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Abstract

CD27 interactions with its ligand, CD70, are thought to be necessary for optimal primary and
memory adaptive immune responses to a variety of pathogens. Thus far all studies addressing the
function of the CD27-CD70 axis have been performed either in mice lacking CD27,
overexpressing CD70, or in which these receptors were blocked or mimicked by antibodies or
recombinant soluble CD70. Because these methods have in some cases led to divergent results, we
generated CD70-deficient mice to directly assess its role in vivo. We find that lack of CD70-
mediated stimulation during primary responses to LCMV lowered the magnitude of CD8 antigen-
specific T cell response, resulting in impaired viral clearance, without affecting CD4 T cell
responses. Unexpectedly, CD70-CD27 costimulation was not needed for memory CD8 T cell
generation or the ability to mount a recall response to LCMV. Adoptive transfers of wild type
(WT) memory T cells into CD70~/~ or WT hosts also showed no need for CD70-mediated
stimulation during the course of the recall response. Moreover, CD70-expression by CD8 T cells
could not rescue endogenous CD707/~ cells from defective expansion, arguing against a role for
CD70-mediated T:T help in this model. Therefore, CD70 appears to be an important factor in the
initiation of a robust and effective primary response but dispensable for CD8 T cell memory
responses.

Introduction

Whereas a T cell's eponymous receptor (TCR) provides antigen-specificity for adaptive
immune responses, full T cell activation requires complementary signals from costimulatory
receptors and inflammatory cytokines. Costimulation lowers the threshold for T cell
activation and supports proliferation and survival by promoting cell cycle progression,
upregulating anti-apoptotic molecules, and inducing IL-2 secretion (1-3). These functions
were initially attributed to CD28, the first widely appreciated T-cell costimulatory receptor.
However, CD28/~ mice provided evidence that, although sufficient for costimulation /n
vitro, CD28 was not necessary for all aspects of the immune response (4, 5). In particular,
CD28 is now not thought to be a major contributor to viral clearance and CD8 T cell
memory generation in response to strongly replicating and/or virulent pathogens such as
Lymphocytic Choriomeningitis Virus (LCMV) and virulent Vaccinia strains (4, 6). Other
costimulatory molecules have been identified, the most prominent of which are members of
the tumor necrosis factor receptor (TNFR) superfamily such as CD27, 4-1BB, OX40,
HVEM, CD30, and GITR, which have both redundant and unique contributions to the T cell
activation process (7). The timing and location of different costimulatory interactions vary
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substantially (7, 8). CD28 acts during early T cell priming and is quickly outcompeted by
the coinhibitory receptor CTLA-4 (9, 10), whereas TNFR superfamily members and their
ligands have much more complex regulation of expression during an immune response,
seemingly regulating its outcome at defined phases (11, 12). In addition, CD4 and CD8 T
cells seem to depend primarily on different TNF/TNFR superfamily members, with CD30/
CD30L and OX40/0OX40L interactions being more important for CD4 cells and 4-1BB/
4-1BBL for CD8 T cells (13-15). CD27-CD70 interactions have been implicated in both
CD4 and CD8 T cell responses (16, 17).

CD27 exerts its costimulatory activity after engagement by its only known ligand,
membrane-bound CD70. CD27 is highly expressed on naive T cells and is further
upregulated during early T cell activation. It is downregulated in late-phase effectors and/or
terminally differentiated effector memory cells (Tgm), but it is expressed at high levels in
central memory T cells (Tcp), a subset endowed with a high proliferative capacity (18-20).
CD27 signaling is controlled by the limited expression of CD70, which is constitutively
expressed on only a small fraction of thymic medullary cells and gut lamina propria
dendritic cells (DC). CD70 is transiently expressed on DC after stimulation via Toll-like
receptors (TLRs) and/or engagement of CD40 with CD40L, and on activated T and B cells
(21, 22). CD27-CD70 interactions were recognized as a bona fide costimulatory pathway in
in vitro studies where anti-CD27 crosslinking or co-culture with CD70-transfected cells
supported T cell proliferation in response to otherwise suboptimal stimuli (23-26). More
importantly, CD27~/~ mice manifested diminished antiviral T responses (16). Notably, in
CD27-deficient mice the initial commitment to T cell division was largely unperturbed
(likely ascribed to redundancy with CD28), but the effector T cells were more susceptible to
apoptosis and consequently accumulated poorly (12, 27). In addition, whereas single
knockouts for CD27 or CD28 had a similarly reduced CD8 T cell immune response to
influenza, double-deficient mice mounted almost no response, demonstrating the
complementary effects of those receptors (27). Importantly, the most prominent defect in
CD27~/~ mice was a failure to mount productive CD8 T cell recall responses (28, 29), which
could at least partially be attributed to the need for CD27-CD70 engagement in CD4 T cell-
mediated licensing of DC (17, 30, 31). DC-licensing is one of the proposed mechanisms that
allow CD8 T cell differentiation into protective memory cells, i.e. equipped with a full
arsenal of anti-apoptotic molecules necessary to survive secondary expansion (17).
However, such studies were done in CD27~/~ mice or with adoptively transferred CD277/~
cells, so CD70-mediated stimuli were absent during both the primary and secondary
response. Thus, it was never formally tested if memory CD8 T cells need CD70 during the
course of the recall response itself.

CD70 expression must be tightly controlled, as evidenced by pathological T cell activation
in three strains of CD70 transgenic (Tg) mice overexpressing CD70 on B cells, DC,and T
cells (32-34). The most severe phenotype was observed in B cell-CD70 transgenic mice
where constant T cell hyperstimulation led to progressive depletion of naive T cells and
IFN-y—mediated B cell ablation, ultimately resulting in a lethal immunodeficiency (35).
Although unmanipulated T cell-CD70 transgenic mice had a much milder phenotype, when
challenged with influenza they exhibited enhanced primary CD8 T cell responses and T cell
exhaustion, providing formal proof that T cells can provide costimulation to other T cells by
overexpressing CD70 (34). Constitutive CD70 expression is also found on T cells during
chronic infections such as HIV, supporting the hypothesis that HIV-associated T cell
exhaustion is an aftermath of exaggerated T cell costimulation via CD70-expressing T cells
(36, 37). A similar role in T-cell exhaustion via continued CD27-CD70 interaction was
found in a mouse model of chronic LCMV infection, although the cells expressing CD70
were not identified (38). Given the fact that, when activated, several immune subsets (DC, T
and B cells) can express CD70, it is difficult to discern the exact role that each of them has
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in promoting T cell responses or, adversely, causing overactivation or exhaustion.
Specifically, the repercussions of the putative CD27-CD70 engagement in T-T costimulation
are underexplored.

Although the role of CD27-CD70 engagement is considered important in many infectious
and immunization models, a consensus on its importance in the primary immune response to
an acute LCMV infection and pathogen clearance has not been reached. Whereas initial
studies in both CD27~/~ mice and mice injected with anti-CD70 reported that the CD8 T cell
response to LCMV was normal (29, 39), it was recently reported that the primary response
was diminished and the differentiation of memory precursors was impaired (38). An
infection with LCMV Armstrong is a valuable model for studying acute infections, and
CD70 upregulation on DC is higher during LCMYV infection than any other model studied,
such as infection with Vaccinia Virus, VSV, and Listeria Monocytogenes (39). Moreover,
the pathology related to chronic strains of LCMV can be diminished in CD27-deficient
animals or animals treated with blocking antibody to CD70 (38, 40), suggesting a prominent
role of CD27-CD70 interaction in the infection with this virus. To assess the role of CD70-
mediated signals in an acute infection with LCMV, as well as to dissect both timing and
location of CD27-CD70-delivered costimulation during the primary and secondary CD8 T
cell responses, we generated CD70-deficient mice and examined their response to LCMV.

Materials and Methods

Mice

C57BL/6 (B6) mice were obtained from Frederick Cancer Research Facility (Frederick,
MD). B-actin flpe transgenic and B-actin cre transgenic mice were purchased from The
Jackson Laboratory (Bar Harbor, ME). P14 TCR Tg mice (P14) expressing a TCR specific
for an LCMV epitope GP33-41 (GP33) were purchased from Taconic (Hudson, NY) (41),
backcrossed onto the B6 background, and bred at our animal facility. To obtain the
P14.CD45.1 congenic strain, P14 mice were bred with C57BL/6.CD45.1 mice, purchased
from The Jackson Laboratory. All animal studies were approved by the NCI Animal Care
and Use Committee.

Generation of CD70~/~ mice

Reagents

CD70 conditional knockout mice were generated by genetic recombineering, as described
(42) (http://ncifrederick.cancer.gov). The 4.3 kB region including exons 1-2 from the BAC
clone RP23-312G18 (BACPAC Resource Center) was subcloned in the targeting vector
pLMJ235. A loxP-neo -loxP cassette was inserted in an EcoRI site upstream of exon 1 and
subsequently excised by Cre induction in EL350 cells. The FRT-Neo'-FRT-loxP cassette
was inserted downstream of exon 2. The vector was linearized with the restriction enzyme
Notl and electroporated into strain 129 x B6-derived mouse embryonic stem cells in Mouse
Cancer Genetics Program in NCI-Frederick (Frederick, MD). The genotype of recombinant
mice was confirmed by Southern blot and PCR analysis. Recombinant CD70 mice were first
crossed to B-actin-Flpe Tg mice to cut out the Neo cassette. Tissue-wide deletion of the
loxP-flanked segments was achieved by crossing the mice that carried the recombinant allele
with mice expressing Cre under the control of the B-actin promoter. These mice are
designated as CD70~/~. CD70~/~ mice were subsequently backcrossed onto the B6
background for at least nine generations, and up to 14 in some experiments.

Antibodies to CD3e, CD4, CD40, CD44, CD62L, CD69, CD70, TCRp, B220, IFN-y, TNF-
a, IL-2, NK1.1, CD19, CD11b, 2.4G2 (Fc block) as well as GolgiStop and BD fixation and
permeabilization buffers were obtained from BD Biosciences. Antibodies against CD8,
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CD45.1, CD127, CD11c, CD11a, CD49d, Eomes, PD-1, and MHC Class I, the annexin V
staining kit and nuclear fixation and permeabilization buffers were purchased from
eBioscience. Antibodies against T-bet and KLRG1 were purchased from Santa Cruz
Biotechnology and SouthernBiotech, respectively. GP33-41 H-2DP (GP33), GP276-286
H-2DP (GP276), and NP396-404 H-2DP tetramers (NP396) were obtained from the NIH
Tetramer facility at Emory University, Atlanta, GA. GP33-41 and GP61-80 peptides were
purchased from Peptide 2.0 Inc. Power SYBR Green was obtained from Applied Bioscience.
LPS and polyl:C were purchased from Sigma-Aldrich. LIVE/DEAD Fixable Dead Cell
Stain was obtained from Life Technologies.

Viral growth, LCMV infection, generation of memory cells, and adoptive transfers

LCMV Armstrong 53b was grown in our laboratory in baby hamster kidney cells and viral
titers were determined as described (43). B6 and CD70~/~ mice were infected i.p. with 2 x
10° plaque-forming units (PFU) of LCMV Armstrong. To prepare LCMV memory cells for
adoptive transfer, 5 x 10° P14.CD45.1 cells prepared from lymph nodes were injected i.v.
one day prior to LCMV infection. Four to eight weeks following LCMV infection P14
memory cells were sorted based on CD45.1 and CD8 double positivity on FACSAria cell
sorter. Five x 104 sorted cells were injected into naive B6 or CD70~/~ hosts, which were
subsequently infected with LCMYV several hours after the cell transfer.

Flow cytometry and cell stimulation

For detection of intracellular cytokines, 3 x 108 splenocytes were stimulated with 0.3 pg/ml
GP33-41 or 1 pg/ml GP61-80 for 4-6 hr or left untreated. Cells were treated with BD
GolgiStop for the last 3—4 hr of incubation and then stained with antibodies to surface
markers, followed by fixation. The antibody 2.4G2 was added to the permeabilization buffer
to block Fc-receptor binding prior to the addition of anti-cytokine antibodies. Detection of
transcription factors, following surface staining, was performed after fixation and nuclear
permeabilization with eBioscience buffers. Flow cytometry was done with a
BDLSRFortessa cytometer using BD FACSDiva software (BD Biosciences). Annexin V
staining was performed according to the manufacturer's instructions. All flow cytometry
data analysis was performed with FlowJo software (Tree Star).

PCR and quantitative RT-PCR (qRT-PCR)

To test WT and CD70~/~ mice, two separate PCR reactions were performed using the
following primers: WT Forward: TCGTATAATGTATGCTATACGAAGTT, WT Reverse:
CTTGCTTTAACTCTCTGTCTATATTTCAGC, CD70-/- Forward:
GCACACAGCTGAGTTACAGCTG, CD70-/- Reverse:
GCTTACACATCACTAGTGCTCAGATG. Real-time PCR for CD70 was performed with
SYBR Green using 7500 Real Time PCR System by Applied Bioscience (Carlsbad, CA),
with the following primers: CD70-Forward: TGCTGTTGGTTTCATTGTAGCG CD70-
Reverse: ATCCTGGAGTTGTGGTCAAGGG. Viral loads were determined by measuring
viral RNA by RT-PCR in spleen lysates with nucleoprotein (NP) primers as described (44).
Housekeeping ribosomal 185 RNA was amplified to normalize RNA content of the lysate
and obtain dCT value.

Statistical analysis

Statistical analysis was done by using a Student's two-tailed unpaired t test with GraphPad
Prism software.
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Results

Generation of CD70-deficient mice

A construct in which the first two of the three exons of the CD70 gene (encoding the
intracellular, transmembrane and part of the extracellular domain) were flanked by loxP sites
was introduced into embryonic stem cells by homologous recombination (Fig. 1A). Mice
carrying the recombinant allele were crossed with mice expressing Cre-recombinase under
the control of the B-actin promoter to achieve deletion of CD70. As the residual exon 3 has
no open reading frame that could generate a truncated protein, such a deletion is expected to
generate a complete CD70 knockout. The progeny were screened for the recombinant allele
by PCR, one reaction amplifying the CD70 WT allele, the other the CD70-deleted allele
(Fig. 1B), which confirmed the efficiency of deletion. CD70 expression is upregulated in
dendritic cells (DC) during the early phases of infection and /n vitro by stimulation with
Toll-like receptor (TLR) agonists. To verify that the CD70 mRNA was absent in CD70-
deficient mice, bone marrow-derived dendritic cells (BMDC) from WT or CD70-deficient
mice were stimulated with LPS. Whereas WT cells expressed low levels of CD70 mRNA
that was upregulated by activation, CD70-deficient cells expressed no detectable CD70
mRNA (Fig. 1C). Moreover, when splenocytes were exposed to stimuli that increase CD70
expression, CD70 protein was detected on the surface of DC from WT but not CD70~/~
mice, confirming that the latter cannot produce CD70 (Fig. 1D).

CD707/~ mice were born at the expected Mendelian ratios and developed normally. Their
thymic development was undistinguishable from WT counterparts in both subset ratios and
numbers (Fig. 2A and data not shown). Early thymocyte progression through the DN1-DN4
developmental stages, as monitored by CD44 and CD25 expression, was also normal (Fig.
2B). Peripheral lymphoid organs of CD70~/~ mice contained normal numbers and
frequencies of T cells, B cells, and conventional DC (cDC) (Fig. 2C and data not shown).
Within the T cell compartment, CD4 to CD8 ratios were normal (Fig. 2C). Moreover, as all
CD70 transgenic mice had signs of overt T cell activation, we determined if fewer activated/
memory cells could be found in CD7Q"‘ mice. We found normal levels of naturally-arising
activated/memory T cells (i.e. CD44M cells in unmanipulated mice) in both CD4 and CD8
compartments (Fig. 2D). Therefore, mice lacking CD70 exhibited normal lymphoid tissue
development, as was found for mice lacking its receptor, CD27 (16).

Impaired primary CD8 T cell response and delayed viral clearance in CD70-deficient mice

Several reports have demonstrated that CD27~/~ mice or the mice treated with a blocking
antibody against CD70 have diminished primary responses to a number of pathogens,
including Influenza, Vaccinia Virus, Vesicular Stomatitis Virus, and Listeria
Monocytogenes (16, 29, 39). The response to LCMV was initially thought to be independent
of CD27-CD70 interactions (29, 39), although a recent report with transient anti-CD70
blockage has questioned this (38). As antibody-mediated blockage can have unpredictable
results, CD70~/~ mice were used to address this question. WT and CD70~/~ mice were
infected with the LCMV Armstrong strain, which elicits massive CD8 T cell expansion with
as many as 95% of the cells being LCMV-specific and having an effector phenotype on days
7-8, the peak of the CD8 T cell immune response (45, 46). As expected, on day 8 spleens
were enlarged in LCMV-infected WT mice (Fig. 3A), which was mainly attributed to a
prominent increase in CD8 T cells (Fig. 3B). CD8 T cells in CD70~/~ mice, on the other
hand, expanded much less, resulting in approximately half as many CD8 T cells. In
accordance with previous findings (45), there were very few naive CD8 T cells in WT
LCMV-infected animals, with approximately 95% having an activated/effector phenotype
(CD44"cD62L1°) (Fig. 3C). In contrast, a much larger fraction of CD8 T cells in CD70~/~
mice were naive (CD44!°1MtCDE2LNY) or had a Ty phenotype (CD44MNCD62LM) (Fig. 3C),
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which is unusual for LCMV infection. Notably, a prominent difference was seen in the
number of effector CD8 T cells (Fig. 3D), whereas the absolute numbers of naive and T
CD8 T cells were not different between the strains (Fig. 3E and F). Unlike CD8 T cells,
CD4 T cells are dispensable for clearance of acute LCMV infection and expand much less
than CD8 T cells (47). However, it was recently reported that as many as 50% of CD4 cells
at the peak of LCMV infection are LCMV-specific and that they can be distinguished by
expression of the trafficking molecules CD11a and CD49d (48). No difference in frequency
or absolute numbers of activated CD11a"CD49D* CD4 T cells was observed between the
strains (Fig. 3G and 3H), arguing for the importance of CD70-mediated costimulatory
stimuli for optimal CD8 but not CD4 T cell expansion.

To understand the breadth and kinetics of the CD8 expansion defect in CD70~/~ mice,
antigen-specific CD8 T cells against two major immunodominant (NP396 and GP33) and
one subdominant (GP276) LCMYV epitopes were assessed by tetramer staining over time. A
similar immunodominance hierarchy (NP396>GP33>GP276) and clone frequencies were
found in WT and CD70~/~ mice at the early phase of infection (day 6) (Fig. 3I), the peak of
the response (Fig. 3J), and during the contraction phase (day 12) (Fig. 3K). Although the
frequencies were similar, lower absolute numbers of tetramer* cells were found in CD707/~
mice at days 6-8 of infection (Fig. 3L), and the difference between the strains was even
larger if KLRG1M antigen-specific cells were compared (Fig. 3M). KLRG1 has been
proposed to be a marker of terminally differentiated CD8 T cells (termed short lived effector
cells) that received higher level of stimulation than their KLRG1-negative counterparts (49).
A slightly higher expression of KLRG1 was observed in WT compared to CD70~/~-antigen
specific cells, suggesting that the former received a higher level of stimulation (Fig. 3N).
Notably, the differences were more pronounced in cells specific for the immunodominant
antigens NP396 and GP33. Interestingly, during the contraction phase at day 12 (note the Y
axis scale difference between days), relatively more antigen-specific cells were found in
CD70~/~ than WT mice, raising the possibility that contraction was delayed due to the
persistence of virus.

The lack of CD70-mediated costimulation during priming could have several consequences,
such as less effective precursor recruitment, inefficient priming, and/or generation of
dysfunctional cells. To discern between these possibilities, we analyzed the consequence of
CD70 expression in the conditioning of T cell effector functions. At days 6 and 8 post
infection CD707/~ mice exhibited at least a two-fold decrease in the numbers of CD8 T cells
that secreted IFN-y, TNF-a, or IL-2 when challenged with an LCMV-epitope (Fig. 4A). In
contrast, a higher number of cytokine-secreting cells was observed at day 12. The frequency
of cytokine-secreting cells in the CD8 T cell compartment was only slightly lower in
CD70~/~ mice (Fig. 4B and Supplemental Fig. 1A and B), arguing that the large majority of
the difference in their absolute numbers was due to a difference in effector CD8 T cells.
Nevertheless, as the difference between numbers of GP33-tetramer* cells at days 6 and 8
(Fig. 3M) was less impressive than the difference in the numbers of cytokine secreting cells
(Fig. 4A), a slightly lower capacity to secrete cytokines in CD70%~~ cells probably also
contributed. It is also possible that some antigen-specific cells were unaccounted for due to
TCR-downregulation (50).T-bet and Eomes, transcription factors that govern the CD8 T cell
cytotoxic program, and the majority of surface markers of differentiation, such as CD122 (B
component of IL-2 and IL-15 cytokine receptors), CD25 (B component of IL-2 receptor),
and Ly6C, were indistinguishable between the strains at the peak of the response (Fig. 4C
and data not shown). However, a difference was observed in the fraction of effector
(CD62L'°) CD8 T cells that were positive for IL-7 receptor (IL-7R). IL-7R is transiently
downregulated during T cell activation and is re-expressed during the memory transition
(51). IL-7RN effector cells have higher self-renewal potential than 1L-7R'° fraction and are
thus considered to be memory cell precursors (51). As much as 10% of effector cells in WT
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mice were IL7RM, while this population was largely absent in CD70~~ mice (Fig. 4D,
arrows). This resulted in absolute numbers of IL-7RN effector cells being several-fold lower
in CD70~/~ mice (Fig. 4E). CD4 T cells challenged with antigen did not show any difference
in IFN-y, TNF-a, or IL-2 secretion at days 6-8 (Fig. 4F and Supplemental Fig. 2).
However, like CD8 T cells, CD4 T cells from CD70~/~ mice secreted more cytokines than
their WT counterparts at day 12. To determine if the observed lack of antigen-specific CD8
T cells had functional consequences, LCMV clearance from the spleen was measured, and
viral clearance was found to be substantially delayed in CD707/~ mice (Fig. 4G). These
results indicate that CD27-CD70 interactions are important for CD8 T cell expansion and
efficient clearance of LCMV, and suggest that the delayed viral clearance slows the
contraction of CD8 and CD4 T cells.

Efficient memory CD8 T cell generation in CD70-deficient mice

The suboptimal expansion of CD8 T cells at the peak of the LCMV response, as well as the
5-fold lower frequency of IL-7RN CD8 effector T cells, could have resulted in a reduction in
CD8 memory T cells (49, 51). However, we found no difference in the numbers of LCMV-
specific cells in WT and CD70~/~ mice at either early or late memory phases (1-2.5 months
or 8 months post infection, respectively) (Fig. 5A and B). The expression of T-bet and
Eomes transcription factors was also indistinguishable in memory CD8 T cells between
those strains (Fig. 5C). The function of memory cells was tested by /n vitro re-stimulation
with LCMV GP33 peptide. No differences between WT and CD70-deficient memory cells
were found in the percentage of CD8 T cells that were GP33-tetramer* and secreted the
cytotoxic cytokines IFN-y and TNF-a (Fig. 5D). Therefore, both the number and function
of LCMV-specific cells were normal in the memory phase of the immune response in
CD70~/~ mice, as was previously found for CD27~/~ mice in a similar acute infection model
with low dose of LCMV WE (29).

CD70-mediated costimulation is not required for secondary responses

Whereas the numbers of steady-state memory T cells in CD27~/~ mice were reported to be
mildly decreased or unperturbed, depending on the immunization model (28, 29, 52), a
marked defect was observed in their capability to mount a recall response /n vivo (28). This
was primarily ascribed to the need of CD27 engagement during the priming phase of the
response (17, 31). However, the experiments performed in CD27~/~ mice could not
distinguish between the importance of CD27-CD70 interactions during the priming phase
and the recall response itself, as such interactions were precluded in both occasions. To
discriminate between these possibilities, WT P14 memory T cells, specific for the LCMV
peptide GP33 in the context of H-2DP, were adoptively transferred to WT or CD70-deficient
recipient mice, and rechallenged them with LCMV (Fig. 6A). The memory P14 cells in both
recipients expanded swiftly, and those in CD70~/~ mice actually accumulated to modestly
higher absolute numbers (Fig. 6B). At the same time, the number of endogenous GP33-
tetramer* cells in CD70™~ mice (Fig. 6C), as well as the total number of activated
endogenous cells (Fig. 6D), was more than twofold lower than in WT mice, similar to our
findings with endogenous primary responses in the absence of adoptive transfer (Fig. 3). It
was proposed that cells undergoing recall responses in the absence CD27-CD70 interactions
fare poorly due to the lack of prosurvival molecules (17). However, we found no difference
between adoptively transferred memory cells expanding in WT or CD70™/~ mice in regard
to their susceptibility to apoptosis as measured by annexin staining, KLRG-1 expression,
and the expression of a marker of T cell activation and exhaustion, PD-1 (Fig. 6E). It is also
of note that endogenous responses in CD707~~ mice were not aided by the expanding
population of WT P14 memory cells (i.e. CD70-sufficient T cells), arguing against the
possibility that CD8 T cells expressing normal endogenous levels of CD70 provide
costimulatory signals to each other. In addition, although viral clearance was delayed in

J Immunol. Author manuscript; available in PMC 2014 February 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Munitic et al.

Page 8

CD70~/~ mice (Fig. 3), viral clearance in WT and CD70~/~ hosts that received P14 memory
cells was comparable (data not shown). Thus, WT P14 memory cells were fully functional
in CD707/~ hosts, arguing that CD70 is dispensable during the course of the recall response.

The finding that CD70 was not needed during rechallenge of WT memory cells in CD70~/~
hosts suggested that the difference in recall responses reported in CD27~/~ mice might be
ascribed to differences in CD8 T cell conditioning during the course of the primary response
itself, as previously suggested (17, 31). To test this, WT and CD70~~ mice were infected
with LCMV to generate memory response, and 10 months later were rechallenged with
GP33 peptide by footpad administration. At day 7 of the recall response, both WT and
CD70~/~ mice had a small number of GP33-tetramer* cells in non-draining lymph nodes
that had no signs of overt activation, i.e. representing steady-state memory cells (Fig. 6F,
and the data not shown). In addition, the number and phenotype of GP33-tetramert CD8 T
cells in the spleen were indistinguishable between WT and CD70~/~ mice (Fig. 6F, and the
data not shown). As expected, GP33-specific cells in the draining lymph nodes of WT mice
expanded to the secondary challenge (Fig. 6G). Unexpectedly, however, GP33-tetramer*
CD8 T cells expanded to an equal degree. These results demonstrate that in contrast to
CD27~/~ animals during influenza infection (28), CD70~~ mice mount a normal recall
response to LCMV.

Discussion

Although CD27-CD70 costimulatory pathway is thought to be essential for various immune
responses, there are some discrepancies between data generated in CD27~/~ mice and studies
using neutralizing antibodies against CD70, raising the possibility that these two
experimental approaches might not be entirely complementary. The generation of the
genetic model for CD70 deletion reported in this study allowed us to address some of the
issues that were unresolved in previous experimental settings. Off-target effects, such as
non-specific binding, antibody complex formation and/or phagocytic cell activation, as well
as incomplete blocking are possible artifacts of the neutralizing/blocking antibody approach.
To our knowledge, reverse signaling by blocking anti-CD70 has not been assessed, but
remains a possibility as several anti-CD70 antibodies were shown to directly affect Band T
cells function (53, 54). Perhaps even more importantly, CD70 could have functions
independent of its only known receptor, CD27. It is notable that in DC CD70 localizes with
MHC Class Il antigen-presenting machinery in endosomal vesicles, is delivered to the
immune synapse together with MHC class Il upon cognate antigen recognition, and that
both molecules even utilize the same invariant chain (li) chaperone for this process (55, 56).
It is thus conceivable that the presence or lack of CD70 would exert structural differences in
DC:T interactions or mitigate the DC function in some unknown fashion. Moreover, because
crosstalk between CD70 and CD27 results in downregulation of surface CD70 (29 and our
unpublished results), it is possible that the higher levels of unliganded CD70 in CD277/~
animals could affect the immune response. It is of particular interest to determine if other
putative binding partners for CD70 exist, and whether their function could be mitigated by
the lack of CD27.

CD27-CD70 interactions have been implicated at several steps of CD8 T cell differentiation
during an immune response. Initial studies demonstrated impaired primary CD8 T cell
expansion in CD27~/~ mice during Influenza infection (16, 28), although this was recently
disputed (52). Another report showed that the virulence of Vaccinia species directly
correlated with the engagement of OX40 and CD27, and consequently with the magnitude
of the primary antigen-specific CD8 T cell response (6). Our data with CD70~/~ mice
demonstrate the need for costimulation during priming for both optimal CD8 effector T cell
generation during LCMV infection and viral clearance. It was suggested that anti-CD70
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treatment at the late phase of the primary CD8 T cell response to Influenza increases the
sensitivity of antigen-specific CD8 T cells to Fas-mediated apoptosis (12). As the CD8
effector T cells of CD70~/~ mice had similar Bcl-x_and Bcl-2 staining to WT mice (our
unpublished observation), it is likely that lack of expansion rather than enhanced death
contributed to their diminished numbers.

Memory CD8 T cells are distinguished from their naive precursors quantitatively and
qualitatively, and are marked by their capacity for mounting rapid and protective recall
responses (57). It is thought that the major traits necessary for recall are “imprinted” during
early phases of the immune response, when antigen dose and costimulatory and cytokine
makeup determine whether responding CD8 T cells will become short-lived effectors or
memory precursors (58), although a requirement for fine-tuning memory responses during
their course has also been recently suggested (59). Importantly, the lack of CD4 cell help
during priming has been linked to generation of dysfunctional CD8 T memory cells that die
during rechallenge (60). Several procedures that modulate or mimic CD70-mediated stimuli
or regulate its expression were shown to be able to bypass the need for CD4 help. Treatment
with agonistic anti-CD27 or anti-CD40 antibodies (the latter causing robust CD70
upregulation on DC), or stimulation by soluble CD70 allow for CD4-independent CD8 T
cell responses (30, 61, 62). Several studies using CD27~/~ mice reported diminished
formation of memory CD8 T cells and/or their diminished capacity for secondary expansion
in different immunization settings, further establishing a role for CD27 in recall responses
(6, 28, 63). It was therefore expected that memory CD8 T cells would be perturbed
following LCMV infection. However, although anti-CD70 treatment resulted in a seemingly
lesser frequency of memory CD8 T cell precursors (IL-7R* effector cells), no differences
were found during the memory stage, prompting the authors to suggest that their antibody
blocking regimen was not sufficient or that the long-term antibody block would be necessary
to perturb the memory response (38). We addressed this issue with a genetic approach in
CD70~/~ mice, finding that neither steady state CD8 T cell memory numbers nor recall
functions were impaired. As in the study by Penaloza-MacMaster et al., lack of IL-7R*
effector cells was found in CD70~/~ mice, but as it clearly did not correlate to memory cell
numbers it is likely that IL-7R downregulation was a consequence of the persistence of
virus. Indeed, when the virus was cleared, at day 12, the same frequency of memory
precursor cells was found in both WT and CD70~/~ mice (data not shown). It is of note that
it was recently reported that in CD27-deficient mice there was no difference in the memory
response to Influenza, contradicting an earlier study with another strain of Influenza (28,
52). It is thus conceivable that the cytokine environment during different infections, such as
type I IFN and IL-12, dominant during LCMV and Vaccinia infections respectively, could
greatly mitigate the need for CD70-mediated costimulation. In support of this, the
generation of memory precursors in Vaccinia infection (64) was substantially more efficient
in IL-127/- D277/~ than in CD277"~ mice.

Due to their swift recall responses /n vitro, it was long thought that memory CD8 T cells are
largely costimulation-independent (65). This notion was recently challenged as /in vivorecall
responses were found to be severely diminished in CD28~/~ mice, and the need for such
costimulation inversely correlated with the antigen dose during the primary response (59,
66, 67). CD27-CD70 engagement greatly complements CD28-mediated stimuli during
primary responses, but its role during rechallenge remains controversial. Arguing against the
role of CD70-mediated costimulation in secondary responses was the finding that anti-CD70
blocking did not prevent adoptively transferred EAE (68). On the other hand, anti-CD70
treatment abrogated the ability of lymph-node resident CD8a* DC to allow both naive and
memory CD8 T cell proliferation (69). Adoptive transfer of WT memory cells into CD70~/~
mice allowed us to test the requirement for CD70 during the course of rechallenge /n vivo.
LCMV-memory T cells in CD70~/~ and WT hosts had equivalent capacities for expansion
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when rechallenged with antigen. While it is conceivable that some other models of
rechallenge could perhaps have a different result, we find it unlikely as the endogenous
memory recall response to peptide/CFA rechallenge following LCMYV infection was also
normal. Therefore, our data strongly suggest that CD70 is dispensable for recall responses.

CD70 has been established as a prominent factor in generating productive immune
responses in several vaccination strategies (6, 70). Moreover, manipulation of CD70-CD27
axis can break tolerance and enhance T cell-mediated tumor control (33, 71) as well as
allograft rejection (72, 73). Because CD27-CD70 interactions have both beneficial and
deleterious effects, to therapeutically exploit this costimulatory pathway a thorough
understanding of the underlying biology is of considerable importance. CD70~/~ mice
should be a useful tool in further explorations of how this receptor-ligand pair regulates
adaptive and, perhaps, innate immune functions.
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Figure 1.

Generation of CD70-deficient mice. (A) To generate CD70~/~ mice, homologous
recombination was used to insert a targeting construct into the endogenous CD70 locus. The
recombinant allele contained two LoxP sites flanking exons 1 and 2. Upon Cre-mediated
excision of exons 1 and 2, a CD70-deleted allele was obtained. Neo Cassette, PCR primers
for screening, and loxP and FRT recombination sites are indicated in the inserted legend.
Note that the map is not drawn to scale. (B) CD70~/~ mice were distinguished from WT
littermates by two PCR reactions, one amplifying the WT band (top panel), the other
amplifying the CD70-deleted allele (bottom panel). The respective primer binding sites are
shown schematically in A. (C) BMDC from WT or CD70™/~ mice were stimulated with LPS
for 6 hr and CD70 expression was detected by qRT-PCR. Data are shown as fold induction
over unstimulated WT BMDC (fold induction = 1). Mean + SEM for three independent
experiments is shown. (D) Splenocytes from WT or CD70~/~ mice were stimulated with
TLR agonists and other indicated stimuli that elicit DC maturation. Upregulation of CD70
was evaluated by surface staining of gated conventional DC (CD11cMMHCIIM) from spleen.
One representative experiment of three is shown.
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Figure2.

CD70-deficient mice have normal steady-state immune compartments. (A—B) The
frequencies of thymocyte subsets stained for CD4 and CD8 are shown in WT or CD70~/~
mice (A), CD25 and CD44 staining is shown for gated CD4~CD8~ (DN) Lin~ cells (Lin™ =
CD3e™CD11c¢™CD11b™CD197y8&7) (B). One representative experiment of four is shown.
(C) Absolute numbers of different cell subsets in the spleens of WT and CD70™/~ mice are
depicted. Mean + SEM of nine mice is shown. (D) Percentage of CD44M cells out of total
CD4 or CD8 T cells in the spleen of five individual WT or CD70~~ mice is shown. The
horizontal bars represent the mean + SEM. The differences were not statistically significant.
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Figure 3.

CD70-deficient mice have an impaired primary response to LCMV. (A—B) WT or CD707~/~
mice were infected with LCMV Armstrong and analyzed on day 8, the the peak of the
response. Absolute numbers of total cells (A) or CD8 T cells (B) in the spleens of individual
mice are depicted, with mean + SEM. (C—F) A representative plot (C) and absolute numbers
(D—F) of effector (CD44MNCD62L'), naive (CD44!o-NCDE2LM), and Tem
(CD44hicD62LNCMN) CD8 T cells in spleens from individual WT or CD707/~ mice on day
8 of LCMV infection. (G—H) A representative plot of activated CD4 T cells
(CD11a"CD49%) (G) and their absolute numbers from individual mice (H) in spleens from
LCMV-infected WT or CD70~/~ mice on day 8 of LCMV infection. (I-K) A representative
plot of NP396, GP33, and GP276 tetramer-positive CD8 T cells on day 6 (1), 8 (J), and 12
(K) of LCMV infection (note the Y axis scale difference between days). (L—M) Absolute
numbers of NP396-, GP33-, and GP276-tetramer positive (L) or KLRG1M tetramer-positive
CD8 T cells (M) on day 6, 8, and 12 of LCMV infection (7-8 mice per time point of each
genotype). (N) Expression of KLRG1 on NP396-, GP33-, and GP276-specific CD8 T cells
on day 6 of LCMV infection is shown from one representative WT and CD70~~ mouse.
Values from the individual mice with mean £ SEM are depicted. * p value < 0.05, ** p
value <0.001, *** p value < 0.005.
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Figure 4.

CI%?O—deficient mice have impaired CD8 T cell effector function and delayed viral
clearance. (A—B) Splenocytes were restimulated /n7 vitro with GP33 peptide on the indicated
days after LCMV infection and evaluated for cytokine production by intracellular staining.
Absolute numbers (A) or a representative staining (B) of IFN-y, TNF-a, and IL-2-
producing CD8 T cells from 8-16 individual mice per strain and per time point are
represented, with mean + SEM. (C) T-bet and Eomes expression on gated CD8 cells of
uninfected WT (thin black line), and LCMV-infected WT (filled grey histogram) or
CD707 (thick black line). (D—E) A representative gating of IL-7RMCD62L!° CD8 T cells
(D) and their absolute numbers from individual mice (E) in spleens from day 8 LCMV-
infected WT or CD70™/~ mice are shown. (F) Absolute numbers of IFN-y-producing CD4 T
cells from LCMV-infected mice on day 6, 8, and 12, with mean = SEM. (G) Viral RNA
from splenocytes of infected WT or CD70~/~ mice on the indicated days (5-11 mice per
time point of each genotype) was analyzed by gRT-PCR. Values from the individual mice
with mean £ SEM are depicted. * p value < 0.05, ** p value <0.001, *** p value < 0.005.
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Figureb.

CD70-deficient mice have a normal memory response to LCMV infection. (A-B) WT or
CD707~/~ mice were infected with LCMV Armstrong and analyzed one to 2.5 (A) or 8
months (B) later. Absolute numbers of GP33-tetramer™ CD8 T cells in the spleens of
individual mice are shown with mean + SEM. (C) T-bet and Eomes expression is shown on
gated GP33-tetramer* CD8 cells from uninfected (thin black line), and LCMV-infected WT
(grey filled histogram) or CD707/~ (thick black line) mice. (D) Splenocytes of infected mice
were restimulated /n vitro with GP33 peptide and IFN-y and TNF-a production was
detected by intracellular staining. One representative plot is shown from a total of eight
mice. No statistical differences were found.
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Figure6.

CD70 is dispensable for recall responses. (A) The experimental scheme is depicted.
CD45.1*P14 TCR Tg transgenic CD8 T cells were adoptively transferred to a WT recipient
(CD45.2%), which was then infected with LCMV. After 1-2 months memory P14 cells were
sorted and adoptively transferred into WT or CD70~/~ recipients. The recipient mice were
subsequently infected with LCMV and the recall response was evaluated five or seven days
later. (B-D) Absolute numbers of adoptively transferred memory P14 CD8 T cells (B),
GP33-tetramer™ cells (C) and endogenous effector CD8 T cells (D) in WT or CD70~/~ mice
after five or seven days of infection with LCMV are depicted. Mean = SEM of three-five
mice of each strain per time point is shown. (E) PD-1, KLRG1 and Annexin V surface
levels on CD8 T cells of uninfected (filled histogram), P14-Tg cells in WT (thin black line),
or P14-Tg cells in CD70~/~ (black thick line) splenocytes is depicted. (F-G) WT or
CD707/~ mice were infected with LCMV and 8 months later rechallenged 77 vivo with GP33
peptide by footpad administration. Absolute numbers of GP33-tetramer* T cells in draining
and non-draining lymph nodes (F) and in spleen (G). Mean £ SEM of three mice is shown.
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