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Abstract

Death receptor 3 (DR3, TNFRSF25), the closest family relative to tumor necrosis factor receptor
1, promotes CD4* T-cell-driven inflammatory disease. We investigated the /7 vivorole of DR3
and its ligand TL1A in viral infection, by challenging DR3-deficient (DR3KO) mice and their
DR3WT littermates with the B-herpesvirus murine cytomegalovirus or the poxvirus vaccinia virus.
The phenotype and function of splenic T-cells were analyzed using flow cytometry and molecular
biological techniques. We report surface expression of DR3 by naive CD8* T cells, with TCR
activation increasing its levels 4-fold and altering the ratio of DR3 splice variants. T-cell responses
were reduced up to 90% in DR3KO mice during acute infection. Adoptive transfer experiments
indicated this was dependent on T-cell-restricted expression of DR3. DR3-dependent CD8* T-cell
expansion was NK and CD4 independent and due to proliferation, not decreased cell death.
Notably, impaired immunity in DR3XO hosts on a C57BL/6 background was associated with 4- to
7-fold increases in viral loads during the acute phase of infection, and in mice with suboptimal NK
responses was essential for survival (37.5%). This is the first description of DR3 regulating virus-
specific T-cell function /n vivo and uncovers a critical role for DR3 in mediating antiviral
immunity.
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The tumor necrosis factor receptor superfamily (TNFRSF) is a group of structurally related
cytokine receptors, through which ligand-induced signaling is critical for orchestrating the
formation, maintenance and function of the peripheral immune system (1-4). Death receptor
3 (DR3, TRAMP, LARD, WSL-1, Apo-3, TR3, TNFRSF25) is one of the more recently
discovered TNFRSF members and belongs to a subdivision that contains a death domain, an
intracellular region that can recruit TNFR1-associated death domain (TRADD) and Fas-
associated death domain (FADD) proteins as downstream effectors of apoptosis following
receptor overexpression (5-10) or binding of its ligand, TNF-like protein 1A (TL1A,
TNFSF15; refs. 11, 12). However, DR3 can also recruit TRAF2 via TRADD, thus activating
the transcription factor NFxB, which, in turn, induces multiple immune activation and cell
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survival genes (11, 13). This contextual multifunctionality has been borne out in in vivo
studies of mice genetically deficient for DR3 expression or overexpressing TL1A. DR3
regulates T-cell receptor (TCR)-triggered death of thymocytes (14) but is also expressed by
natural killer T (NKT), CD4* T and myeloid cells (15-20), through which DR3 controls the
induction and immunopathology of several autoimmune and inflammatory diseases,
including inflammatory arthritis, experimental autoimmune encephalomyelitis, colitis,
ileitis, allergic lung inflammation, and experimental autoimmune uveoretinitis (16, 19-27).
DR3 expression can also be triggered on tubular epithelial cells, through which this axis
controls responses to renal inflammation and injury (28, 29). To date, essential /77 vivoroles
for DR3 in immunity to viruses have not been reported.

Murine cytomegalovirus (MCMV) is a double-stranded B-herpesvirus endemic in most
rodent populations, which has been used extensively to examine host-pathogen relationships
and adaptive immunity (30-32). During acute MCMYV infection, the dominant cellular
antiviral response consists of the development and expansion of a large pool of CD8* T cells
directed against several virus antigens (33-36). Notably, sustained cellular immune control
by antiviral CD8* T cells is required for active suppression of latent MCMV reactivation
(33). In addition, MCMV-specific CD8* T-cell lines and MCMV-primed polyclonal CD8*
T cells protect against MCMYV infection on adoptive transfer into immune-deficient hosts
(31). Thus, CD8* T cells play an important role in the provision of long-term antiviral
immunity against cytomegalovirus infection (31, 37).

We examined the role of DR3 during acute MCMV infection in DR3-deficient DR3-
knockout (DR3XO) mice, paying particular attention to DR3-dependent effects on CD8* T
cells. Here we report constitutive surface expression of DR3 on CD8* T cells that is tightly
regulated following activation. DR3KO mice exhibited compromised CD4* and CD8* T-cell
expansion following MCMV challenge that was associated with impaired control of virus
replication. These findings reveal that DR3 can orchestrate immune responses elicited by
evolutionarily divergent viruses and suggest that manipulation of this pathway can promote
T-cell immunity to pathogens.

MATERIALS AND METHODS

Mice

All MCMV experiments were undertaken on 8- to 10-wk-old Thy1.1* or Thy1.2* DR3 wild
type (DR3WT) and DR3XC mice (obtained from Cancer Research UK; ref. 14) on a C57BL/
6 or DBA-1 background (7 backcrosses) bred in-house, as described previously (38). All
procedures were performed in strict accordance with UK Home Office project licenses
30/2580 and 30/2442.

Cellular staining and flow cytometry

Splenocytes were isolated, treated with red blood cell lysis buffer, incubated with Fc block
(BD Pharmingen, San Diego, CA, USA) and stained with combinations of preconjugated a.-
mouse CD44, NK1.1, CD8, CD4, B-TCR (BD Pharmingen), CD25 (Invitrogen, Carlsbad,
CA, USA) and CD69 (eBioscience, San Diego, CA, USA) mAbs. In some experiments,
MCMV-specific CD4 and CD8 T cells were identified following ex vivo peptide
stimulation, as described previously (39). Cell proliferation and apoptosis were detected
using the Ki67 set and annexin-V apoptosis detection kit (both BD Pharmingen),
respectively. In some experiments, after 30 min blocking with 5% normal goat serum
(Vector, Burlingame, CA, USA), splenocytes were stained with polyclonal a-mouse DR3-
biotin (BAF 2437; R&D Systems, Minneapolis, MN, USA) followed by SA-APC
(Molecular Probes, Eugene, OR, USA). To evaluate the effects of TL1A on proliferation and
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TCR-induced DR3 expression, whole splenocytes, or splenic CD8* T cells isolated to >98%
purity using magnetic selection (Miltenyi Biotec, Bergisch Gladbach, Germany), were
incubated in 96-well plates (1x10° cells/well) with combinations of murine sTL1A (50 ng/
ml; R&D Systems), anti-mouse CD3 (10 png/ml; clone 145-2C11, plate bound) and anti-
CD28 (0.5 pg/ml; clone 37.51, plate bound; BD Pharmingen) for up to 4 d before anti-DR3,
CD4, CD8, CD25, CD44, and CD69 staining. Isolated T cells were prelabeled with 0.25 M
carboxy-fluorescein succinyl ester (CFSE) as described previously (15). Data were acquired
either on a FACSCalibur (BD Biosciences, San Jose, CA, USA) or a CyAn ADP flow
cytometer (Beckman Coulter, Fullerton, CA, USA) and analyzed with CellQuest Pro (BD
Biosciences), Summit (Beckman Coulter) or FlowJo (Tree Star, Ashland, OR , USA)
software. Cell numbers were determined using a BD Accuri C6 flow cytometer and CFlow
software (BD Biosciences).

Splice variant analysis

CD8™ T cells were isolated by positive magnetic selection (Miltenyi Biotec) from OT-1-
derived spleen and lymph node cells with or without activation using 100 pM SIINFEKL
peptide for 24h. RNA was extracted using the RNeasy mini kit, cDNA synthesized from 2.5
g of total RNA using the Superscript I11 first strand synthesis system (Invitrogen, Carlsbad,
CA, USA) and DR3 transcripts amplified using the following primers (5'-3"): for Fig. 1C,
forward TGACCCTTGAGAACTGCTCGG and reverse
GGATAGCCCCAAAAAGGAACGOC,; for cloning and sequencing, a nested PCR using
forward F1F-CAGAGCCGCACTCACAAGGG, forward F1N-
GGTACACACCGCAATGGAGG, reverse RIF-CAGAGCCGCACTCACAAGGG, and
forward RIN-GATGGACCTTCCATCACGGGC.

Virus, mouse infections, and treatments

Statistics

RESULTS

C57BL/6 and DBA mice were infected i.p. with 5 x 104 to 2 x 10° or 1-4 x 10% plaque-
forming units (PFU) of MCMV Smith strain [American Type Culture Collection (ATCC),
Manassas, VA, USA], respectively, isolated and purified from the salivary glands of
infected Balb/C mice as described previously (40). Mice were sacrificed between d 0 and 32
postinfection, and MCMYV tissue titers (spleen, kidney, liver, lungs, and salivary glands)
were determined by titration on 3T3 cells (40). In some cases, mice were treated on d -2 and
0 with anti-CD4 mAbs (clones YTA3.1.2 and YTA 191.1.2, 100 g of each). In other
experiments, Thy1.2* DR3WT or DR3KO T cells were isolated using MACS (Miltenyi
Biotec) purification kits, and 4 x 108 cells were adoptively transferred into congenic
Thy1.1* mice before MCMV challenge. For recombinant vaccinia virus (rVV) challenge,
mice were challenged i.p. with 5 x 108 PFU rVV, tissues were removed on d 4, 8, and 12,
and rVV titers were determined as described previously (41).

All statistical analysis was performed using GraphPad Prism software (GraphPad, San
Diego, CA, USA). Values of £< 0.05 were considered statistically significant and are
included in the figures.

DR3 is expressed by CD8* T cells and regulated following activation

Cell surface expression of DR3 was investigated on subpopulations of immune cells using
an anti-DR3 polyclonal Ab and DR3KO splenocytes as a control for specificity. In
agreement with previous reports (20), cell surface DR3 was found on NK1.1*TCRB* NKT
(Fig. 1A) and CD4™" T cells (Fig. 1B) in the spleen but was absent from NK1.1*TCRB™ NKT
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cells (Fig. 14). DR3 expression on CD4* T cells was found on the majority of both CD44!°
naive (mean+se; 87+0.6%) and CD44N (55+1.5%) antigen-experienced cells (Fig. 18, D). In
contrast, preferential DR3 surface expression was observed on naive CD441°CD25!0 CD8* T
cells (66+1.5%), with considerably less on the antigen-experienced CD44NMCD25M subset
(201.5%) from DR3WT mice (Fig. 1C, D). Overall expression of DR3 relative to control
staining was higher on CD4" T cells compared to CD8* T cells (Fig. 1). DR3 surface
expression on T cells was also monitored in whole-splenocyte and purified T-cell cultures
after stimulation with agonistic anti-CD3 mAb. Following activation, DR3 was up-regulated
in distinct patterns depending on the T-cell subset. For CD4* T cells, DR3 expression
increased ~4-fold to peak at 72 h poststimulation there-after. In comparison, CD8* T cells
up-regulated DR3 more rapidly, peaking at 24 h before declining to reach baseline levels by
72 h (Fig. 2A).

Several alternative DR3 mRNAs have been isolated from peripheral immune cells in mice
and humans (5, 10, 42, 43) and alterations in splice variant expression have been described
for T cells following activation in both species (10, 21). Considering the paucity of
information on DR3 and murine CD8* T cells, we examined splice variant expression in this
subset, using RT-PCR, cloning, and sequencing for DR3 transcripts. To ensure specific
activation, naive CD8" T cells from OT-1 transgenic DR3WT mice were purified and
stimulated with the OT-1 TCR-specific SIINFEKL peptide. Naive OT-1 CD8" T cells
expressed low levels of both the truncated (variant 111) and full-length (variant 1) transcripts
of membrane-bound DR3 (Fig. 2B, C). In contrast, OT-1 CD8* T cells activated for 24 h
expressed more abundant levels of the full-length DR3 mRNA transcript, as well as
significant levels of variant Il encoding for a predicted soluble form of DR3 (Fig. 28, O).

DR3is required for optimal adaptive antiviral T-cell responses

To evaluate the role of DR3 during virus infection /in vivo, we challenged DR3WT and
DR3KO mice with MCMV and followed the dynamics of immune responses early during
MCMYV infection. The mouse spleen represents a site of robust virus-specific T- and NK cell
responses during early infection by MCMV (44, 45). Kinetics of splenic NK cell expansion
were similar between DR3WT and DR3KO mice following MCMV challenge (Fig. 3A4)).
Critically, however, large alterations were observed in CD4* and CD8* T-cell kinetics.
CD4* T-cell expansion in DR3WT mice was significantly larger than in DR3XC mice 6 d
after challenge (Fig. 3A/J). In contrast, significant differences in CD8" T-cell expansion
were observed throughout the time course of early MCMV infection (Fig. 3A//J). At its peak
on d 6, CD4* T-cell numbers were 2.4-fold higher in MCMV-challenged DR3WT mice
compared to unchallenged DR3WT controls, while expansion in CD4* DR3KC mice was
virtually absent (1.1-fold higher). This equated to a 90% reduction in CD4* T-cell expansion
and 86% decrease in numbers in DR3XC mice following MCMYV challenge (Fig. 38). A
similar pattern was observed in CD8" T cells, with MCMV-challenged DR3WT mice
showing 3.3-fold higher numbers than unchallenged DR3WT controls, compared to 2.4-fold
in their DR3XO littermates. This was equivalent to a 37% reduction in CD8* T-cell
expansion and 57% decrease in numbers (Fig. 35). This DR3-dependent defect in T-cell
expansion following viral challenge was not restricted to MCMV, as it was also observed
after rvVV infection. To assess whether DR3 regulated T-cell immunity to other virus
infection, we challenged DR3-deficient mice with rvVV. At 8 d after rVV infection, CD4*
and CD8" T-cell numbers had increased 2.9- and 5.7-fold in DR3WT mice, respectively,
compared to 1.7- and 3.3-fold in DR3KO littermates (Fig. 3C, D), thus demonstrating that
DR3 is a critical regulator of T-cell responses elicited by evolutionarily diverse viruses.

As an indication of function, cytokine release of antiviral CD8* and CD4* T cells was also
measured against select viral proteins directly ex vivo, including the dominant MHC I-
restricted responses to M38, M45, and m139 and the MHC Il-restricted response to M25
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(44, 46-48). The proportion of T cells producing IFN+y in response to any of these peptides
was not significantly different between DR3WT and DR3KO mice in any direct comparison
(Fig. 4A), but DR3XO mice recorded lower responses in 11 of 13 data points across 3
separate experiments, and 2-way ANOVA indicated a significant contribution by genotype
(Supplemental Table S1), suggesting overall that DR3KO responses were marginally
smaller. Other readouts, including the proportion of T cells releasing TNF-a or
degranulating as measured by recirculation of surface CD107, also showed no significant
differences (Fig. 4B), suggesting that priming was intact in the absence of DR3. However,
DR3KO mice generated fewer virus-specific CD4* and CD8* T cells during the peak of the
primary T-cell response to MCMV when compared to their DR3WT counterparts, as
revealed by quantification of virus-specific IFNy-expressing T-cell numbers (Fig. 4C).
Intriguingly, this impairment in development of early antiviral immunity was not sustained
into late immune responses. When secondary memory responses were studied 32 d after
infection, numbers of cytokine-producing CD4" and CD8™ T cells were similar in MCMV-
infected DR3WT and DR3KO mice (Fig. 4D).

DR3/TL1A pathway influences the control of viral infection in vivo

To study the importance of DR3 in the control of viral infection, the kinetics of MCMV
growth in the peripheral tissues of DR3WT and DR3XC mice was determined by plaque
titration ex vivo. In C57BL/6 mice, control of early MCMYV infection (before d 4) is
facilitated by expression of the Ly49H receptor on NK cells, which recognizes the MCMV-
encoded protein m157 (49). The absence of DR3 on NK cells (Fig. 1A4), the finding that
there were no significant differences in splenic NK cell numbers between DR3WT and
DR3KO mice 4 d after infection (Fig. 3A4), and the fact that low-dose (5x104 PFU/mouse)
MCMV challenge resulted in very low levels of detectable plaque-forming virus upto 7 d
after infection in both DR3WT and DR3KO mice (data not shown), led us to perform high-
dose (2x10° PFU/mouse) challenge experiments to allow easier comparison of plagque-
forming virus titers. High-titer challenge resulted in accelerated weight loss in DR3KO
compared to DR3WT mice at early time points prior to 4 d, though the animals had
recovered by d 6, and the overall curve was not significantly different when analyzed using
2-way ANOVA (Fig. 5A4). On d 7 at the peak of the CD8" T-cell response, increased
MCMV titers were observed in 4 of the 5 tissues tested (liver, lung, spleen, and salivary
glands) from DR3XO mice compared to their DR3WT littermates. Between 4- and 7-fold
more replicating virus was recovered in DR3XO mice, depending on the organ studied (Fig.
5B). A similar increase in viral titer was observed in the ovaries of DR3KC mice following
rvVV infection (Fig. 5C). These data are consistent with the hypothesis that DR3/TL1A
signaling is essential for an optimal T-cell response to either MCMV or rVV, disruption of
which impairs control of these viruses.

We tested this further by infecting mice on a DBA-1 background, which genetically lack
Ly49H and therefore cannot mount efficient NK-dependent resistance to MCMV. At low
doses (10* PFU/mouse), DR3XO mice again showed significantly greater weight loss
compared to their DR3WT littermates, which was more sustained than in C57B/6 mice and
had only partially recovered by d 6 (Fig. 50). MCMV titers in the salivary glands were 4-
fold higher at d 7 (Fig. 5£). At high doses (4x10% PFU/mouse), weight loss became critical,
with 62.5% of DR3XC mice, but no DR3WT animals, reaching the endpoint weight (80% of
initial body weight) at which animals had to be killed according to our license procedures
(Fig. 5F). The biological implication is that in the absence of fully protective NK responses,
DR3 is critical for survival during MCMV challenge.
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MCMV-driven CD8* T-cell expansions are independent of CD4" T cells and Ly49H" NK
cells, but require intrinsic expression of DR3

To further explore the underlying mechanisms behind DR3-dependent T-cell expansion,
depletion and adoptive transfer experiments were performed. Splenocyte expansions were
measured in DBA-1 mice, thus investigating the dependence on Ly49H-driven NK
responses. DR3KO mice still displayed impaired CD8* T-cell expansion compared to
DR3WT controls on a DBA-1 background (Fig. 64), thus demonstrating that Ly49H-
mediated control of viral load and innate immune activation does not influence DR3
regulation of CD8* T-cell responses. The current literature on DR3 primarily describes
essential roles for the accumulation of effector CD4* T cells in different models of disease.
To prove that DR3-mediated regulation of CD4" T cells did not influence CD8* T-cell
responses, MCMV-infected C57BL/6 mice were depleted of CD4* T cells with mAb. CD4*
T-cell depletion prior to MCMVchallenge had no significant effect on CD8" T-cell
expansion or virus-specific CD8* T-cell numbers in DR3WT mice, while both remained
significantly reduced in the absence of DR3 (Fig. 65, data not shown). The former is in
keeping with reports that MCMV-driven primary CD8 expansion is unaffected in CD47~/~
and MHC 117~ mice (39, 50, 51). Finally, to study whether the impairments in T-cell
expansion were dependent on intrinsic expression of DR3, we adoptively transferred
DR3WT and DR3KO T cells into congenic C57BL/6 mice identical except for the Thyl
locus, thus allowing us to identify and count transferred cells. Following MCMYV challenge,
only DR3WT and not DR3KO, CD4* and CD8* T cells expanded, showing that intrinsic
DR3 expression on T cells is required for this effect (Fig. 6 ).

DR3 regulates proliferation, not cell death, of CD8" T cells after MCMV challenge

A number of hypotheses could explain the impaired T, cell response of DR3XC T cells.
Signaling by TNFRSF members alters T-cell life span by promoting cell division or cell
death by competing pathways (52, 53). As DR3 mediates TCR-triggered apoptosis of
thymocytes (14), we first addressed whether the failure of CD4* and CD8" T-cell subset
expansion in DR3XC mice during virus infection was due to altered cell death. Splenocytes
from MCMV-challenged DR3WT and DR3KC mice were stained for expression of surface
annexin-V to visualize apoptotic cells, with total uptake of the exclusion dye, 7AAD, as a
marker for dead cells. While MCMV infection generally increased splenic T-cell death,
similar proportions of apoptotic and dead cells were observed in both CD4* and CD8* T
cells from DR3WT and DR3XC MCMV-infected mice (Fig. 7), suggesting that DR3’s
primary function on T cells after MCMYV challenge was not related to cell death.

We therefore tested the effect of TL1A on the numbers of purified CD8* T cells recovered
after anti-CD3 and anti-CD28 stimulation /n vitro. TCR activation induced expansion of
CD8" T-cell numbers from both DR3WT and DR3KO mice to an equivalent level. TL1A by
itself had no effect, but in the presence of anti-CD3 boosted CD8* T-cell numbers in a DR3-
dependent fashion (Fig. 84). The increase in TL1A-induced numbers was equivalent to that
provided by giving additional costimulation through CD28 (Fig. 8 4). CFSE plots indicated
that TL1A induced more cell division from DR3WT T cells (Fig. 88), but the defect in
DR3KO T cells was not associated with any impairment in activation as measured by
expression of CD25, CD44, or CD69 (Fig. 8C).

Investigating expression of nuclear Ki-67 in T cells as a marker of proliferation in vivo,
MCMV infection induced extensive CD8* T-cell proliferation in DR3WT mice, with 75% of
CD8* cells expressing Ki-67. In comparison, only ~50% of DR3KO CD8* T cells were
Ki-67 positive during the peak (d 7) of the acute-phase antiviral response (Fig. 9A4). Time
courses counting Ki-67* T cells reflected the patterns observed in overall numbers of T cells
following MCMV challenge (Fig. 3). Thus, numbers of DR3WT CD4* Ki-67* T cells were
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significantly increased in the spleen compared to their DR3XC counterparts after MCMV
infection, peaking at d 6. Meanwhile, numbers of DR3WT CD8* Ki-67* T cells peaked at d
7 and were significantly greater in quantity than DR3XO CD8* Ki-67* T cells on d 4, 7, and
9 (Fig. 98). There was a significant correlation between increasing numbers of CD8* T cells
and proportion of Ki-67* cells, with a clear division between DR3WT and DR3KO
populations (Fig. 9C). These increases in Ki-67* cells were also reflected in the antigen-
specific response, with significantly greater numbers of CD8* T cells in DR3WT mice
responding to M38 and M45 peptide than from DR3KO mice (Fig. 9D). Therefore, we
conclude that impaired antiviral T-cell generation and associated protection in DR3XC mice
is caused by intrinsic defects in the capacity of CD4* and CD8* T cells to divide in response
to cognate antigen.

DISCUSSION

In recent years, DR3 has emerged as a major regulator of CD4* T-cell function, affecting
multiple T-cell-dependent autoimmune and inflammatory diseases. However, /n vivo
functional data on the role of DR3 in models of infection have been limited, with only very
recent data showing a reduction in the control of Sa/monellain DR3KO mice that is
mediated by CD4* T cells (54). For the first time, we have shown, using DR3KO mice and
the MCMV and rVV challenge models, that DR3 also plays an essential role in the
generation of an efficient antiviral T-cell response, influencing both CD4" and CD8* T-cell
subsets. In the absence of protective DR3-independent NK responses, the absence of DR3
can prove critical for survival.

Prior to this report, cell surface DR3 protein by naive CD8* T cells was not well
characterized. Naive CD8* T cells were reported to express very low levels (55), or potential
absence of surface DR3 (20), though murine DR3 mRNAs for transmembrane forms have
been described (9). These differences could be explained either by low receptor expression
and/or preferential binding of some mAbs to specific DR3 isoforms, as has been recently
suggested (56). Irrespective, our data highlight a requirement for careful consideration of the
function of DR3 splice variants, which are differentially expressed following T-cell
activation in both mice and humans (10, 21). In humans, resting T cells only express
significant levels of MRNAs encoding for soluble forms of DR3 (10), which is distinct from
the constitutive expression of a truncated transmembrane form of DR3 (variant I11) in both
murine CD4* and CD8* T cells reported here (Fig. 2C) and elsewhere (21). Intriguingly,
variant 111 did not confer /n vitro proliferative responsiveness to TL1A in the absence of
TCR signaling, even though the truncation removes a cysteine-rich domain not involved in
ligand binding (42). The possibility remains that variant 111 has additional, undiscovered
functions. What is evident is that, in agreement with others (16, 55), TL1A-induced CD4" or
CD8™* T-cell expansion /n vitro requires TCR activation, and, at least for CD8* T cells, this
correlates with an increase in signal for full-length DR3 mRNA (Fig. 2). It is tempting to
speculate that selective DR3 splice variant expression may act to limit DR3/TL1A signaling
and prevent unrestrained naive cytotoxic T-cell responsiveness. However, the level to which
variant |11 and full-length DR3 contribute to TL1A effects on activated CD8" T cells is
unclear. Reduced DR3 expression on CD44MNCD8* T cells (Fig. 1.4) may be significant, but
a more detailed study of DR3 splice variant expression and function throughout CD8* T-cell
differentiation is needed before further conclusions can be drawn.

In the first week following MCMYV infection, DR3-deficient mice exhibited reduced
numbers of virus-specific T cells, although the decreases in percentages of peptide-specific
responses were not as dramatic. Whether differences in proportions vs. total numbers reflect
the presence of another DR3-regulated MCMV-derived peptide-specific T-cell population
not examined, reduced proportions of the studied peptide-specific T cells at earlier time
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points, and/or impaired concurrent expansion of non-virus-specific T cells in DR3 deficient
mice, is unclear. Irrespective, our data clearly demonstrate that DR3 orchestrates expansion
of virus-specific T-cell numbers during acute MCMYV and rVV infection.

In contrast, gene deletion of the TNRSF members OX40 or 4-1BB has distinct effects
depending on the viral challenge. OX40 has no effect on primary MCMV, but drives
accumulation of vaccinia-specific, CD8" T-cell responses (39, 57). 4-1BB has little effect on
vaccinia (58), but inhibits primary CD8 T-cell responses, yet paradoxically enhances
MCMV-specific CD8" T-cell memory accumulation (44). Therefore, fundamental
differences exist between these molecules in the regulation of T-cell immunity to different
acute virus infection. Intriguingly, impaired acute T-cell responses in DR3-deficient mice
were comparable to those observed in mice lacking CD28 ligands (59). Enhanced TCR-
induced proliferation following stimulation with TL1A suggests that DR3 is a regulator of
CD28-independent early effector T-cell responses, though it is evident that while TL1A can
compensate for CD28 costimulation in terms of proliferation (Fig. 8A), it cannot
compensate for efficient CD4* T-cell cytokine production (16). Direct TL1A-driven naive
CD8™* T-cell expansion may explain the long-term accumulation of CD8" T cells in the
spleen and mesenteric lymph nodes of transgenic mice engineered with TL1A
overexpression by myeloid cells and T cells (25) and the promotion of antitumor CD8* T
cells by TL1A-expressing plasmacytomas (55). In the case of TL1A-driven MCMV-specific
CD8™* T-cell expansion, this process was generally resistant to CD4* depletion, which is
consistent with previous reports that acute CD8" T-cell expansion to MCMYV is independent
of CD4" T cells (39, 50). This CD4 independence also indicates that CD4* T cells are not
the major source of TL1A that drives early CD8" T-cell responses to MCMV. Endothelial
cells (60, 61), macrophages (62—-64), monocytes (62) and dendritic cells (16, 62) have all
been reported as sources of TL1A, and further work will be required to identify which of
these are important during MCMV infection.

DR3 also promoted early CD4* T-cell expansion following MCMYV challenge. This is in
keeping with the current literature, which has demonstrated a role for DR3 in the
accumulation of pathological effector CD4* T cells in autoimmune, inflammatory, and
bacterial disease, whether they belong to Thl, Th2, or Th17 subsets (16, 20, 21, 23, 54).
Agonistic anti-DR3 mAbs or overexpression of TL1A has also been shown to preferentially
expand CD4* regulatory T cells (18, 19, 25). Even in this respect, DR3 function cannot be
considered simply as an amplifier of CD4* numbers, as TL1A can inhibit Th17
differentiation or maintain Th17 response depending on the differentiation state of the T
cells that receive the DR3 signal (15). Regardless, DR3’s regulation of CD4* T-cell function
is likely to be different from CD8" T cells, as the majority of CD44Mi cells of the former, but
a minority of the latter, express surface DR3 (Fig. 15, D).

Our data reveal a critical cell-intrinsic role for DR3 in regulating T-cell proliferation that is
independent of overall TCR-induced cellular activation, as measured by surface expression
of activation markers (Fig. 8C). This finding is consistent with studies in organ cultures
indicating that the absence of DR3 only affects NFxB activation induced by TL1A and not
other NFxB activation pathways, such as TNF (28). The mechanisms through which DR3
controls CD4* or CD8* T-cell expansion seem distinct. TL1A-driven CD4* T-cell
proliferation is largely dependent on IL-2 (16), but in keeping with our observation that
impaired DR3-dependent CD8* T-cell expansion following MCMV challenge is CD4
independent, TL1A-driven CD8* T-cell proliferation has been recently reported to be very
resistant to treatment with antagonistic anti-1L-2 mAbs (55). However, a contribution by
DR3 in splenic T-cell accumulation and/or recruitment cannot be excluded. In addition, DR3
is not just expressed on T cells, and its presence on endothelia and bone marrow-derived
macrophages could further influence the response to MCMV. Both cell types are targets for
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MCMYV replication /n vivo (65), but we have found no direct antiviral effect of TL1A on the
in vitro growth of MCMV in 3T3 cell lines (Supplemental Fig. S1). TL1A may also
influence the way immunity develops v7a downstream soluble effector molecules. Indeed,
MMP-9 and IL-8 have been reportedly released following treatment of human macrophages
with TL1A (64, 66). Furthermore, DR3 can regulate macrophage differentiation /n vitro into
more specialist subsets, such as osteoclasts (22) or foam cells (67). In addition, TL1A has
distinct isoforms generated by differential ectodomain shedding that have a number of
effects on endothelial cells /in vitro, including inducing growth arrest, triggering apoptosis,
and promoting senescence (61). How these effects apply /n vivois another interesting area
of further research.

Finally, our data show that the absence of DR3 results in dysregulated control of viral
replication /n vivo, leading to significant increases in acute MCMYV replication in the liver,
spleen, and a site of virus persistence and shedding, the salivary glands (45, 68). Critically,
DR3 deficiency on a DBA background that lacks Ly49H-dependent NK cell activation (49)
can be lethal. Weight recovery after initial MCMV challenge in DR3WT mice began after d
4 and correlated with the acute expansion of splenic T cells that peaked at d 7. While this is
consistent with the T-cell response protecting from MCMYV challenge, further adoptive
transfer experiments into immunodeficient mice would be required to formally prove this
and the possibility remains that there are other DR3-dependent innate mechanisms that
contribute to the reduced control of MCMYV observed in DR3XC mice.

Intriguingly, the impaired early T-cell expansion in DR3XC mice and concomitant increase
in MCMV titers did not result in defective memory (Fig. 40), indicating that DR3’s primary
function is in acute and not long-lived antiviral T-cell immunity. These data have several
interesting implications; one is that DR3 may control the contraction of the acute T-cell
response, without influencing differentiation to memory. The underlying mechanism is
unclear and requires further study, but it could be speculated that TLLA/DR3 signaling may
directly (or indirectly through other downstream effector molecules) trigger the contraction
process. Another possibility in the MCMV system is that continuous antigenic stimulation
overcomes the observed DR3 defects in T-cell proliferation, coinciding with the decrease in
DR3 expression on CD44M antigen-experienced T-cells (Fig. 10). This contrasts with
4-1BB and OX40, which both contribute significantly to the development of the MCMV-
specific CD8" memory T-cell response (39, 44) and highlights the different contributions of
TNFRSF members to immunity against persistent viral infections. These findings identify
DR3 as critical for the orchestration of immunity to acute virus infection and identify the
DR3/TL1A pathway as a potential target for boosting antiviral immunity.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors thank the Central Biotechnology Service (School of Medicine, Cardiff University) for supply and
access to flow cytometers. This work was supported by grant funding from the British Medical Research Council
(MRC) and the Wellcome Trust. J.P.T. is funded by MRC grant G0901119 awarded to E.C.Y.W. and I.R.H. .R.H.
holds a Wellcome Trust Career Development Fellowship. S.M.C. is funded by a Biotechnology and Biological
Sciences Research Council project grant.

Abbreviations

CFSE carboxy-fluorescein succinyl ester

FASEB J. Author manuscript; available in PMC 2012 September 28.



syduiosnuel Joyiny sispun4 JINd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Twohig et al.

Page 10

DR3 death receptor 3

DR3KO DR3-knockout
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MCMV murine cytomegalovirus

NKT natural killer T

PFU plague-forming unit

rvv recombinant vaccinia virus

TCR T-cell receptor

TL1A TNF-like protein 1A

TNFRSF tumor necrosis factor receptor superfamily
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Expression of DR3 on splenocytes. A—-C) DR3 expression on NK and NKT (A), CD4* T
(B), and CD8* T (C) cells. Representative flow cytometric dotplots of splenic NK1.1*
lymphocytes stained for TCRB, and CD4* or CD8" T cells stained for CD44, DR3, or
control Ig from DR3WT and DR3KC mice. D) Preferential expression of DR3 on naive
CDA44!° rather than antigen-experienced CD44M CD4* and CD8* T cells. Each symbol

represents a different DR3WT mouse.
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Figure2.

Kinetics of DR3 expression by T cells. A) Kinetics of DR3 expression by CD4* and CD8" T
cells following stimulation through the TCR. Values represent relative mean fluorescence,
calculated as the ratio of geometric mean fluorescence intensity of the sample above
negative control staining, following stimulation without (O), or with anti-CD3 mAb (@) on
TCRp™* lymphocytes stained using anti-DR3 and analyzed by flow cytometry. B, C)
Expression of DR3 splice variants from CD8* T cells following TCR stimulation. RNA was
isolated from naive and activated OT-1 CD8* DR3WT T cells; DR3 transcripts were
amplified, cloned, and sequenced as described in Materials and Methods. B) RT-PCR for
DR3 and p-actin before and after activation. C) Splice variant analysis and frequency of
sequenced clones from CD8* T cells after activation. Arrows mark the position of primers.
CRR, cysteine-rich region; TM, transmembrane; DD, death domain. Numbers and boxes
indicate coding exons. Plus symbol denotes position of ATG. Asterisk denotes position of
stop codon.
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Figure 3.

Regulation of T-cell responses by DR3 following viral infection. A) Time courses showing
numbers of NK (/), CD4™ T (i), and CD8* T (/i) cells in the spleens from DR3WT and
DR3KO mice following MCMV challenge. DR3WT receiving PBS (@) or MCMV (A);
DR3KO receiving PBS (O) or MCMV (V). Each data point represents mean + se from 7= 5
mice and is representative of 4 separate experiments. *~ < 0.05 at indicated time points;
Student’s ftest. B) Relative expansion of CD4* and CD8* T cells compared to unchallenged
controls following MCMV challenge at peak (d 6 for CD4*, d 7 for CD8*). Bars show
means + s= from 7= 8 mice. Pvalues were determined by Mann-Whitney Utest. C) Time
courses showing numbers of total splenocytes (/), CD4* T cells (7)), and CD8* T cells (/) in
the spleens from DR3WT and DR3K© mice following rVV challenge. DR3WT receiving PBS
(@) or rVV (A); DR3KO receiving PBS (O) or rVV (V). Each data point represents mean +
se from 7= 6 mice. * < 0.05 at indicated time points; Student’s ftest. D) Relative
expansion of CD4* and CD8* T cells compared to unchallenged controls following rvv
challenge at d 8. Bars show means + s from 7= 6 mice. Pvalues were determined by Mann-
Whitney U'test.
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Figure4.

Antigen-specific responses following MCMYV infection in the absence of DR3. A) IFN
response of T cells in DR3WT and DR3KO mice following MCMV challenge. Representative
flow cytometric dotplots of T cells showing CD8 and intracellular IFN-y staining in spleens
from DR3WT and DR3XC mice, 7 d after MCMV challenge, to the M45 peptide. B)
Intracellular staining for TNF-a and circulation of CD107a on splenic CD8* T cells in
response to M45 and m139 peptides following MCMYV challenge. Values are means + s: of 77
> 6 mice. C, D) Numbers of IFNy-producing CD4* T cells specific for the indicated peptide
(left panel) and CD8* T cells to IE3, M38, M45 and m139 in DR3WT (A) and DR3KO (V)
mice (right panel) either 7 d (C) or 32 d (D) following MCMV challenge. Bars indicate
means. Each symbol represents a mouse. One of 3 experiments is shown. Pvalues were
determined by Student’s #test.
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Figure5.

Weight loss and viral titers in the absence of DR3. A4) Weight loss in DR3WT or DR3KO
mice on a C57BI/6 background following infection with MCMV. No significant difference
observed using 2-way ANOVA. B, C) MCMV (B) and rVV (C) titers (PFU/qg tissue) in the
indicated tissues of C57BI1/6 DR3WT or DR3KO mice at d 7 following MCMV or rvVV
challenge, respectively. Bars represent median and interquartile range of 7= 6 mice. D)
Weight loss in DR3WT or DR3XO mice on a DBA-1 background following infection with a
low dose (1x10* PFU/mouse) of MCMV. Pvalue determined by 2-way ANOVA. £)
MCMV titers (PFU/g tissue) in the salivary glands of DBA DR3WT or DR3KO mice at d 7
following low-dose challenge. Bars represent median and interquartile range of 7= 6 mice.
Pvalues were determined by Mann-Whitney U'test. One of 2 experiments is shown. F)
Weight loss (left panel) and survival curves (right panel) of DR3WT or DR3XC mice on a
DBA-1 background following infection with a high dose (4x10* PFU/mouse) of MCMV. P
value determined by Fisher’s exact test. One of 2 experiments is shown.
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Figure6.

Depletion and adoptive transfer experiments prior to MCMV challenge. A) CD8*CD44Mi T-
cell expansion in DR3WT or DR3XO mice on a DBA-1 background at 7 d following
infection with a low dose (1x10* PFU/mouse) of MCMV. Each symbol represents an
individual animal. B) MCMV-driven CD8* T-cell expansion following CD4* depletion.
CD4* T cells were depleted from mice prior to MCMV challenge. Bars indicate means.
Each symbol represents an individual animal. C) Numbers of CD4™" (left panel) and CD8*
(right panel) DR3WT or DR3KO T cells following adoptive transfer and challenge with
MCMYV. Data represent means + se of 7= 5 mice. One of 5 experiments is shown. All P
values were determined by Student’s #test.
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Figure7.

T-cell apoptosis following MCMV infection in the absence of DR3. DR3WT or DR3XC mice
were challenged with MCMV, and T-cell apoptosis was measured using mAbs to CD4,
CD8, and TCR and staining with annexin V and 7AAD at d 7. A) Representative flow
cytometric dotplots for CD8* T cells. B) Summary for CD4* and CD8* T cells following
MCMV challenge. Analysis for different groups was carried out using the plots shown in A:
live, annexin V!°7AAD™; apopototic, annexin VN7AAD!?; dead, annexin VNI7AADN. Data
represent means + s= for 7= 5 mice. One experiment of 3 is shown. No significant
differences were observed.

FASEB J. Author manuscript; available in PMC 2012 September 28.



s1duosnuBlA Joyny sispund OINd edoin3 g

s1dLIOSNUBIA JouIny sispund OINd 8doin3 ¢

Twohig et al. Page 22

s
IS

- WT +aCD3 ~@- WT +aCD3 + aCD28
X% KO +aCD3 -0~ KO +aCD3 + acD28
-0~ WT+TLIA B WT+4CD3 + TL1A
— KO+TLIA % KO +aCD3 +TLIA

aCD3 + TL1A
WT {203 23] a1 67.5 37 a7

&
@
8

2 oW
3

3

No. CD8* cells (x 10) 3>

-

o 24 4 72 9 24 48 72 96
Time (hours) Time (hours) 76.0 14 15 129 163 323

KO f1e0 24| J78 =T YR -
- WT(aCD3 + TL1A) KO (aCD3 + TL1A)
51% | [

w

CFSE

Figure8.

InvitroT cell proliferation in the absence of DR3. A) Effect of TL1A on purified naive
CD8* T cells. CD8" T cells were purified from spleens and treated as shown. Cells were
counted at the indicated time points. Data are means + s from 77> 5 mice. B) Proliferation of
CD8* T cells stimulated with anti-CD3 and TL1A. DR3WT (left panel) or DR3KO T cells
(right panel) were loaded with CFSE and stimulated as described in Materials and Methods.
Plots are histograms demonstrating loss of CFSE signal after 4 d stimulation. C) Density
plots showing staining of CD8* T cells for CD25, CD44, and CD69, 4 d after stimulation
with anti-CD3 and TL1A.
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Figure9.

T-cell proliferation following MCMV infection in the absence of DR3. DR3WT or DR3KO
mice were challenged with MCMV, and T-cell proliferation was measured using mAbs to
CD4, CD8, TCR, and Ki-67 at d 7. A) Representative flow cytometric dotplots of Ki-67
expression in unchallenged CD8* T cells () and in CD8* T cells following MCMV
challenge (/7). B) Numbers of CD4* T cells and CD8" T cells expressing Ki-67 from
uninfected DR3WT (@) and DR3KO (O) or MCMV-challenged DR3WT (M) and DR3XC (0)
mice. Data represent means + s of 7= 5 mice. One of 3 experiments is shown. *£ < 0.05 at
indicated time points; Student’s ftest. C) Correlation between increasing numbers of CD8*
T cells, expression of Ki-67, and DR3 genotype. Increase in CD8* T-cell numbers was
calculated by subtracting the average number of splenic CD8* T cells recovered from
uninfected animals from the number at 7 d after MCMV infection. DR3WT (@) and DR3KO
(O) mice are shown. Line represents best-fit curve; dotted lines indicate 95% confidence
limits. D) Numbers of CD8*, Ki-67*, and IFNy* T cells responding to M38, M45, and
m139 peptide challenge in DR3WT (A) and DR3KO (V) mice 7 d following MCMV
challenge. Bars indicate means. Each symbol represents a mouse. One experiment is shown.
Pvalues were determined by Student’s #test.
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