD4'CD25" Treg cells in candidiasis was B7 costimula-
tion-dependent and involved the IFN-y/IDO dependent pathway (see above).
Because both the recovery of the fungus from the gastrointestinal tract and the
detection of underlying Thl reactivity can fluctuate in healthy subjects, it is
conceivable that Treg cells mediate tolerance to the fungus at the site of coloni-
zation. In this regard, it is intriguing that IL-6, known to have inhibitory activity
on Treg-cell functionality, is not produced in response to the fungus at epithelial
surfaces”, a finding that may explain the downregulation of IFN-y production in
some patients with recurrent vaginal candidiasis”. Similarly, the defective Thl
cytokine production seen in association with high levels of IL-10 in patients
with chronic mucocutaneous candidiasis” (CMC) could be a consequence of
deregulated Treg cells. CMC, although encompassing a variety of clinical enti-
ties, has been associated with autoimmune polyendocrinopathy—candidiasis—
ectodermal dystrophy, a condition in which the mutated gene has been shown to
be involved in the ontogeny of CD25" Treg cells”.

Distinct Treg populations capable of mediating antiinflammatory or tolero-
genic effects are coordinately induced after exposure to Aspergillus conidia™. A.
fumigatus is a termotolerant saprophyte that is associated with a wide spectrum
of diseases in humans of infectious, inflammatory, and allergic nature. The in-
herent resistance to diseases caused by the fungus suggests the occurrence of
regulatory mechanisms that provide the host with protection from infection and
tolerance to allergy. Although playing an essential role in the initiation and exe-
cution of the acute inflammatory response to fungus and subsequent resolution
of infection, PMNs may act as double-edged swords, as the excessive release of
oxidants and proteases may be responsible for injury to organs and fungal sep-
sis. In allergy, respiratory tolerance is mediated by lung plasmacytoid dendritic
cells (pDCs) producing IL-10, which induce the development of CD4" Treg
cells, expressing membrane-bound TGF- and Foxp3, in a costimulation and
TLR-dependent fashion®. It has been demonstrated that a division of labor oc-



218 T. ZELANTE ET AL.

curs between functionally distinct Treg cells that are coordinately activated by a
CD28/B7-dependent costimulatory pathway after exposure of mice to Aspergil-
lus resting conidia. Early in infection, inflammation is controlled by the expan-
sion, activation, and local recruitment of CD4'CD25" Treg cells expressing the
same phenotype as those that control intestinal inflammation and autoimmunity
and suppressing PMNs through the combined actions of IL-10 and CTLA-4 on
IDO. Late in infection, and similarly in allergy, tolerogenic Treg cells of the
same phenotype as those controlling graft-versus-host diseases or diabetes,
which produce IL-10 and TGF-f, inhibit Th2 cells and prevent allergy to the
fungus. Taken together, these observations suggest that the capacity of Treg
cells to inhibit aspects of innate and adaptive immunity may be central to their
regulatory activity in fungal infections. This may result in the occurrence of
immune responses vigorous enough to provide adequate host defense, without
necessarily eliminating the pathogen (which could limit immune memory) or
causing an unacceptable level of host damage (Figure 1).

8. LOOKING FORWARD

The therapeutic efficacy of antifungals is limited without the help of host im-
mune reactivity. Various cytokines, including chemokines and growth factors,
have proved to be beneficial in experimental and human refractory fungal infec-
tions”. The Th1-Th2 balance itself can be the target of immunotherapy. The
inhibition of Th2 cytokines, or the addition of Thl cytokines, can increase the
efficacy of antifungals, such as polyens and azoles, in experimental mycoses. In
the past decade, a dramatic shift has occurred in our mechanistic understanding
of innate immunity. Precisely, the appreciation that activation of the innate im-
mune system initiates, amplifies, and drives antigen-specific immune responses
together with the identification of discrete cell types, specific receptors, and the
signaling pathways involved in the activation of innate immunity has provided a
multitude of new targets for exploitation by the developments of adjuvants for
vaccines. Developments in DC biology are providing opportunities for improved
strategies for the prevention and management of fungal diseases in immuno-
compromised patients. The model has brought dendritic cells to center stage as
promising targets for intervention for immunotherapy and vaccine development
and has shifted the emphasis from the “antigen” toward the “adjuvant.” The ul-
timate challenge will be to design fungal vaccines capable of inducing optimal
immune responses by targeting specific receptors on DCs. This will require,
however, further studies aimed at elucidating the convergence and divergence of
pathways of immune protection elicited in infections or upon vaccination.
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Figure 4.3. The structure of iBALT in murine and human lungs. (A-B) C57BL/6 mice were infected
with influenza and 100-uM sections were prepared from lungs 3 weeks after infection and stained
with antibodies to B220 (green) and CD3 (red). The brightness of the green channel was increased so
that the autofluorescence of the airways and blood vessels would be visible. (C-D) Sections of a lung
biopsy from a patient with follicular bronchiolitis associated with Rheumatoid Arthritis were stained
with antibodies to CD20 (green) and PCNA (red) to identify proliferating B cells (C) and with anti-
bodies to CD21 (red) to identify follicular dendritic cell networks (D). Sections C and D are counter-
stained with DAPI (blue).
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