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Abstract

Fully functional CD8* T cell memory is highly dependent upon CD4" T cell support. CD4* T
cells play a critical role in inducing the expression of CD70, the ligand for CD27, on dendritic
cells. Here we demonstrate that CD27 stimulation during primary CD8" T cell responses regulates
the ability to mount secondary CD8* T cell responses. CD27 stimulation during vaccinia and
dendritic cell immunization controls the expression of the IL-7 receptor (CD127), which has been
shown to be necessary for memory CD8* T cell survival. Further, CD27 stimulation during
primary CD8" T cell responses to vaccinia virus restrained the late expression on memory
precursor cells of cytokine receptors that support terminal differentiation. The formation of CD8*
T cell memory precursors and secondary CD8* T cell responses were restored in the absence of
CD27 costimulation when endogenous 1L-12 was not available. Similarly, the lesion in CD8* T
cell memory that occurs in the absence ofCD4* T cells did not occur in mice lacking IL-12. These
data indicate that CD4" T cell help and, by extension, CD27 stimulation supports CD8* T cell
memory by modulating the expression of cytokine receptors that influence the differentiation and
survival of memory CD8* T cells.
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Introduction

In the search for more effective vaccine regimens, there is a continuing need to understand
the basis by which CD8" T cell memory develops and is sustained. Two competing
hypotheses account for CD8* T cell memory: first, that a subset of less differentiated
primary CD8* T cells survives at the end of the response (1); second, that memory
precursors split from primary effectors at early stages of the primary response and develop
as parallel population (2). Recent data indicate that naive CD8* T cells have the capacity to
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form either effector or memory CD8* T cells (3), and that at least some memory cells show
evidence of previous effector activity(4), supporting a linear differentiation model. From the
pool of CD8* T cells that expand in response to immunization, those with a greater capacity
for survival (termed Memory Precursors Effector Cells (MPECS)) are enriched within a
population of cells that reexpress the IL-7 receptor (IL-7R) (5,6), while terminally
differentiated effector cells with little capacity to survive long term (termed Short Lived
Effector Cells (SLECs)) frequently express KLRG1 (7). Loss ofIL-7 receptor expression has
been shown to be influenced by T cell receptor engagement and the binding of IL-7, but the
factors that influence it’s re-expression on MPECs are not known (8).

The factors that influence the fate-decisions of primary CD8" T cells are therefore of
considerable interest. Recent studies have elucidated that the extent of inflammation that
accompanies exposure to antigen is a critical determinant in the differentiation of primary
CD8* T cells into SLECs. CD8™ T cell responses to dendritic cell immunization are
dominated by cells with MPEC phenotype, and the addition of pro-inflammatory TLR-
agonists increases the proportion of KLRG1-expressing SLECs in the response (9).
Differentiation into KLRG1-expressing SLECs is strongly enhanced by IL-12-driven
induction of T-bet and BLIMP-1 (7,10-12). Genetically limiting T-bet expression enhances
CD8* T cell memory in some but not all cases(7,13), suggesting that SLECs arise from the
same common precursor as MPECs, and that inflammation-driven differentiation might
come at the expense of MPECs and memory CD8* T cells.

This leads to the hypothesis that differentiation into memory precursors is the default
pathway for activated CD8* T cells that have not received effector cell differentiation
signals. However, CD4* T cells have also been shown to provide important contributions to
memory CD8* T cell development and function in many (14-16) but not all responses to
pathogens(17). Our understanding of the mechanistic basis behind CD4* T cell-mediated
promotion of CD8" T cell memory is incomplete. In some studies, expression of IL-2 or
IL-21 receptor is necessary for CD8* T cell memory (18-20), suggesting that CD4* T cells
support CD8* T cell memory via the provision of paracrine cytokines. Alternatively, direct
stimulation of CD40 on CD8* T cells by CD4* T cells can enhance CD8* T cell activation
(21) and survival (22). CD4* T cell-mediated stimulation of CD40also play an important
role in up-regulating the activation state of dendritic cells (DC) to support CD8* T cell
responses. Direct stimulation of CD40 on DC has been shown to overcome the necessity of
CD4* T cells for the generation of primary CD8" T cell responses (23-25), and subsequent
development into fully functioning memory CD8" T cells (25), indicating that paracrine
cytokines provided by CD4* T cells may support but are not required for CD8* T cell
memory. These studies indicate that DC that have been activated by CD4* T cells induce a
program of proliferation and differentiation in CD8* T cells that is sufficient for long term
survival and homeostatic proliferation. However, our understanding of the mechanistic basis
by which CD4* T cell-stimulated DC regulate CD8+ T cell memory programming is
limited.

CDA40-stimulated DC upregulate the expression of CD70, the ligand for CD27, and blockade
of CD70 potently reduces primary CD8*T cell responses (25-27), demonstrating a
prominent role for CD70 expression in a “licensed” DC. Importantly, memory CD8* T cell
responses to influenza infection and LCMV infection have been reported to be curtailed in
CD27-knockout mice(28), and blocking CD70-CD27 interactions results in diminished
CD8* T cell memory (29,30). Therefore we hypothesized that the defects in the quantity and
quality of CD8* T cell memory that occur in the absence of CD4* T cell help are a
consequence of inadequate CD27 stimulation. To test this hypothesis, we utilized
combinations of blocking antibodies to CD70 and agonistic antibodies to CD27, either in the
context of highly inflammatory infections with recombinant vaccinia virus or weakly
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inflammatory DC-based immunizations, to determine the extent to which CD27 stimulation
during primary CD8* T cells responses influences the fate-decisions made by primary CD8*
T cells. Our results indicate that CD27-mediated stimulation strongly supports CD8* T cell
differentiation to MPECs, and protects against IL-12 mediated terminal differentiation.

Materials and Methods

Animals

C57BL/6Y (B6) mice were obtained from NCI (Frederick, MD). IL-12 p35 (B6.129S1-
1112a"™m1Im/3 stock # 002692) and 1L-12p40 knockout mice (B6.129S1-1112bMIM/ stock #
002693) were purchased from The Jackson Laboratory (Bar Habor, Maine). OT-I transgenic
mice, expressing T cell receptors specific for OVA257 peptide in complex with H-2KP, were
purchased from The Jackson Laboratory (C57BL/6-Tg(TcraTcrb)1100Mjb/J, stock #
003831) and crossed onto Thy1.1*(B6.PL-Thy1#/CyJ stock # 000406) mice obtained from
The Jackson Laboratory. CD27-knockout mice (31) were provided by Dr Stephen
Schoenberger (La Jolla Institute for Allergy and Immunology), with the permission of
DrJannieBorst (Netherlands Cancer Institute).Mice were maintained in specific pathogen-
free facilities and were treated in accordance with the guidelines established by the Animal
Care and Use Committee at the University of Virginia.

Cell lines and viruses

Antibodies

Recombinant vaccinia expressing ovalbumin (OVA) was provided by Dr Jon Yewdell
(NIAID), and was propagated on HUTK™ cells. Recombinant adenovirus expressing OVA
was kindly provided by Dr Young Hahn, University of Virginia, and was propagated on
293A fibroblasts. LB15.13 hybridoma was obtained from ATCC (Frederick, MD) and
maintained in RPMI with 5% FBS (Hyclone; Logan, UT)).

Agonistic AT124.1 anti-mouse CD27 has been described (32). FR70 blocking anti-mouse
CD70 has been described(33). Control immunoglobulin was purchased from Sigma (St
Louis, MO.).

BMDC generation

BMDC were expanded from mouse bone marrow in the presence of GM-CSF and IL-4 as
previously described(34). D7 BMDC were isolated by negative selection on magnetic
columns (Stemcell, Vancouver, BC), incubated overnight in culture with CD40L-expressing
3T3 cells and media containing 10pug/ml OVA257 peptide.

Peptides and protein

Synthetic peptides were purchased from Genscript (Piscataway, NJ) OVA was purchased
from Sigma. Endotoxin was removed by Detoxi-Gel endotoxin-removal kit (Pierce,
Rockford, IL).

Immunization

For the generation of chimeric mice, 1000-5000 Thy1.1*CD45.2* OT-I cells were
transferred into recipient mice. Depletion of CD4" T cells was achieved by i.p. injection of
200 pug GK1.5 (ATCC) 7d and 3d prior to generation of chimeric mice, and confirmed by
tail vein bleed. CD27 stimulation was performed by injecting 50 ug AT124-1 i.p. on d0, d3
and d6. CD70 blockade was performed by injecting 500 ng FR70 i.p. on d0, d2, d4 and d6.
IL-12 blockade was performed by injecting 500 ug C17.8 (Bioxcell, Hanover, NH) on dO0,
d2, d4 and d6 after immunization. rIL-12 (eBioscience) was delivered by i.p. injection of
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500ug 24h and 48h after immunization. Primary CD8" T cell responses were generated by
injecting mice i.v. with 107 p.f.u. OVA-vac, or 10° CD40L-activated OVA257-pulsed
BMDC. Secondary responses were initiated in primed mice by i.p. challenge with 2x108
p.f.u. recombinant OVA-adeno.

Virus titers from infected mice were determined 4d after i.p. challenge with 1x108pfu of
naive or previously immunized mice. Ovaries were excised and digested with collagenase/
DNAse/hyaluronidase then homogenized. Homogenate was subject to 3 cycles of freezing
and thawing then sonicated. Sonicate was cleared of particulate matter by a centrifugation,
and the supernatant used to infect HUTK-cells. Virus plaques were revealed 48h later by
crystal violet staining.

Tetramer staining

H2-KP-tetramers that had been folded around OV A,s57 were provided by Dr. Vic Engelhard,
University of Virginia. Lymphocytes were isolated from blood or homogenized spleens and
were co-incubated for 30 min at 4°C with tetramer-APC. Antibodies described were
purchased from eBioscience, with the exception of anti-CD44-Pacific Blue, anti-IL-21R-PE
and anti-IFNapR-PE which were purchased from Biolegend. Anti-CD212 (IL-12Rp1)-PE
and anti-CD107a-PECy7 were purchased from Becton Dickenson (Franklin Lakes, NJ).
Anti-KLRG1-PE was purchased from Abcam (Cambridge, MA). Staining was assessed by
flow cytometry on a FACS Canto Il (Becton Dickinson) and analyzed using FlowJo
Software (Treestar, OR).

Memory adoptive transfers

Statistics

Results

CD8™* T cells were enriched from CD45.1* mice by magnetic bead-based negative selection
(Stemcell) from the spleens and lymph nodes of d90 mice. OT-1 cells were enumerated by
staining for Thy1.1, and ~1000 OT-1 cells were transferred into recipient CD45*.2 mice.

Statistical significance of differences between comparison groups was determined by
performing unpaired two-tailed Student T tests for 95% confidence limits using GraphPad
Prism software (San Diego, CA).

Stimulation of CD27 on CD8* T cells promotes CD8" T cell memory in the absence of CD4*

T cell help

To begin to test whether the defect in CD8" T cell memory that occurs in the absence of
CD4™* T cells is a consequence of failed induction of CD27 co-stimulation, we first asked
whether direct stimulation of CD27 promotes CD8" T cell memory in the absence of CD4*
T cells. To facilitate tracking CD8* T cell responses, and to allow genetic manipulation of
responding CD8* T cell populations, we generated chimeric mice by transferring ~1000
Thyl1.1* OT-1 TCR transgenic cells into Thy1.2* recipient mice. At this frequency,
approximately 70% of the OVA257-specific response is composed of OT-I cells, while 30%
is derived from endogenous sources. This relationship is maintained through memory and
subsequent secondary expansion (Supplemental Figure 1).CD4* T cell-depleted OT-1
chimeric mice were immunized with recombinant vaccinia expressing ovalbumin (OVA-
vac), and treated with an agonistic antibody to CD27 or control immunoglobulin (clg)
during the primary response. Compared to non-depleted control mice, the frequency of the
OVA257-specific primary CD8* T cells in CD4-depleted mice was approximately 2-fold
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lower. CD27-stimulation modestly increased the magnitude of the OVA257-specific
primary response in CD4-depleted mice (Figure 1A). After 90d rest we assessed the ability
of these mice to mount secondary CD8* T cell responses to a heterologous challenge with
recombinant adenovirus expressing OVA (OVA-adeno). As anticipated, secondary
OVA257-specific CD8* T cell responses were highly compromised in clg-treated, CD4*™ T
cell-depleted mice as compared to non-depleted mice. In contrast, CD4" T cell depleted
mice treated with anti-CD27 mounted secondary OVA257-specific CD8* T cell responses
that were equivalent in magnitude to those found in non-depleted mice (Figure 1B). Similar
results were achieved using MHC Il-deficient mice (data not shown). The ability of anti-
CD27 treatment to rescue secondary CD8+ T cell responses corresponded to a significant
reduction in the amount of virus found in the ovaries of infected mice compared to control
treated counterparts (Figure 1C). CD27 stimulation worked directly on CD8* T cells as anti-
CD27 treatment restored CD8* T cell memory in CD4-depleted, CD27~/~ mice containing
wild-type OT-1 (Supplemental Figure 2). Therefore, the deficiency in CD8" T cell memory
that develops in the absence of CD4* T cells can be overcome by direct stimulation of CD27
on primary CD8* T cells.

CD70 blockade during the primary CD8"* T cell response abrogates CD8* T cell memory

We reasoned that if insufficient CD27 stimulation was responsible for the defect in CD8* T
cell memory in the absence of CD4* T cell help, then blocking CD27 stimulation in mice
replete for CD4* T cells should abrogate memory. We prevented CD27 stimulation by
infusing a CD70-blocking antibody after OVA-vac infection of OT-1 chimeric mice, and the
magnitude of the primary CD8* T cell response was determined in the blood or the spleen.
We found statistically significant yet small reduction in the magnitude of the OVA257-
specific response compared to control treated mice (Figure 2A). In contrast to the primary
CDS8™* T cell response, the secondary response from mice treated with anti-CD70 was almost
completely absent from both lymphoid (spleen, lymph nodes) and peripheral tissues (lungs)
(Figure 2B). Thus, as with CD8* T cell responses to vaccinia virus in the absence of CD4* T
cells (15,35,36), the primary CD8* T cell responses to recombinant vaccinia virus is not
strongly dependent upon CD70 stimulation. However, the secondary CD8* T cell response
after re-exposure to antigen was highly compromised, indicating a critical role for CD70-
mediated stimulation in promoting CD8 memory T cell formation or function. This fact is
further emphasized by the significantly higher vaccinia virus titer found in the ovaries of
aCD70 treated mice rechallenged with vaccinia compared to control treated mice (Figure
2C).

Reduction in the frequency of memory CD8* T cells in the absence of CD70 co-stimulation

The critical role of CD70 in establishing the ability to mount a secondary CD8* T cell
response implicated that CD70 stimulation might be needed in the proper formation or
survival of memory CD8* T cells, or their ability to expand upon challenge. To address this
question, we next determined whether CD27 co-stimulation during the primary response
altered the number of quiescent memory CD8* T cells. At 90d after infection, very few
OVA257-specific memory cells were found in mice that were blocked from CD70
costimulation during the primary response (Figure 2D). Those that remained expressed
similar surface molecules as the CD8* T cells found in control treated mice. The majority
(55-60%) expressedIL-7R and CD27, but only 10-20% expressed CD62L and CCR7 (not
shown). Therefore, effector memory phenotype cells dominated in the spleen of both clg and
anti-CD70-treated mice that have been infected with OV A-vac, but no significant
differences were apparent between control and anti-CD70 treated mice. Thus, CD70 co-
stimulation during the primary CD8* T cell response enhances the number of memory CD8*
T cells.
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We next determined whether memory CD8* T cells that developed in the absence of CD70
costimulation have defects in their ability to proliferate in response to antigen challenge(14).
~1000 memory OT-1 CD45.2* cells were transferred into recipient CD45.1 mice and
challenged with OVA-adeno. Memory CD8" T cells from either control or CD70-blocked
mice were able to expand equivalently (Figure 2E) and the subsequent secondary effectors
had the same ability to expose CD107a (a marker of cellular degranulation) and produce
IFNy(not shown). Therefore the absence of CD70 stimulation during priming with OVA-vac
abrogates the ability of mice to mount secondary CD8" T cell responses, and this is
predominantly a consequence of diminished memory CD8" T cell numbers, rather than the
type or function of the memory CD8" T cells that do form.

CD70 stimulation during primary OVA-vac infection supports IL-7 receptor-expressing
memory precursor CD8" T cells

To establish how CD70 stimulation supported memory CD8* T cells, we next asked whether
it played a role in the formation of CD8* T cell memory precursors, which are identified by
the expression of the IL-7 receptor (CD127) and the absence of KLRG1 expression (5,7).
First, we determined the frequency and number of MPECs in the spleens of control or
CD70-blocked mice 7d after priming, and found a 55% reduction in the number of primary
OT-1 cells that express IL-7R (Figure 3A). A similar outcome was found for the endogenous
component of the primary CD8* T cell response (Supplemental Figure 3).We found no
significant increase in KLRG1-expression by OT-1 cells, indicating that CD70-blockade
does not enhance terminal differentiation of effector CD8* T cells. Rather, an increase in the
frequency of OT-1 cells that express neither IL-7R nor KLRG1 (termed early effector cells;
EEC (37)) was noted (Figure 3A), suggesting that CD27 stimulation promotes either the
formation or persistence of IL-7R-expressing CD8* T cells.

We next assessed whether augmented CD27 stimulation enhanced the frequency and
number of IL-7R expressing memory precursors. Somewhat unexpectedly (38), we found
that CD4-depleted mice had a dramatically reduced frequency and number of KLRG1M
SLECS, yet did not have a lower frequency of IL-7TR*MPEC CD8* T cells (Figure 3B).
However, CD4* T cell-depleted mice treated with anti-CD27 had a significantly greater
frequency of IL-7R-expressing cells than either non-depleted mice, or CD4* T cell-depleted
mice treated with clg (Figure 3B). Notably, we found increases in both the frequency of
KLRG17IL-7R* and in IL-7R*KLRG1* CD8* T cells (Figure 3B). Again, these data were
recapitulated in the smaller endogenous response to OVA-vac (Supplemental Figure 4A and
4B).Thus, stimulation of CD27 during primary CD8* T cell responses to OVA-vac results in
a far greater proportion of CD8* T cells with characteristics of cells with potential to survive
into memory. Together, these data indicate that CD70/CD27 costimulation regulates either
the expression of IL-7R by primary effector cells, or is integral to either the proliferation or
survival ofIL-7R-expressing MPECs.

A deficiency in CD4* T cells during LCMYV infection has been previously shown to result in
excessive expression of the transcription factor T-bet and reduced expression of
Eomesodermin (Eomes), resulting in repression of the IL-7R and a corresponding loss of
central memory CD8* T cells (13). Therefore we determined whether CD27 stimulation
modulated the expression of T-bet and Eomes. While both transcription factors were
induced in effector CD8* T cells compared to naive CD8+ T cells (not shown), we found
little difference in T-bet expression in CD8* T cells that expand in response to OVA-vac
non-depleted and CD4-depleted mice (Figure 3C). In contrast, the expression of Eomes was
significantly reduced in CD8* T cells that expanded in CD4-depleted mice compared to non-
depleted. Treatment with anti-CD27 restored Eomes expression to a level even higher than
found in non-depleted mice (Figure 3C). Thus, ability of CD27 stimulation to promote
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secondary CD8* T cell responses after vaccinia immunization closely correlates with the
induction of Eomes expression, but not T-bet expression.

Promotion of CD8" T cell memory by CD27 co-stimulation correlates with decreased
expression of IL-12 and IL-2 receptors

The preceding data indicates that CD27 co-stimulation strongly influences CD8* T cell
memory potential. However, IL-7R expression is not sufficient for memory CD8" T cell
function(39,40). Further, while CD27 stimulation augmented the frequency of IL-7R
expressing cells, the absence of CD4* T cells did not substantially reduce the frequency of
IL-7R-expressing cells compared to control mice. These data suggested that CD27
stimulation modulates additional factors that influence memory CD8* T cell differentiation
or survival. Neither the expression of IL-21R or IFNapR (Figure 4A), nor autocrine
IL-2(41)(which was strongly induced by CD27stimulation; Figure 4B), correlated with the
ability to generate CD8™ T cell memory in CD4-depleted mice. In contrast, we found that in
CD4* T cell depleted mice IL-7R*OT-1 retained expression of CD25, the high affinity IL-2
receptor which marks terminally differentiated cells (42,43). Stimulation with CD27
significantly reduced the frequency of IL-7R* cells that expressedCD25 (Figure 4C, and
Supplemental Figure 4C). This suggested that in the absence of CD4* T cells MPECs retain
the expression of cytokine receptors that could lead to terminal differentiation. Supporting
this, the expression of IL-12RB1 on IL-7R* OT-1 inversely correlated with the capacity to
form CD8* T cell memory (Figure 4D). Of particular interest, IL-7R-expressing OT-1 that
co-expressed CD25 also expressed 1L-12Rp1, and this subpopulation was 3 times more
prevalent in CD4-depleted mice compared to non-depleted, yet was absent from CD4-
depleted mice treated with anti-CD27 (Figure 4E). Therefore, the absence of CD4* T cells
during primary CD8™ T cell responses is associated with increased expression of receptors
for cytokines associated with the differentiation and survival of effector cells on IL-7R-
expressing MPECs. Stimulation of CD27 suppresses the generation of cells with this
phenotype.

CD70 co-stimulation moderates the influence of IL-12 on MPEC formation and CD8* T cell

memory

Recent studies have implicated IL-12 as a critical mediator of CD8* T cell fate decisions
(7,10,44,45), and as CD27 co-stimulation modulated the expression of the IL-12RB1 chain,
we assessed whether IL-12 is responsible for the loss of memory cell formation in the
absence of CD27 co-stimulation. IL-12 only moderately contributed to the development of
OT-1 primary effector CD8" T cell responses to recombinant vaccinia, but concomitantly
blocking CD70 had an additive effect, leading to a significant reduction in the primary OT-1
CD8™ T cell response (Figure 5A). In contrast, we found that the magnitude of the OT-1
secondary CD8* T cell response IL-12-deficient mice treated with anti-CD70 was equivalent
to that of either IL-12-deficient or wild-type mice treated with clg (Figure 5A). Similar
results were found with 1L-12p40-knockout mice (data not shown). To define the basis for
this difference, we examined the impact of CD70-blockade on memory precursors. We
found that in the absence of 1L-12, the proportion of the responding CD8* T cells that
expressed KLRG1 was reduced. Further, in the absence of IL-12, CD70 blockade did not
significantly reduce the frequency and number of IL-7R-expressing memory precursors
(Figure 5B). Therefore, we conclude that CD27 stimulation plays a critical role in
controlling the influence of IL-12 on the differentiation and survival of MPECs.

CD70-blockade does not abrogate CD8* T cell memory in BMDC-primed mice

We next investigated whether CD70 co-stimulation is generally necessary for the
development of IL-7R-expressing MPECs, even under non-inflammatory conditions.
Cohorts of mice were immunized with OVA257-pulsed, CD40L-activated BMDC and
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treated with anti-CD70 or clg. Analysis of the primary CD8" T cell response revealed a
significant reduction (~75%) in mice treated with anti-CD70, consistent with our previous
results using BMDC pre-incubated with anti-CD70 (25)(Figure 6A). Strikingly, the
magnitude of the secondary CD8" T cell response elicited by OVA-adeno challenge was
equivalent between the two cohorts (Figure 6B). Therefore, under immunization conditions
that induce weak inflammation, CD70-blockade had a large impact on the development of
the primary CD8" T cell response but no apparent impact on the survival or differentiation
of CD8" T cell memory.

We reasoned that CD70 blockade during BMDC immunization had little impact on CD8* T
cell memory due to the minimal IL-12 produced by this immunization system. We therefore
immunized cohorts of OT-1 chimeras and treated with anti-CD70 or clg with supplemental
IL-12 or PBS. Inclusion of IL-12 had little impact on the overall magnitude of the OT-1
response generated in clg-treated mice. However, 1L-12 significantly increased the size of
the primary CD8* T cell response in anti-CD70-treated mice (Figure 6A), indicating that
IL-12 and CD70 stimulation non-redundantly support the expansion of primary effector
CDS8™* T cells. However, mice that had received IL-12 and anti-CD70 during the primary
response to BMDC immunization made very poor secondary CD8* T cell responses (Figure
6B). Therefore, CD8* T cells that respond to BMDC immunization require stimulation by
CD70 to form functional CD8* T cell memory in the presence of IL-12.

To understand the basis of the difference between the effect of CD70 blockade on the
development of CD8" T cell memory after OVA-vac and BMDC immunization, we
examined the impact of CD70 blockade on MPEC generation in response to BMDC.
Notably, considerably fewer OT-1 that responded to BMDC immunization expressed
KLRG1, while the proportion that expressed IL-7R was significantly higher (Figure 6C).
Surprisingly, we found that blocking CD70 during BMDC immunization resulted in a
substantial reduction in IL-7R-expressing OT-1; nevertheless, a considerably larger
frequency of IL-7R-expressing cells remained after CD70-blockade of BMDC immunization
compared to OVA-vac immunization. Blockade of CD70 during BMDC immunization
resulted in an increase in the proportion of EEC OT-1 that express neither KLRG1 nor
IL-7R (Figure 6C), indicating that CD70 blockade does not enhance terminal differentiation
in OT-1 responding to BMDC immunization. Thus, CD70 blockade reduces the proportion
of IL-7R-expressing MPEC primary CD8* T cells that respond to BMDC, but their
frequency remains relatively high.

Loss of CD8* T cell memory in the absence of CD4* T cells is caused by IL-12

As the defect in CD8" T cell memory that is found in CD4" T cell-deficient mice could be
overcome by stimulation of CD27, and closely correlated with the expression of the 1L-12
receptor, we hypothesized that the loss of CD8" T cell memory in the absence of CD4* T
cells might be a consequence of weak CD70-mediated protection against terminal
differentiation induced by IL-12. We depleted wild-type or IL-12-deficient OT-I chimeric
mice of CD4* T cells, and challenged with OVA-vac. As previously observed, the OVA257-
specific primary CD8" T cell response was ~2-fold lower in CD4-depleted mice (Figure
7A). However, compared to CD4-depleted wild-type mice, secondary CD8* T cell responses
elicited by OVA-adeno in CD4-depleted I1L-12-deficient mice were not compromised
(Figure 7B). Thus we conclude that the inability to mount secondary CD8* T cell responses
from memory CD8" T cells primed in the absence of helper CD4* T cells can be attributed
to IL-12 and can be overcome by direct stimulation of CD27 on CD8* T cells.
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Discussion

The studies presented herein demonstrate that CD70-mediated co-stimulation has a major
influence on CD8™ T cell memory, particularly in situations where IL-12 expression is
strongly induced. Our data indicate that CD70-CD27 interaction plays a significant role in
either the expansion/survival of IL-7R expressing cells, or directly modulates the expression
of the IL-7R. We find that CD70 stimulation dictates the frequency and number of IL-7R
expressing putative memory precursor CD8*T cells found at the peak of the primary
response, which is significant as little is known about the stimuli that promote MPECs.
Together these data illuminate an unappreciated role for CD27-mediated costimulation in
the promoting the frequency of IL-7R expressing cells and constraining the influence of
IL-12 on CD8* T cell differentiation, and mechanistically link the induction of CD70
expression on DC by CD4™ T cells with the programming of I1L-12 resistance in memory
CD8* T cell differentiation

As the expression of CD70 on DC generally requires ligation of CD40, we hypothesizedthat
the dysfunctional nature of memory CD8" T cells that develops in the absence of CD4* T
cell help can be attributed to a failure to induce CD70 expression. Supporting the
hypothesis, direct stimulation of CD27 bypassed the requirement for CD4* T cell help in the
promotion of CD8* T cell memory, while CD70 blockade abrogated CD8* T cell memory;
in both cases, loss of CD8* T cell memory was dependent upon IL-12. However, there is
some divergence in the impact of CD70 blockade and CD4" T cell depletion on the subsets
of CD8™ T cells at the peak of the primary response. The absence of CD4* T cells had a
more profound effect on KLRG1* SLEC numbers than on either the frequency or number of
IL-7R-expressing MPECs, highlighting the role for CD4* T cells in the support of SLEC
survival. However, autocrine 1L-2 expression in primary effector CD8* T cells, which has
recently been implicated in dictating the ability of CD8" T cells to become memory cells
(46), was not reduced in the absence of CD4" T cell help. Conversely, CD27 stimulation
strongly induced both IL-7R and autocrine IL-2 expression. These data indicate that CD27
stimulation and CD4* T cell help have some overlapping effects on CD8* T cell phenotype
and function; however, they are not surprisingly incompletely synonymous. Alternatively,
other mechanisms for inducing low levels of CD70expression independent of CD4™ T cells,
perhaps NK or NKT cells, may be at play during viral infections. Thus, some limited CD70-
mediated stimulation available in the absence of CD4™ T cells may allow the development
of cells with MPEC characteristics but not the ability to fully differentiate into long-lived
memory CD8* T cells.

The contribution of CD27 stimulation to CD8* T cell fate-decisions appears to be highly
associated with the extent of inflammation associated with the type of immunization. We
identified I1L-12 as the critical mediator that regulates memory CD8* T cell loss in the
absence of CD27 stimulation or CD4" T cell help during the primary CD8* T cell response.
IL-12 has been described as a strong promoter of CD8* T cell expansion, and promotes
differentiation into KLRG1-expressing effector cells after LCMV (7,47), Listeria
monocytogenes(48) and Toxoplasma gondii infection (10). Further, it has been suggested
that IL-12 may have a detrimental outcome on memory CD8* T cell differentiation (10,45),
although it is unclear whether this is due to forced differentiation into KLRG1-expressing
terminally differentiated cells, or activation-induced death of memory precursors. The
studies presented here demonstrate that in the absence of balancing stimulation by CD27,
IL-12 can result in the failure to generate long-lived CD8* T cell memory. We found that
CD8™ T cells that expand in the absence of helper CD4* T cells over-express IL-12RB1
compared to controls, while those that received supplemental CD27 stimulation had normal
levels of IL-12RB1 expression. This suggests that CD27 stimulation and CD4* T cell help
regulates the extent to which expanding CD8* T cells are responsive to 1L-12. IL-12Rp
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expression on CD4™ T cells is in part controlled by a positive feedback loop activated by
IFNy mediated induction of T-bet (49) and IL-2(50), but less is known about its regulation
on CD8* T cells. The reduced expression of IL-12R on CD8* T cells after CD27 stimulation
is an unexpected result given that stimulation of CD27 has been reported to enhance
IL-12Rp expression on human CD4* T cells(51), but provides a rationale for how CD27
engagement regulates the sensitivity of CD8" T cells to IL-12 mediated differentiation.
Pertaining to this, we found that Eomesexpression, but not T-bet expression, correlated with
CD4* T cell help and CD27 stimulation. This is consistent with the notion that T-bet is
initially induced by IFNy, rather than IL-12, and suggests that Eomes is either a novel
downstream target of CD27 signaling, or that the reduction in IL-12R expression abrogates
IL-12-mediated suppression of Eomes(52). In either case, the data presented here argue that
the importance of CD27 stimulation in promoting CD8* T cell memory can be amplified by
the extent of accompanying inflammatory cytokines. Interestingly, the contribution of CD27
stimulation for CD8" T cell memory was first noted in studies using influenza virus (30,31),
yet a recent study utilizing a different strain of influenza found no role for CD27 stimulation
in CD8™ T cell memory (53). This, together with DC immunization data presented here,
indicates that the requirement for CD27 and potentially other TNF-superfamily members
such as 4-1BB (CD137) (54) for CD8* T cell memory development may be exacerbated by
the inflammatory context present during the initial expansion of the primary CD8* T cell
response.

We found that CD27 stimulation strongly influenced the frequency and number of IL-7R-
expressing primary CD8* T cells, which are putative memory precursors. To date, the
control of IL-7R expression has generally been attributed to either TCR engagement or IL-7
binding. Currently we do not know whether the change in frequency of IL-7R-expressing
cells induced by CD27 stimulation is a consequence of augmentedproliferation,
differentiation or survival, and/or by direct regulation of IL-7R expression. However, CD27-
stimulation profoundly up-regulated the expression of IL-7R expression in differentiated
KLRG1-expressing cells. Further, the increase in IL-7R expressing OT-1 obtained after
CD27 stimulation occurred without a concomitant increase in total OT-1 numbers. Together,
these dataargue that CD27 stimulation controls IL-7R expression, rather than supporting the
survival of IL-7R-expressing cells. IL-7R expression is controlled by the opposing actions of
the transcription factors GABPal and Gfi-1 (55), and Foxol and Foxpl (56,57), and
potentially ETS-1(58), suggesting a role for CD27-signaling in the mobilization of these
factors. Future studies will elucidate whether there is a transcriptional cassette that is elicited
by CD27-stimulation that directly accounts for IL-7R expression, or whether CD27-
stimulation impacts on the ability of other cytokines (such as IL-12) to induce epigenetic
silencing or transcriptional repression of IL-7R. Further, as both IL-7R-stimulation and
CD27-stimulation induce anti-apoptotic molecules, it is interesting to speculate whether
CD27-stimulation operates through IL-7(59), and whether IL-7R-expressing KLRG1* cells
can survive to become memory CD8* T cells.

Together the data present here define a mechanism by which CD70-CD27 stimulation
regulates CD8* T cell memory, and provide a link between CD4* T cell-mediated licensing
of DC and CD8" T cell memory. Importantly, these data argue that targeting CD70-
expression, or CD27-stimulation, will provide a mechanism for generating long-term CD8*
T cell memory in the absence of CD4* T cell help. This has significant ramifications in the
design of vaccines individuals with degraded CD4*T cell populations. Further, the capability
of CD27 stimulation to induce IL-7R expression may provide opportunities to augment
IL-7-based immunotherapies for cancer and chronic viral infections (60,61).. Further, these
data indicate that vaccine adjuvants, such as TLR agonists, that elicit high or sustained
levels of IL-12 in the absence of concomitant induction of CD70 expression will possibly
lead to poor memory populations. Thus, for vaccines based upon minimal MHC class |
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restricted peptides, combination of TLR agonists with CD40 stimulation to induce CD70
expression, or the inclusion of peptide epitopes that elicit CD4* T cell responses are likely to
be significantly more effective at generating CD8* T cell memory.
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Figure 1. CD27 stimulation promotes CD8* T cell memory in the absence of CD4* T cells

OT-1 chimeric mice (n=3 mice per cohort) were depleted of CD4* T cells then immunized
with OVA-vac and treated with clg or anti-CD27. A. Primary OT-1 responses in blood 7d
after OVA-vac immunization. B. Secondary OT-1 responses in spleens 5d after OVA-adeno
challenge of mice from A. rested for >35d. C. Vaccinia titers from the ovaries of naive mice
or mice primed 60d previously with OVA-vac under the indicated conditions. Plots are
derived from representative individual mice within an experimental cohort. Histograms
contain compiled cohort data, showing median responses +/— SEM. *p<0.05; ** p<0.01
compared to B6. #p<0.05; ## p<0.01 compared to clg-treated mice. Data from one of 5
similar experiments.
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Figure 2. CD70 stimulation during the primary CD8" T cell response to OVA vac is required for
secondary CD8* T cell expansion

OT-I chimeric mice (n=3 mice per cohort) were challenged with OVA-vac and were treated
with anti-CD70 or clg during the expansion of the primary response. A. Magnitude of the
primary OT-1 response in spleens on d7 in clg or anti-CD70 treated mice. B. Magnitude of
secondary responses in lung, spleen and lymph nodes (LN) 5d after challenge with OVA-
adeno, >35d after initial priming with OVA-vac. Dot plots are from individual mice within
representative experiments. Histograms contain data from spleens of each cohort. C.
Vaccinia titers from the ovaries of naive or mice primed 60d previously with OVA-vac
under the indicated conditions. D. Frequency and number of quiescent memory CD8* T
cells enriched from the spleens of OVA-vac immunized OT-1 chimeric mice >90d after
priming. E. Magnitude of secondary OT-1 response from 1000 transferred quiescent
memory OT-1 5d after OVA-adeno challenge. Numbers in plots indicate percentage of cells
within plot within the indicated region. Each histogram shows the median value of the
cohort +/— SEM. *p<0.05; ** p<0.01 compared to clg-treated mice. Data from experiments
performed 3-5 times.
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Figure 3. CD70-CD27 stimulation modulates the frequency CD127-expressing primary effector
CD8* T cells

A. KLRGL1 and CD127 expression by d7 OT-1 (Top left plot; Thy1.1*) cells from chimeric
mice challenged with OVA-vac and treated with clg (top plots) or anti-CD70 (bottom plots).
clg and anti-CD70 plots are gated on Thy1.1, while bottom left hand plot shows KLRG1 and
CD127 expression on total CD8 for comparative purposes. B. Expression of CD127 and
KLRG1 on d7 OT-1 cells from spleens of non-depleted or CD4-depleted mice, treated with
clg or anti-CD27, that were primed with OVA-vac. C. Intracellular expression of T-bet and
Eomes in d7 OT-1 MPEC that expanded in non-depleted (solid lines) or CD4-depleted mice
treated with clg (dashed lines) or anti-CD27 (doted lines), gated on Thyl.1* CD127* CD8*
T cells. Dot plots and overlays are from representative mice. Numbers in dot plots indicated
the percentage of cells within the indicated regions or quadrants. Histograms show the
number of OT-1 expressing KLRG1 and/or CD127 in the spleens of B6 or CD4-depleted
mice treated with clg or anti-CD27 treated mice on d7 and the GMF expression of T-bet and
Eomes. Each histogram shows the median value of the cohort (n=3) +/— SEM. *p<0.05;
compared to clg-treated or B6 mice. #p<0.05; ## p<0.01 compared to clg-treated CD4-
depleted mice. Data represent experiments repeated at least twice.
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Figure 4. The ability of CD27 stimulation to promote CD8* T cell memory inversely correlates
with CD25 and IL-12R expression

Thy1.1* OT-1 were transferred into non-depleted or CD4-depleted mice that were infected
with OVA-vac and treated with clg or anti-CD27. 7d after OVA-vac infection spleens and/
or LN were excised and stained for the presence of CD44hi CD8* Thy1.1* OT-1 cells. A.
Expression of cytokine receptors on Thyl1.1" OT-1 gated cells. Histogram shows the
geometric mean fluorescence (GMF) or the respective cytokine receptors. B. Expression of
IL-2 by d7 OT-1 cells after short term in vitro stimulation of splenocytes (gray plots). Black
areas are from non-stimulated controls. Numbers in plots show percent OT-1 expressing
IL-2. C. Co-expression of CD127 and CD25 on d7 OT-1 cells. D. Co-expression of
IL-12RB1 and CD127 on OT-1. Dot plots show expression in individual mice. Histogram
shows percent OT-1 expressing IL-12RB1 in each cohort. E. Co-expression of CD25 and
IL-12RB1 gated on CD127-expressing OT-1 cells. *p<0.05 compared to non-depleted. Each
histogram shows the median value of the cohort (n=3) +/— SEM. # p<0.05 compared to clg-
treated. Data represent one of three similar experiments.
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Figure 5. IL-12 prevents secondary CD8" T cell responses in the absence of CD70 stimulation
A. OT-1 chimeric B6 or IL-12p35-knockout mice (n=3) were primed with OVA-vac in the
presence of clg or anti-CD70. Primary OT-1 responses (top plots) were determined by
Thy1.1-staining in blood 7d after infection. Secondary OT-1 responses (bottom plots) were
initiated by challenge with OV A-adeno 35d after initial priming with OVA-vac, and
determined by staining spleens 5d later for Thy1.1-expressing CD8" T cells. Naive indicates
the primary response generated 5d after OVA-adeno. B. Expression of KLRG1 and CD127
(dot plots) by d7, gated on Thy1.1* OT-1, in the spleens of mice described in A, and
enumeration of the number of OT-1 with each phenotype per spleen (histogram). Numbers
in dot plots indicate the percentage of cells within each region. Plots are derived from
representative individual mice within an experimental cohort. Histograms contain compiled
cohort data, showing median responses +/— SEM. *p<0.05; ** p<0.01 compared to clg-
treated B6. # p<0.05; ##p<0.01 compared to anti-CD70-treated mice. Data from one of 5
similar experiments.
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Figure 6. IL-12 induces memory CD8* T cell susceptibility to CD70 blockade after immunization

with BMDC

Cohorts (n=3) of OT-1 chimeric mice were primed with OVA257-pulsed, CD40L-activated
BMDC in the presence of clg (left panels) or anti-CD70 (right panels). Half the cohorts

received PBS (top panels) and the other half rIL-12 (bottom panels) on d0 and d2 after

BMDC. A. Primary OT-1 responses and B. secondary OT-1 responses were assessed 7d and
5d after immunization with BMDC or challenge with OVA-vac, respectively. Histograms

contain compiled cohort data, showing median responses +/— SEM. C. SLEC/MPEC

phenotype of d7 primary OT-1 cells in spleens elicited by either BMDC (top panels) or

OVA-vac (bottom plots) in mice treated with clg or anti-CD70. Plots are derived from

representative individual mice within an experimental cohort. Histograms contain compiled
cohort data, showing median responses +/— SEM. *p<0.05; ** p<0.01 compared to clg-
treated. Data are from one of 2 similar experiments.
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Figure 7. IL-12 is responsible for the loss of CD8* T cell memory to OVA-vac in absence of
CD4* T cells

Cohorts of non-depleted, or CD4-depleted B6 or IL-12p40~/~ OT-1 chimeric mice (n=3)
were primed with OVA-vac. A. Frequency of primary OT-1 response in blood on 7d after
priming. B. Frequency and total number of secondary OT-1 responses in spleen 5d after
challenging mice from A. with OVA-adeno. Histograms contain compiled cohort data,
showing median responses +/— SEM. n.s.=not significant. *p<0.05 compared to non-
depleted; # p<0.05 compared to CD4-depleted B6. Data from one of 2 similar experiments.
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