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Abstract
T cell co-stimulation is a key component of adaptive immunity to viral infection but has also been
associated with pathology due to excessive or altered T cell activity. We recently demonstrated
that the TNFR family co-stimulatory molecule OX40 (CD134) is critically required to sustain
antiviral T cell and antibody responses that enable control of viral replication in the context of
chronic LCMV infection. Here, we investigated whether reinforcing OX40 stimulation through an
agonist antibody had the potential to prevent LCMV persistence. We observed that anti-OX40
injection early after LCMV clone 13 infection increased CD8 T cell mediated immunopathology.
More strikingly, OX40 stimulation of virus-specific CD4 T cells promoted expression of the
transcriptional repressor Blimp-1 and diverted the majority of cells away from follicular T helper
(Tfh) cell differentiation. This occurred in both acute and chronic infections and resulted in
dramatic reductions in germinal center and antibody responses to the viral infection. The effect of
the OX40 agonist was dependent on IL-2 signaling and the timing of OX40 stimulation.
Collectively, our data demonstrate that excessive OX40 signaling can result in deleterious
consequences in the setting of LCMV infection.

Introduction
T cell responses to persistent viruses are often functionally impaired. While this protects the
host from overwhelming immunopathology, it is thought to be a contributing factor to the
establishment of persistent infection (1, 2). It has been demonstrated that the enhancement of
anti-viral T cell responses through blockade or genetic deletion of inhibitory pathways can
facilitate rapid clearance of an otherwise protracted viral infection in the murine LCMV cl13
system (1, 3-5). More recently, the importance of immune-stimulatory pathways has been
appreciated. IL-6, IL-21, and the co-stimulatory molecule OX40 have each been shown to
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be required in order to sustain immune system pressure on viral replication and pathogen
control (6-10).

OX40 (CD134) is an inducible co-stimulatory receptor that belongs to the TNF receptor
superfamily (TNFRSF). It is primarily expressed on activated T cells and OX40-OX40L
interactions promote survival but also division and cytokine production of T cells in various
settings (11). Therapeutic stimulation of the OX40 receptor through an agonistic monoclonal
antibody has been shown to enhance antigen-specific T cell responses in animal models as
well as in humans (12, 13). The immune-stimulating capacities of therapeutic OX40
interventions have been employed to strengthen vaccine-induced T cell responses, and also
to promote anti-tumor immunity (14-16). Moreover, OX40 signaling has been suggested to
be involved in the development of follicular T helper cell (Tfh) responses through
association with induction of CXCR5 (17-20) and the importance of humoral immune
responses in controlling persistent viruses is increasingly appreciated (9, 10, 21-23). Thus,
reagents that trigger OX40 signaling might constitute an interesting approach to boost
cellular and humoral immunity that could combat persistent or chronic viral infection. In
order to study the effects of exogenous OX40 stimulation in this scenario, we used the
LCMV clone 13 model where high viral titers are maintained for several weeks after
infection of mice. Previous studies of acute or latent viruses such as vaccinia virus and
cytomegalovirus have shown that targeting OX40 can promote beneficial effects in both
cytotoxic and helper arms of the adaptive immune response leading to curtailed viral
replication (12, 24, 25). Here, we describe the unexpected observation that augmenting
OX40 signaling with an agonist antibody during the early stages of LCMV infection
profoundly diverted the CD4 T cell response away from Tfh differentiation, and also
exacerbated CD8 T cell immunopathology. We demonstrate that agonistic OX40 signaling
at an early time drives Blimp-1 expression in LCMV-specific CD4 T cells and Th1 biased
CD4 T cell differentiation. As Blimp-1 antagonizes development of follicular helper T cells
(Tfh), enforcing OX40 signaling above endogenous levels then becomes deleterious,
severely hampering the induction of humoral immunity against LCMV.

Methods
Mice and viruses

All animals were housed at the La Jolla Institute for Allergy and Immunology (LIAI)
vivarium under specific pathogen free conditions. C57BL/6 mice were purchased from The
Jackson Laboratory. WT and OX40−/− P14 CD8 TCR transgenic mice (LCMV-GP33-41-
specific) and wild type, CD25−/− and Blimp-1-YFP reporter Smarta CD4 TCR transgenic
mice (LCMV-GP61-80-specific) were bred in house on a C57BL/6 background (26, 27).
LCMV infection of 5-8 week old mice was performed either intravenously with 2 × 106

PFU of LCMV cl13 or intraperitoneally with 2 × 105 PFU of LCMV Armstrong or 2 × 103

PFU of LCMV cl13 as indicated. 10 × 105 PFU, and 5 × 105 PFU were used for day 2, and 3
experiments, respectively. All experiments involving mice were reviewed and approved by
the La Jolla Institute’s Animal Care Committee (AP152-MvH6).

Cell transfer
Splenocytes from TCR transgenic Smarta and P14 mice (LCMV-GP61-80-specific and
LCMV-GP33-41-specific, respectively) on a WT background were harvested and negative
CD4 (Smarta) and CD8 (P14) isolation was performed using purified rat antibodies against
CD8/CD4, B220, CD11b, CD11c, I-A/I-E, and CD16/32 followed by incubation with sheep
anti-rat Dynal Beads (Invitrogen). Isolation of CD25−/− Smarta cells was performed by cell
sorting via FACS Aria and CD44-CD62L+CD4+CD19− cells were isolated to exclude
activated cells as CD25−/− mice are prone to autoimmunity. Equal numbers of transgenic
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cells (5,000) were then transferred into naïve WT mice prior to LCMV-infection for analysis
on day 7 or later in both Armstrong and cl13 infection. For analysis of transferred cells on
days 2 and 3 post infection, 1× 106 and 0.5× 106 Smarta cells were transferred as previously
described (10, 26).

In vivo antibody treatment
Mice received a single i.p. injection of 100 μg agonistic OX40 antibody (clone OX86,
Biolegend and M. Croft) one day post infection or at later time points post infection as
indicated. CD8 depletion experiments were performed by i.p. administration of 500 μg anti-
CD8 antibody (clone: 2.43, BioXCell) on days 1 and 3 p.i. Fas ligand was blocked by i.p.
administration of 200 μg anti-FasL (clone: MFL4, eBioscience) on days 1 and 3 post
infection.

Flow Cytometry
Splenic single cell suspensions were prepared by mashing spleen through a cell strainer into
a petir-dish filled with ACK-lysis buffer. Following 90 seconds of red blood cell lysis, cells
were washed three times and subsequently counted (countess cell counter, Invitrogen).
Surface staining was performed using either fluorescently-labeled or biotinylated antibodies
against CD8, CD4, CD19, B220, CXCR5 (26), PD-1, CD150 (SLAM), KLRG-1, CD127,
FAS, IgD, CD45.1, CD45.2, and PNA. PE- or APC-labeled Streptavidin was used to stain
biotinylated antibodies. PE-labeled GP66-tetramers (NIH tetramer core facility) or GP33-
pentamers (Proimmune) were used according to manufacturers instruction. Bcl-6 (clone
K112-91) and T-bet (clone 4B10) were stained intracellularly after permeabilization with
FoxP3 staining buffer set (eBioscience). To exclude dead cells, LIVE/DEAD (Invitrogen)
viability dye was used.

Intracellular cytokine staining was performed following five hours of in vitro stimulation
with CD8- (GP33, GP276) and CD4-restricted (GP61) LCMV-epitopes (10 μg/ml) at 37°C
in supplemented RPMI-medium (Invitrogen). Permeabilization was performed using
Cytofix/Cytoperm (BD) and followed by incubation with fluorescently-labeled antibodies
against IL-2, IFN-γ, and TNF. Acquisition was done on a LSRII (BD) using DIVA software
(BD) and post-acquisition analysis was performed using FlowJo software (Tree Star).

Plaque Assay
Vero cells (ATCC #CRL-1587) were cultured in supplemented DMEM (Invitrogen) at 37°C
and plated in 6 well plates. On the next day, vero cell monolayers were exposed to serum or
tissue homogenate of selected mice in 1/10 dilutions and overlaid with agarose and 2×
media. 5 (organs) or 6 (serum) days post infection, cells were fixed, stained with crystal
violet and plaque forming units (PFU) were counted.

Immunofluorescence
Spleen sections were embedded in optimal cutting temperature (TissueTek) and stored at
−80°C. Samples were cut on a cryostat and 6 μm thick samples were stained with fixed with
acetone, blocked and stained with CD45.1-PE and B220-FITC. After incubation, samples
were washed and stained with a purified rabbit anti-PE antibody. The last staining step was
performed with a goat, anti-rabbit IgG-AF594 and a donkey, anti-rat IgG AF488. Sections
were washed and mounted with Prolong Gold antifade mounting medium with DAPI
(Invitrogen).
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LCMV-antibody ELISA
Coating of Elisa plates (Nunc) was performed overnight with LCMV infected cell lysate.
Wells were blocked and LCMV-specific IgG was detected in pre-diluted serum samples
using HRP-labeled goat anti-mouse IgG (Invitrogen). SureBlue Reserve TMB Kit (KPL)
was used as substrate and absorbance was analyzed with a Spectra Max M2e (Molecular
Devices).

Statistics
Statistical analyses were performed using GraphPad Prism 5 software (GraphPad). P-values
were calculated using the unpaired, two tailed Student’s t-test. All error bars throughout the
manuscript are SD. Values of p < 0.05 were considered significant. *p< 0.05, **p < 0.01 and
***p <0.001.

Results
Impaired antiviral immune responses and loss of viral control following early OX40
stimulation

In order to analyze whether exogenous OX40 stimulation has the potential to prevent the
development of T cell exhaustion and accelerate virus clearance in LCMV cl13 infection,
we infected C57BL/6 mice intravenously with 2×106 PFU of LCMV cl13. One day post
infection, we intraperitoneally administered a single injection of 100 μg agonistic OX40
antibody (clone OX86). As LCMV cl13 infected mice develop severe lymphopenia caused
by immunopathology, we analyzed T and B cell populations 14 days post LCMV cl13
infection in anti-OX40 treated and control animals. Endogenous OX40 signaling promotes
the clonal expansion and survival of both CD4 and CD8 T cells in many immune responses,
including during LCMV cl13 infection, but unexpectedly, we found that agonistic anti-
OX40 treatment dramatically aggravated LCMV cl13 induced lymphopenia as shown by a
profound reduction of T and B cell numbers (Fig. 1, A – C). Similar to our observations on
bulk T cell populations, we detected significantly lower numbers of virus-specific CD8 and
CD4 T cells in anti-OX40 treated mice (Fig. 1, D – F). Strikingly, while OX40 agonist
treatment resulted in a transient increase of IFN-γ producing CD4 and CD8 T cells around
day 7 post infection, it caused a sustained reduction of functional effector T cells at all later
times (Fig. 1, E and F).

Next, we sought to analyze how the defective T cell response would affect the establishment
of LCMV-specific antibody responses, as CD4 T cells are critically required for the
development of humoral immunity (28). We found that OX40 stimulation heavily impaired
the generation of germinal centers as characterized by the absence of Fas+ PNA+ IgD−
germinal center B cells (Fig. 2A), and dramatically reduced anti-LCMV serum IgG titers by
day 70 after infection (Fig. 2 B). Thus, while endogenous OX40 signals are critical for
antibody responses to LCMV cl13 infection (10), enhancing OX40 engagement surprisingly
had powerful negative effects on humoral immunity.

As LCMV-specific T cells and antibody responses are required for the long-term control of
LCMV cl13 infection, we assessed LCMV titers by plaque assay on day 70 post infection.
While control animals eventually control viral replication, LCMV titers remained high in the
anti-OX40 treated groups (Fig. 2, C and D), consistent with the defective T cell and
antibody responses observed.

Delayed OX40 stimulation does not affect LCMV-specific immunity and virus control
Next, we assessed whether the effect of anti-OX40 was time-dependent. We previously
found that OX40 was strongly expressed on LCMV-specific CD4 T cells for at least 20 days
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throughout the course of LCMV cl13 infection. In contrast, OX40 was only transiently
expressed on LCMV-specific CD8 T cells during the initial 5 days of infection (10). Thus,
instead of treatment at day 1, anti-OX40 was given 7 days post infection with LCMV cl13.
Interestingly, our experiments revealed that delayed OX40 stimulation did not affect
LCMV-specific immunity. Indeed, OX40 agonist treatment on day 7 post LCMV cl13
infection did not significantly impact the numbers of LCMV-specific IFN-γ producing CD8
and CD4 T cells (Fig. 3, A and B), Fas+ PNA+ IgD− germinal center B cells (Fig. 3C), or
anti-LCMV serum IgG titers (Fig. 3D). Consequently, anti-OX40 treatment on day 7 did not
impact viral titers in treated mice (Fig. 3E).

OX40 triggers T cell mediated immunopathology
LCMV cl13 induced lymphopenia is predominantly mediated by CD8 T cell
immunopathology (29, 30). Thus, we hypothesized that exacerbated lymphopenia in anti-
OX40 treated mice was attributed to overstimulation of the CD8 T cell compartment.
Notably, we have previously shown that OX40 is strongly expressed on LCMV specific
CD8 T cells early after infection, suggesting that they might be direct targets of the agonist
antibody (10). In line with this, the more severe lymphopenia in both CD4 T cell and CD19+
B cell compartments triggered by anti-OX40 (Fig. 1) could be prevented by CD8 depletion
(Fig. 4, A and B). In order to address whether direct OX40 signaling causes over-activation
of CD8 T cells, we co-transferred OX40+/+ and OX40−/− P14 TCR-transgenic CD8 T cells
into WT hosts and analyzed CD107a expression seven days post LCMV-infection in IgG
and anti-OX40 treated mice directly ex vivo. OX40+/+ P14 cells displayed higher CD107a
expression than OX40−/− P14 cells, suggesting that OX40 engagement from the
endogenous ligand and from exogenous anti-OX40 treatment directly stimulated LCMV-
specific CD8 T cells to degranulate and this might have contributed to immunopathological
events (Fig. 4C).

In order to determine whether other cell populations might be targets of anti-OX40, we
additionally analyzed OX40 expression on CD4 T cells, NK cells, dendritic cells and
neutrophils 48 hours following cl13 infection (Fig 4D). Interestingly, LCMV cl13 infection
resulted in an upregulation of OX40 on regulatory T cells (Fig. 4D). We previously
published that OX40 agonist treatment can expand CD4 T cells with a regulatory phenotype
that are able to prevent autoimmune diabetes in mice (31). Thus, in order to address the role
of Tregs in anti-OX40 treated mice during LCMV-infection, we longitudinally analyzed
Treg numbers (Fig. 4E). Interestingly, we observed that Tregs were significantly reduced in
mice treated with anti-OX40 early after LCMV cl13 infection. OX40 signals have been
reported to cause Treg-exhaustion that is characterized by lower levels of FoxP3 (32). To
determine whether the Tregs in anti-OX40 treated mice displayed an exhausted phenotype,
we analyzed several molecules that have been implicated in the suppressive activities of
Tregs, such as PD-L1, CTLA-4, CD39 and Neuropilin-1 (33-35). These experiments
revealed that Tregs from anti-OX40 treated mice were indistinguishable from Tregs derived
from IgG-treated mice regarding FoxP3, PD-L1, CTLA-4, CD39 and Neuropilin-1
expression levels (Fig. 4, F and G). Collectively, our findings suggest that CD8 mediated
immunopathology following anti-OX40 treatment is likely a combined consequence both of
direct activation of LCMV-specific CD8 T cells and reduced numbers of Tregs.

In contrast to LCMV cl13 infection, immunopathology and lymphopenia are typically not
observed during LCMV Armstrong infection (4). Thus, we assessed the effects of anti-
OX40 treatment following acute LCMV Arm infection. Analysis was performed 20 days
post infection, as this is a time point at which global and virus-specific lymphopenia was
most severe in LCMV cl13 infection (Fig. 1). Anti-OX40 did not induce lymphopenia with
LCMV Arm infection (Fig. 5, A and B). Similarly, there was minimal change in virus-
specific CD8 and CD4 T cell numbers (Fig. 5, C and D). Unexpectedly, a pronounced
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reduction in germinal center B cells and LCMV-specific antibodies occurred in acute
LCMV Arm infection (Fig. 5, E and F), indicating that the anti-OX40 triggered loss of
humoral immunity was not a consequence of immunopathology. Despite the loss of a
functional germinal center response, LCMV Armstrong infected mice treated with anti-
OX40 did not display prolonged viremia, since LCMV Arm is primarily controlled by CD8
T cells (Fig. 5 G).

Loss of follicular helper cell responses in anti-OX40 treated mice
The observation that early anti-OX40 treatment profoundly inhibited LCMV-specific
humoral immunity with both acute and persistent infection was particularly surprising as
OX40 deficiency results in a loss of germinal centers and anti-LCMV IgG during chronic
LCMV infection (10). Given the profound reduction in germinal center B cells and LCMV-
specific antibody titers observed here, we hypothesized that enhanced OX40 signaling
negatively impacted the follicular T helper cell (Tfh) population. Tfh cells constitute a
distinct CD4 T cell lineage that is committed to the establishment of germinal center
responses and characterized by the expression of Bcl-6 and CXCR5 (28, 36). Interestingly,
recent work has highlighted the importance of Tfh responses in the context of persistent
viral infection (9, 10, 22, 37). Thus, we analyzed the Tfh response in anti-OX40 treated
mice. We stained for CXCR5 and the Tfh transcription factor Bcl-6 on day 7 post infection
on previously transferred TCR transgenic (TCRtg) CD4 (Smarta) T cells and endogenous
virus-specific CD4 T cells (Fig. 6, A and B). In line with the poor antibody response, the
virus-specific Bcl-6+CXCR5+ Tfh cell compartment was substantially reduced in mice
receiving anti-OX40 (6.8% ± 0.7 N=4) compared to the control group (46.1% ± 1.6 N=5)
(Fig. 6A). Moreover, immunofluorescent staining of spleen sections revealed a dramatic
reduction of transferred Smarta cells in splenic B cell zones, suggesting impaired T cell-B
cell interactions in treated mice compared to control animals (Fig. 6, C and D).

Early anti-OX40 treatment drives Blimp-1 expression in LCMV-specific CD4 T cells
The transcription factors Bcl-6 and Blimp-1 are functional antagonists in CD4 T cell
differentiation regulating divergence into Tfh versus effector pathways respectively (36).
We hypothesized that exogenous OX40 stimulation during LCMV infection might have
driven more T cells to express Blimp-1 and then become effector T helper cells rather than
Tfh cells. In order to analyze how OX40 engagement affects Blimp-1 expression by virus-
specific CD4 T cells, we transferred 5,000 congenic, naïve Blimp-1-YFP reporter Smarta T
cells into B6 mice prior to LCMV cl13 infection. Significantly, Blimp-1 and the Th1
associated surface marker SLAM were strongly expressed by the vast majority of virus-
specific CD4 T cells following injection of anti-OX40 (85.8% ± 0.85 N=7), compared to
treatment with a control antibody (37.7% ± 3.88 N=7) (Fig. 7A). Interestingly, this was also
observed in acute LCMV Armstrong infection (2×105 PFU) given intraperitoneally, as well
as low dose LCMV cl13 infection (2×103 PFU, intraperitoneally), suggesting that Blimp-1
induction by OX40 is a broad phenomenon with LCMV infections not determined by the
strain, inoculation dose, and route of infection (Fig. 7B). However, when we administered
anti-OX40 on days 7 or 14 post LCMV infection, instead of day 1, Blimp-1 expression on
virus-specific CD4 T cells was unaltered (Fig. 7C). This indicated that CD4 T cell fate
commitment was perhaps already established by day 7 (38).

Both GC B cells and Tfh cells express high levels of the death receptor Fas (CD95). In
addition, anti-OX40 treatment resulted in upregulation of Fas on both CD4 and CD8 T cells
(data not shown). In order to evaluate if this contributed to poor Tfh development we
administered a blocking antibody to Fas Ligand. Analysis of the virus-specific CD4 T cells 7
days p.i. revealed that this did not rescue the Tfh population, suggesting that Fas-mediated
depletion was not the underlying cause for the loss of Tfh cells in anti-OX40 treated mice
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(Fig. 7, D and E). Similarly, we performed CD8 depletion experiments that essentially
yielded the same results (Fig. 7, D and E). These data then suggested that the loss of Tfh
cells resulted from an early action of OX40 signaling leading to skewed differentiation into
Th1 effectors due to Blimp-1 expression.

Altered CD4 T cell differentiation following OX40 stimulation
In response to LCMV infection, virus-specific CD4 T cells can be divided into two distinct
populations, a Th1 population and a Tfh population (Fig. 8A) (39). Th1 cells are typically
characterized by the expression of the transcription factor T-bet (40), the signaling leukocyte
activation molecule CD150 (SLAM) (41) and secretion of IFN-gamma (42), whereas Tfh
cells primarily express CXCR5 and their transcription factor Bcl-6 (28). In order to more
closely define phenotypic and functional properties of the virus-specific CD4 T cells
following anti-OX40 treatment, we examined the Th1 and Tfh transcription factors T-bet
and Bcl-6, respectively, as well as IFN-γ and IL-2 production. CD4 T cells from anti-OX40
treated mice were phenotypically and functionally almost indistinguishable from Th1 cells
in control animals as they expressed low levels of Bcl-6 (Fig. 8B), high levels of T-bet (Fig.
8C), and produced similar amounts of IFN-γ in response to in vitro peptide stimulation (Fig.
8D). Intriguingly, IL-2 expression by the anti-OX40 treated cells was substantially higher
than Th1 cells from untreated mice (Fig. 8E). Increases in IL-2 production have been
observed following OX40 engagement on CD4 T cells (43). Importantly, the loss of Bcl-6
expression and upregulation of T-bet was observed on both transferred and endogenous
LCMV-specific CD4 T cells in response to early anti-OX40 administration (Fig. 8F).
Collectively, these results demonstrate that anti-OX40 treatment potently drives Th1 cell
differentiation by upregulating Blimp-1 and T-bet expression at the expense of Tfh cell
responses.

Next, we analyzed whether early OX40 stimulation would also affect the differentiation fate
of LCMV-specific CD8 T cells. In contrast to the pronounced effect observed in the CD4 T
cell population, LCMV-specific CD8 T cells remained unaffected following OX40
stimulation as shown by unaltered expression of Bcl-6, T-bet, PD-1, SLAM, CD127 and
KLRG1 on GP33-specific CD8 T cells 7 days post infection (Fig. 8G).

IL-2 signaling is required for OX40 mediated effector differentiation
Several factors are known to co-determine the differentiation fate of a naive CD4 T cell in
response to LCMV infection. IL-2, in particular, is known to inhibit Tfh differentiation and
promote effector T helper cell differentiation through induction of STAT5 activation and
Blimp-1 expression (26, 27). Indeed, IL-2 was dose limiting for Tfh versus Th1
differentiation (27). Given that increased IL-2 expression was observed by LCMV-specific
CD4 T cells in anti-OX40 treated mice, we explored this pathway in greater detail. Tfh cell
precursors can be distinguished from effector T helper precursors through differential
expression of Bcl-6, CXCR5, and the alpha unit of the IL-2 receptor (CD25) as early as two
days post infection (26). Thus, we analyzed the OX40 expression levels on both populations
48 hours after LCMV infection. Although both populations expressed OX40, we observed
significantly higher levels on the effector T helper precursors (Fig. 9A), suggesting that
during CD4 T cell differentiation, OX40 may be of particular importance in the generation
of non-Tfh effector responses.

Since OX40 signaling has the ability to enhance IL-2 production, we sought to analyze
whether IL-2R signaling was involved in the loss of Tfh responses following OX40
stimulation. Notably, we found that anti-OX40 treatment resulted in upregulation of the
alpha unit of the IL-2 receptor on virus-specific CD4 T cells (Fig. 9B). Therefore, we
isolated naïve CD4 T cells from WT and IL-2Rα (CD25)-deficient Smarta transgenic mice
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and co-transferred those cells into WT hosts in order to determine the biological impact of
IL-2 signaling on the altered T cell differentiation following anti-OX40 treatment. In mice
receiving WT Smarta T cells, anti-OX40 treatment resulted in the loss of Tfh cells
expressing Bcl-6 and CXCR5 (Fig. 9, C - E). We found that the vast majority of CD25−/−

Smarta T cells in control mice acquired a Tfh phenotype (CXCR5+ Bcl-6+), consistent with
previous findings (27, 44). Following anti-OX40 treatment, we observed an increase of Th1
associated markers T-bet and SLAM, a loss of Tfh markers CXCR5 and Bcl-6, and an
increase in IFN-γ production by CD25−/− Smarta T cells. However, the effects of anti-OX40
treatment on CD25−/− cells was significantly less than for WT T cells (Fig. 9, C - F),
suggesting that IL-2 contributed to the altered T cell differentiation following anti-OX40
treatment. Collectively these data suggest that exogenous OX40 stimulation enhances IL-2
expression and employs the IL-2-STAT5-Blimp1 axis to hamper Tfh differentiation and
enhance Th1 development in the context of LCMV infection.

Discussion
In summary, we demonstrate that exogenously targeting the costimulatory receptor OX40
during infection with LCMV results in skewed T cell differentiation, CD8 mediated
immunopathology, and loss of LCMV-specific antibody responses. Interestingly, while the
impairment of humoral immunity was observed during both acute and persistent infection,
the severe immunopathology was largely restricted to persistent LCMV infection. Thus,
although endogenous OX40 signaling is required to sustain LCMV-specific immune
responses that eventually facilitate control of LCMV cl13 infection (10), providing further
stimulation via this receptor results in deleterious consequences.

Although endogenous OX40-OX40L interactions or exogenous treatment with agonists to
OX40 can promote clonal expansion and survival of CD8 T cells in a number of settings,
including responses to LCMV and several other viruses and to tumors, our findings
demonstrate that the lymphopenia during chronic LCMV infection after anti-OX40
treatment was a consequence of CD8 mediated immunopathology. Interestingly, OX40-
OX40L interactions have previously been demonstrated to mediate immunopathology in
response to respiratory influenza infection (45) suggesting that if excessive OX40
stimulation occurs in certain contexts, this can result in over-exuberant CD8 T cell activity
that does not favor the host. Besides direct stimulation of CD8 T cell activity, early OX40
stimulation in the context of LCMV cl13 infection also resulted in a significant reduction in
the percentage of Foxp3+ regulatory T cells. Thus, our findings suggest that CD8 mediated
immunopathology in OX40-treated mice is a consequence of direct OX40 signaling on CD8
T cells as well as a reduction of Treg frequency resulting in a failure to control the
overwhelming T cell response. Recent studies have shown OX40 can influence the activity
of certain inflammatory cell types other than T cells. Indeed, under certain conditions, OX40
can regulate neutrophil activity and impact the NK/NKT-pDC axis (11, 46, 47). Although
we have not seen relevant levels of OX40 expressed on any of these cells early after LCMV
cl13 infection, we cannot exclude the possibility that innate cells contributed to the
immunopathology in LCMV cl13 infection following OX40 stimulation.

In contrast to the immunopathology we observed in anti-OX40 treated mice, the loss of
humoral immunity could not be attributed to the action of CD8 T cells. A profound
reduction of Tfh cells was observed in acute LCMV Armstrong and persistent cl13
infection, even in the absence of CD8 T cells. Our findings clearly demonstrate that anti-
OX40 profoundly altered the differentiation fate of LCMV-specific CD4 T cells. There are
several known pathways by which OX40 stimulation promotes the development of effector
CD4 T cells (43, 48-50). One is the induction of anti-apoptotic Bcl-2 family members and
cell cycle proteins that contribute to clonal expansion and survival (51, 52). Very recently it

Boettler et al. Page 8

J Immunol. Author manuscript; available in PMC 2014 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



has been shown that anti-OX40 treatment can induce the up-regulation of eomesodermin on
CD4 T cells which results in terminal differentiation and enhanced cell lytic capabilities of
these cells in a tumor environment (53). OX40 can also promote IL-2 production and IL-2R
expression (43, 49, 50). Our data now imply that Blimp-1 induction by autocrine IL-2 is
another mechanism by which early and strong OX40 signaling favors effector generation.
We demonstrate that OX40 stimulation resulted in a higher frequency of IL-2 secreting CD4
T cells in LCMV infected mice, consistent with enhanced Th1 polarizing conditions, as
IL-2+ Th1 cells are regarded as “multifunctional” or highly polarized Th1 cells. In addition,
IL-2Ra expression on LCMV-specific CD4 T cells was dramatically increased in anti-OX40
treated animals. Given recent findings that IL-2R signaling potently interferes with Tfh
development (27), we tested the importance of IL2 signaling pathways downstream of OX40
engagement. We indeed observed that Tfh differentiation was partially restored in anti-
OX40 treated mice when the virus-specific CD4 T cells were CD25−/−.

Our findings here are surprising in the context of the previous observation that endogenous
OX40 signaling is critically required for sustaining adaptive immune responses in the
context of LCMV infection (10). Antiviral T cell and antibody responses were profoundly
reduced in OX40-deficient mice, and while those mice displayed reduced signs of
immunopathology (due to weaker CD8 responses), they were incapable of controlling
LCMV cl13 replication. Although the molecular machinery downstream of OX40 is likely
similar in both cases, the dramatic effects caused by agonist targeting of OX40 in this viral
infection demonstrate how tightly OX40 usage is controlled in vivo as both the absence of
this molecule and enforced triggering of this molecule resulted in negative consequences for
the host. Interestingly, the deleterious activity of anti-OX40 we report here has not been
seen in other settings (14, 16, 24, 54). In the context of MCMV infection, which causes
persistent viral infection with lower viremia than LCMV, early exogenous OX40 stimulation
profoundly enhanced anti-viral CD8 T cell responses but immunopathology was not
observed (12). It is likely that skewing toward effector Th1 differentiation and inhibition of
Tfh differentiation seen here with LCMV requires co-factors present in the inflammatory
environment when OX40 is engaged. Exactly what these may be is unknown but of obvious
importance for future agonist therapeutics that might target OX40. Furthermore, the striking
outcomes observed here help illuminate the multiple downstream signaling pathways that
can be regulated by OX40. Moreover, a virulent virus-induced inflammatory environment
also likely varies compared to the environment induced by non-virulent viruses, or adjuvants
used for vaccination, or for example in the context of tumor growth. These are all scenarios
where reagents to OX40 might be clinically useful. Therapeutic ligation of OX40 using a
monoclonal antibody with agonistic properties has already been tested in a phase I cancer
trial (ClinicalTrial.gov Identifier: NCT01303705) with no reported adverse activity
(AgonOx, Providence Portland Medical Center). This reagent was also safe with no major
toxicity when injected into non-human primates following immunization with SIV gp130,
and it enhanced both T cell and antibody responses to gp130 (55). However, it will be of
great importance to precisely characterize those factors that co-determine the fate of a T cell
after OX40 engagement as the possible deleterious effects may constitute an obstacle for
successful clinical targeting in humans whether in cancer or vaccination for infectious
disease.
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Figure 1. Impaired anti-viral immune responses following OX40 stimulation
(A – F) C57BL/6 mice were challenged intravenously with 2×106 PFU/ml of LCMV cl13.
Mice received a single injection of 100 μg agonistic OX40 antibody (clone OX86) or rat
IgG1 (placebo group) one day post infection. (A – C) Bar graphs show number of CD8 T
cells, CD4 T cells and B cells per spleen in naïve and untreated (grey bars), infected and IgG
treated (black bars) and infected and α-OX40 treated (white bars) mice 14 days p.i. (n = 4-6
per group). (D) GP33 pentamer staining of splenocytes from IgG and α-OX40 treated mice
14 days and 70 days p.i. FACS-plots are gated on CD8+CD19− cells. (E and F) Intracellular
cytokine staining (ICCS) was performed on splenocytes of IgG (black bars) and α-OX40
treated (white bars) mice on day 7, 14, 28 and 70 p.i. (n = 4-6 per group and time point)
following in vitro stimulation of splenocytes with the GP33 peptide (E) and with the GP61
peptide (F). ICCS FACS-plots from day 14 p.i. analyses are gated on CD8+CD19− cells (E)
and CD4+CD19− cells (F). Data are derived from 2 independent experiments per timepoint
(1 experiment for day 70). *p< 0.05, **p < 0.01 and ***p <0.001.
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Figure 2. Impaired generation of LCMV-specific antibody responses and loss of viral control
after OX40 stimulation
(A – D) C57BL/6 mice were infected with LCMV cl13 and treated with 100 μg rat IgG1 or
α-OX40 one day p.i. (A) Germinal center B cells (Fas+PNA+IgD−) were analyzed 7 and 14
days p.i. (n = 4-5 per group) in IgG and α-OX40 treated mice. FACS plots are gated on
CD19+ cells. (B) LCMV-specific IgG antibody titers were analyzed by Elisa on days 28 and
70 post infection (n = 4-5 per group). (C) Serum and (D) kidney samples of treated and
untreated mice were harvested on day 70 post infection and viral loads were determined by
plaque assay. Data are derived from a total of 2-3 independent experiments (1 experiment
for day 70). ***p <0.001.
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Figure 3. Delayed OX40 stimulation does not alter LCMV-specific immunity and viral control
(A – F) C57BL/6 mice were challenged intravenously with 2×106 PFU/ml of LCMV cl13.
Mice received a single injection of 100 μg agonistic OX40 antibody (clone OX86) or rat
IgG1 (placebo group) seven days post infection. (A and B) Intracellular cytokine staining
(ICCS) was performed on splenocytes of IgG (black bars) and α-OX40 treated (white bars)
mice on day 30, and 45 p.i. (n = 4-7 per group and time point) following in vitro stimulation
of splenocytes with the GP33 peptide (A) and with the GP61 peptide (B). (C) Germinal
center B cells (Fas+PNA+IgD−) were analyzed 45 days p.i. (n = 5-7 per group) in IgG and
α-OX40 treated mice. (D) LCMV-specific IgG antibody titers were analyzed by Elisa on
day 45 post infection (n = 5-7 per group). (E) Serum and (F) kidney samples of treated and
untreated mice were harvested on days 30 and 45 post infection and viral loads were
determined by plaque assay. Data are derived from 2 independent experiments.
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Figure 4. OX40 triggered lymphopenia is mediated by CD8 T cells
(A, B) C57BL/6 mice were infected with LCMV cl13 and treated with 100 μg rat IgG1 or α-
OX40 one day p.i. CD8 T cells were depleted by i.p. administration of 500 μg anti-CD8
antibody on days 1 and 3 post infection. CD4 T cell and B cell numbers were assessed by
flow cytometry 14 days post infection. (C) 2,000 naive LCMV-GP33-41-specific cells from
CD8 TCRtg (P14) OX40+/+(WT B6, CD45.1+/+) and OX40−/− (CD45.1+CD45.2+) mice
were transferred into CD45.2+/+ recipients prior to LCMV cl13 infection. Mice were treated
with 100 μg rat IgG1 or α-OX40 one day p.i. and CD107a expression was assessed directly
ex vivo 7 days p.i. Representative FACS-plot gated on live CD8+CD45.1+ cells. (D) OX40
expression on different cell subsets 2 days post LCMV cl13 infection. (E) Longitudinal
analysis of regulatory T cell frequencies (Tregs, CD4+CD127-FoxP3+) during LCMV cl13
infection in mice treated with IgG1 (circles) or 100 μg α-OX40 one day p.i. (squares). (F)
Expression levels of CTLA-4 (intra- and extracellular), CD39, Neuropilin-1 and PD-L1 on
Tregs seven days p.i. in mice treated with 100 μg rat IgG1 or α-OX40 one day p.i. (G)
FoxP3 MFI on Tregs seven days p.i. in mice treated with 100 μg rat IgG1 or α-OX40 one
day p.i. Data are derived from at least 2 independent experiments with 4-6 mice per group.
*p < 0.05, **p <0.01 and ***p <0.001.
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Figure 5. Impaired humoral immunity following OX40 stimulation during LCMV-Armstrong
despite absence of enhanced immunopathology
(A – G) C57BL/6 mice were infected with LCMV Armstrong and treated with 100 μg rat
IgG1 or α-OX40 one day p.i. Mice were euthanized 20 days post infection. CD4 and CD8 T
cell numbers were determined by flow cytometry (A and B). (C and D) Intracellular
cytokine staining (ICCS) was performed following in vitro stimulation of splenocytes with
the GP33 peptide (CD8 T cells) or GP61 peptide (CD4 T cells). FACS-plots are gated on
CD8+CD19− cells (C) and CD4 T cells (D). (E) GC B cells were analyzed in IgG and α-
OX40 treated mice, FACS-plot are gated on CD19 B cells. (F) Anti-LCMV IgG responses
were analyzed by Elisa. (G) Serum samples of treated and untreated mice were harvested on
day 20 post infection and viral loads were determined by plaque assay. Data are derived
from at least 2 independent experiments with 4-6 mice per group. ***p <0.001.

Boettler et al. Page 18

J Immunol. Author manuscript; available in PMC 2014 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. OX40 stimulation inhibits Tfh formation
Naïve congenic CD4 T cells from TCR transgenic (TCRtg) Smarta mice were transferred
into C57BL/6 mice prior to LCMV cl13 infection and treatment with 100 μg rat IgG1 or α-
OX40 one day p.i. (A and B) T follicular helper cell (Tfh) responses of IgG and α-OX40
treated mice were analyzed on congenic Smarta cells (A) and endogenous GP66-tetramer-
positive cells (B) by CXCR5 surface staining and intracellular staining for Bcl-6 on day 7
post LCMV cl13 infection. (C and D) Spleens were harvested on day 7 p.i., and optimal
cutting temperature (OCT) compound embedded. Immunofluorescence analysis was
performed on cryostat sections using antibodies to B220 (for B cells) and CD45.1 (for
transferred Smarta CD4 T cells) as described in the method section. Representative stainings
from 2 independent experiments with 3-5 mice per group are displayed.
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Figure 7. OX40 stimulation drives Blimp-1 expression
(A – E) 5,000 naïve congenic CD4 T cells from TCR transgenic (TCRtg) Smarta Blimp-1-
YFP reporter mice were transferred into C57BL/6 mice prior to LCMV infection. (A and B)
Blimp-1 expression and the Th1 associated surface marker SLAM (CD150) were analyzed
on transferred Smarta cells 7 days post infection in IgG and α-OX40 treated mice. (B) The
same analysis was performed in mice that have been infected intravenously with high-dose
LCMV cl13, intraperitoneally with low-dose LCMV cl13 or LCMV Armstrong. Data are
representative of 2-3 independent experiments with 3-5 mice per group. (C) 100 μg IgG or
α-OX40 was administered 1, 7 or 14 days post LCMV cl13 infection. Analysis of Blimp-1
expression on adoptively transferred Smarta Blimp-1-YFP cells was performed on days 7,
14 and 28 respectively. (D and E) Following adoptive transfer of naïve Smarta Blimp-1-YFP
reporter cells and LCMV cl13 infection, mice were treated with 100 μg rat IgG1 or α-OX40
either alone or in combination with CD8 depletion or Fas ligand blockade as indicated.
Transferred Smarta cells were assessed for Blimp-1 expression and Tfh markers (CXCR5,
PD-1) 7 days post infection. Data are representative of 2 independent experiments with 2-4
mice per group. ***p <0.001.
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Figure 8. Altered CD4 T cell differentiation following OX40 stimulation
(A – E) 5,000 naïve congenic CD4 T cells from TCR transgenic (TCRtg) Smarta Blimp-1-
YFP reporter mice were transferred into C57BL/6 mice prior to LCMV infection and
analyzed 7 days post infection. T-bet and Bcl-6 expression as well as IFN-γ and IL-2
production (by ICCS) was analyzed on transferred Smarta cells within the Th1 gate (SLAM
+CXCR5−, blue) or Tfh gate (SLAM-CXCR5+, red) of IgG treated mice and on transferred
Smarta cells of α-OX40 treated mice (white). (F) Plots are gated on CD4+GP66-tetramer+ T
cells. CD45.1+ cells are transferred Smarta cells, CD45.1-negative cells are endogenous
LCMV-specific CD4 T cells. T-bet and Bcl-6 expression are identically altered in
endogenous and transferred LCMV-specific CD4 T cells following OX40 stimulation. (G)
2,000 naive LCMV-GP33–41-specific cells from CD8 TCRtg mice (P14) were transferred
into CD45.1/2 mismatched recipients prior to LCMV cl13 infection. Mice were treated with
100 μg rat IgG1 or α-OX40 one day p.i. Bcl-6, T-bet, PD-1, SLAM, CD127 and KLRG-1
expression was analyzed 7 days post LCMV-infection. Data are representative of 2-3
independent experiments with 3-4 mice per group. **p < 0.01 and ***p <0.001.
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Figure 9. Involvement of IL-2 in OX40 mediated Th1 effector differentiation
(A) 500,000 naïve congenic CD4 T cells from TCR transgenic (TCRtg) Smarta Blimp-1-
YFP reporter mice were transferred into C57BL/6 mice prior to LCMV infection and
analyzed 2 days post infection. OX40 expression was analyzed on effector Th1 precursors
expressing the IL-2 receptor α-chain (CD25) and Blimp-1 and on Tfh precursors expressing
CXCR5. (B) Naïve congenic CD4 T cells from TCR transgenic (TCRtg) Smarta mice were
transferred into C57BL/6 mice prior to LCMV cl13 infection and treatment with 100 μg rat
IgG1 or α-OX40 one day p.i. Expression of CD25 was analyzed on CD4 Smarta cells in
both groups on day 7 p.i. (C – F) Naïve WT or CD25−/− CD4 T cells from TCR transgenic
(TCRtg) Smarta mice were transferred into congenically mismatched C57BL/6 mice prior to
LCMV cl13 infection and treatment with 100 μg rat IgG1 or α-OX40 one day p.i.
Representative FACS-plot gated on CD4 Smarta T cells. On day 7 post infection, Th1 and
Tfh surface markers (C), transcription factors (D and F) as well as IFN-γ (E) were analyzed
in WT and CD25−/− CD4 Smarta T cells. Data are representative for 2 independent
experiments (n = 3-5 per group). *p< 0.05, **p < 0.01 and ***p <0.001.
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