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SUMMARY

Viral persistence specifically inhibits CD4 Th1 responses and promotes Tth immunity, yet the
mechanisms that suppress Th1 cells and the disease consequences of their loss are unclear. We
demonstrate that the loss of CD4 Th1 cells specifically leads to the progressive CD8 T cell decline
and dysfunction during viral persistence. Therapeutically reconstituting CD4 Th1 cells restored
CDA4 T cell polyfunctionality, enhanced antiviral CD8 T cells numbers and function and enabled
viral control. Mechanistically, combined interaction of PD-L1 and IL-10 by suppressive dendritic
cell subsets inhibited new CD4 Th1 cells in both acute and persistent virus infection,
demonstrating an unrecognized suppressive function for PD-L1 in virus infection. Thus, the loss of
CDA4 Th1l cells is a key event leading to the progressive CD8 T cell demise during viral persistence
with important implications for restoring antiviral CD8 T cell immunity to control persistent viral
infection.
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INTRODUCTION

In response to many persistent virus infections, virus-specific T cells are either physically
deleted or persist in an attenuated (exhausted) state characterized by a distinct transcriptional
program, alterations in antiviral and immune-stimulatory cytokines and a decreased ability
to proliferate or lyse virally infected cells (Ng et al., 2013; Wherry and Kurachi, 2015).
Although CD4 T cells are the central orchestrators of the immune response, to date the
majority of work analyzing T cell dynamics and exhaustion during persistent viral infection
has focused on CD8 T cells. In fact, effectively directed and sustained CD4 T cell responses
are the best correlate of control and clearance of multiple persistent virus infections (Ng et
al., 2013). Thus, understanding how CD4 T cells mediate control of persistent infection will
be critical for designing therapies to fight viral infections.

Upon activation, naive CD4 T cells differentiate into specific subsets (Th1, Tfh, Th17, Treg,
etc.), based on signals from the antigenic environment and interactions with antigen
presenting cells (APCs) (Zhu et al., 2010). The CD4 Th response generated is tailored to
control individual types of pathogens, with misdirection often leading to ineffective
immunity (Hegazy et al., 2010; MacDonald et al., 2002). In response to viral infections,
CDA T cells predominantly differentiate into Th1 cells that sustain CD8 T cell responses to
kill virus infected cells (Battegay et al., 1994; Elsaesser et al., 2009; Frohlich et al., 2009;
Matloubian et al., 1994; Yi et al., 2009) or develop into T follicular helper (Tfh) cells that
mediate B cell differentiation and antibody production (Crotty, 2014; Fahey et al., 2011).
Although CD4 help at the onset of persistent virus infection is initially required to promote
the CD8 T cell and antibody responses required for long-term control of infection
(Bergthaler et al., 2009; Fahey et al., 2011), the subsets best suited to maintain long-term
immunity and control an established persistent virus infection are unclear.

During viral persistence, continuous T cell receptor (TcR) stimulation progressively drives
transformation of virus-specific CD4 Th1 cells into Tfh cells (Fahey et al., 2011), and
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ultimately, the CD4 Th1 cells generated at the onset of persistent infection are lost, leaving
primarily B cell helping CD4 Tth cells. Furthering the skew towards Tfh, we recently
identified a severe defect in the ability to generate new virus specific CD4 Th1 cells in the
midst of an established persistent virus infection (Osokine et al., 2014). In the established
persistent virus infection, only new CD4 Tfh cells were generated (Osokine et al., 2014),
leaving a hole in the CD4 Th subset repertoire and skewing the type of help available as
persistent infection progressed.

A similar decrease in CD4 Th1 cells and accumulation of Tth cells is observed in HIV, SIV
and HCV infections (Feng et al., 2012; Lindgvist et al., 2012; Petrovas et al., 2012),
suggesting a conserved loss of Th1l responses in persistent virus infection. Interestingly,
prolonged CD4 Th1 responses in HIV and HCV infections correlate with enhanced viral
control (Gerlach et al., 1999; Rosenberg et al., 1997; Thimme et al., 2001). However, it
remains unclear whether sustained Th1 responses actually facilitate viral control or whether
decreased viral loads simply enable Thl priming and maintenance. Differentiating between
these scenarios will be critical to determine the role of Th1 cells in persistent infection and
further the understanding of which CD4 T cell subsets are optimal to promote
therapeutically for viral control.

Herein, we demonstrate the fundamental disease consequences of the loss and inability to
generate new CD4 Th1 cells during viral persistence. We demonstrate that the loss of CD4
Th1 cells underlies the progressive CD8 T cell decline and dysfunction that prevents control
of persistent infection and that therapeutically restoring CD4 Th1 cells enhances virus-
specific CD8 T cell numbers and function facilitating control of the persistent infection.
Mechanistically, expression of PD-L1 and IL-10, two immunosuppressive molecules
integrally linked to the failure to control persistent virus infections (Barber et al., 2006;
Brooks et al., 2006; Day et al., 2006; Ejrnaes et al., 2006) by suppressive dendritic cells
(DCs) simultaneously inhibits CD4 Thl immunity. Further, these same mechanisms also
impede CD4 Th1 differentiation at the onset of acute and persistent viral infections,
identifying a continuous mechanism limiting Th1 differentiation and preventing control of
persistent infection.

RESULTS
Combined PD-L1 and IL-10 suppression inhibits de novo CD4 Th1l generation

To explore CD4 T cell dynamics and dysfunction in persistent viral infection, we use the
lymphocytic choriomeningitis virus (LCMV) model. Infection with the LCMV variant
Clone 13 (CI13) establishes a persistent infection due to enhanced viral replication and
receptor affinity that outcompetes the developing immune response, thereby inducing
immunosuppression and T cell exhaustion (Ahmed et al., 1984; Ng et al., 2013). To identify
the mechanisms that inhibit CD4 Th1 cell generation in the midst of persistent infection, we
isolated naive LCMV-specific CD4 TCR transgenic (SMARTA) cells and adoptively
transferred them into mice one day prior to LCMV-CI13 infection, or 21 days after LCMV-
ClI3 infection (i.e., in an established persistent infection) (Osokine et al., 2014). Importantly,
virus-specific CD4 SMARTA T cells mount analogous responses to their endogenous
polyclonal LCMV-specific I-Ab restricted GPg1_gg CD4 T cell counterparts. On day 8 post-
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transfer the virus-specific CD4 SMARTA T cells primed at the onset of LCMV-CI13
infection (termed early primed) differentiated into both Th1 cells (SLAMN CXCR5!°) and
Tth cells (SLAM!® CXCR5M), whereas virus-specific CD4 SMARTA T cells primed in the
midst of persistent viral infection (termed late primed) almost exclusively generated Tfh
(Figure 1A and (Osokine et al., 2014)). The suppression of late Th1 priming was overcome
by blocking IFN-I signaling prior to priming (Figure 1A), but interestingly the effect was
indirect on the T cells (Osokine et al., 2014). IFNB is associated with the suppressive
qualities of the IFN-1 system (Ng et al., 2015) however, similar to untreated WT mice, no
enhancement of Thl priming was observed in IFNB-/- mice (Figure S1A). Thus, our data
suggest that IFNP alone does not mediate the Th1 suppressive capacity in the midst of
persistent viral infection.

IFN-I drives IL-10 expression and IL-10 is well recognized to suppress Th1 differentiation
(Cunningham et al., 2016; Moore et al., 2001). To test the role of IL-10 in preventing new
CD4 Th1l cell generation, an anti-IL-10R antibody was used. All mice were depleted of CD8
T cells prior to infection to prevent the decrease in virus titers by anti-IL-10R (Brooks et al.,
2006; Ejrnaes et al., 2006) or other blocking antibodies (Barber et al., 2006) in persistent
LCMV infection. Unexpectedly, IL-10R blockade had minimal restorative effect for late
primed CD4 Th1 cell differentiation compared to isotype antibody treated mice (Figure 1A).
IFN-I signaling also directly induces PD-L1 expression during viral persistence
(Cunningham et al., 2016), and although PD-L1 is not specifically identified to inhibit CD4
Th1 differentiation, its CD8 T cell suppressive capacity is well established (Barber et al.,
2006). PD-L1 blockade alone induced a moderate increase in CD4 Th1 cell priming during
persistent infection, however the simultaneous blockade of both PD-L1 and IL-10R
completely restored CD4 Th1 differentiation, in fact exceeding the recovery generated by
blocking IFNAR (Figure 1A). The Th1 cells that formed after the dual IL-10R and PD-L1
blockade produced increased IFNy, TNFa and granzyme B (Figure 1A and 1B). Consistent
with previous data, a proportion of Tfh cells also produced IFN-y after dual blockade (Fahey
et al., 2011), but at a substantially decreased percentage of the population and dramatically
lower per cell levels than Th1 cells (Figure 1B). Inhibition of late Th1 priming and its
restoration upon PD-L1 and IL-10R blockade was also observed using CD4 TCR transgenic
cells specific for the LCMV-nucleoproteingy1_325 (NIP TCR-transgenic mice) (Nance et al.,
2015) (Figure S1B), indicating the effect was a general biological mechanism and not due to
a specific TCR or a particular LCMV epitope.

IFN-I signaling upregulates PD-L1 expression by DCs (activation inducible PD-L1), but
does not control the basal level of PD-L1 expression on DCs in the absence of inflammatory
signals (Wilson et al., 2013). Consistent with regulating activation induced expression, PD-
L1 expression on DCs was decreased by anti-IFNAR treatment, whereas it was completely
blocked by anti-PD-L1 (Figure S1C), suggesting that the remaining basal levels of PD-L1
following anti-IFNAR blockade further diminish Th1 priming. Changes in virus titers in the
CD8 T cell depleted mice are not responsible for the enhanced Th1 priming as increased
Th1 differentiation was observed in IL-10R/PD-L1 dual blocked mice where virus loads
were slightly decreased, as well as in anti-IFNAR treated mice where titers were increased
due to the loss of IFN-I antiviral activity (Figure S1D). Thus, IFN-1 mediated induction of
the suppressive factors IL-10 and PD-L1 combinatorially suppress de novo CD4 Thl
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priming and the production of polyfunctional cytokine producing CD4 T cells during an
established persistent virus infection.

Dendritic cells (DCs) are required for priming CD4 T cells in the midst of persistent LCMV
infection (Osokine et al., 2014). We recently identified two populations of DCs that emerge
during persistent infection, stimulatory (stim) DCs that robustly stimulate CD4 T cells and
suppressive (supp) DCs that are induced by IFN-I to express multiple inhibitory molecules,
including PD-L1 and IL-10 (Cunningham et al., 2016). Of note, suppDCs have similar or
elevated expression of MHC I and 1l and of costimulatory molecules CD80 and CD86 when
compared to stimDCs (Cunningham et al., 2016; Wilson et al., 2012). To determine how
these different DC subsets affect Th1 priming, we isolated suppDCs and stimDCs from
LCMV-CI13 infected mice and cultured them with naive LCMV-specific CD4 T cells.
SuppDCs suppressed CD4 Th1 priming, generating a lower frequency and particularly
number of T-bet expressing virus-specific CD4 T cells, as well as fewer IFN+y producing
cells than the stimDCs (Figure 2A). PD-L1 and IL-10R blockade reversed suppDC mediated
inhibition and enabled robust CD4 Th1 activation and IFNvy production even greater than
observed by the stimDC (Figure 2A), indicating that interaction of naive CD4 T cells with
IL-10/PD-L1 producing suppDCs from persistent virus infection potently inhibits de novo
CD4 Th1 cell priming. Additionally, virus-specific CD4 SMARTA T cells primed in
persistently infected CD11c-Cre IFNAR/fl mice exhibited increased Th1 generation
compared to late priming in wildtype mice (Figure 2B), confirming DCs as the target of
IFN-I suppression of de novo CD4 Th1 differentiation /n vivo in the midst of persistent viral
infection.

IL-10 and PD-L1 inhibit Th1l differentiation at the onset of acute and persistent virus

infection

IL-10 and PD-L1 are also expressed early in viral infection (Barber et al., 2006; Brooks et
al., 2010). To investigate their role in suppressing CD4 Th1 differentiation at the onset of
infection, PD-L1 and IL-10R were blocked prior to acute LCMV-Armstrong (Arm) infection
or persistent LCMV-CI13 infection. To avoid the mortality associated with anti-PD-L1
treatment at the onset of LCMV-CI13 infection (Barber et al., 2006) mice were CD8
depleted prior to infection. Similar to their effects during persistent infection, IL-10R plus
PD-L1 blockade at the onset of acute and persistent LCMV did not affect overall CD4 Tth
responses, but dramatically increased the number of SLAM+/Tbet+ virus-specific CD4 Thl
cells, almost entirely reorienting the CD4 T cell response toward Thl (Figure 3A and S2).
PD-L1 and IL-10R blockade increased the number of IFN+y and of dual IFNy/TNFa
producing SMARTA cells in persistent LCMV infection, as well as the level of IFNy
produced per cell in the acute and persistent infections (Figure 3B). Thus, I1L-10 and PD-L1
suppress CD4 Th1 differentiation at the onset of acute and persistent viral infection.

In vitro Thl polarized virus-specific CD4 T cells maintain Thl responses

Viral persistence converts CD4 Th1 cells to Tfh and inhibits new Th1 cell generation (Fahey
et al., 2011; Osokine et al., 2014). Thus, whether generation of new Th1 cells can be
maintained to provide help for CD8 T cells in persistent infection is unclear. To investigate
the sustainability of CD4 Th1 cells during viral persistence without the multiple direct and
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indirect effects induced by PD-L1 and IL-10R blockade, virus-specific CD4 SMARTA T
cells were Th1 polarized /n vitro for 5 days and then transferred into persistently infected
mice 26 days after infection. Further, mice were CD4 depleted prior to LCMV infection to
generate a life-long viremic infection and enable long-term analysis of CD4 Th1 cells in the
continued presence of high levels of virus replication (Matloubian et al., 1994). Depletion of
CDA T cells prior to infection does not alter late primed CD4 T cell differentiation or
function (Osokine et al., 2014). In parallel, naive CD4 SMARTA T cells were transferred
into a cohort of mice on day 21 after LCMV-CI13 infection for /n vivo late priming to enable
direct comparison with cells primed at the same time that become Tfh after priming in vivo
(late primed). The number of Th1 polarized cells for transfer was chosen to achieve roughly
equal amounts to the /n vivo late primed CD4 T cells on day 9 after priming, thus enabling
direct comparison (Figure 4A). Prior to transfer, /n vitro polarized Th1 cells produced IFNy
and TNFa upon restimulation, expressed the Th1 transcription factor T-bet, high levels of
SLAM and little to no expression of CXCRS5, confirming Thl polarization and
demonstrating minimal contamination of Tfh (Figure S3A). Four days after transfer into
persistent infection (9 days after priming), Th1 polarized virus-specific CD4 T cells
maintained cellular and molecular markers of Th1 differentiation, including high expression
of SLAM, T-bet, and P-selectin glycoprotein 1 (PSGL1), which is down-regulated in Tfh
(Poholek et al., 2010) (Figure 4A, 4B, S3B and S3C). Further, Thl polarized cells exhibited
minimal expression of CXCR5 and the Tth transcription factor Bcl6, in contrast to the late
primed cells that were predominantly Tfh (Figure 4A, 4B, and S3C). PD-1 levels were lower
on Thl polarized cells as compared to late primed CD4 T cells (Figure 4B and S3C), in
accordance with T-bet mediated repression of PD-1, and increased PD-1 expression by Tfh
(Haynes et al., 2007; Kao et al., 2011). However, upon ex vivo restimulation, the amount of
IFNy producing Th1 polarized virus-specific CD4 T cells was markedly decreased
compared to their pre-transfer levels (Figure 4C and S3A) and was now similar to the
production by late primed virus-specific CD4 T cells (Figure 4C), suggesting maintenance
of CD4 Th1 cells, but exhaustion of Th1 cytokine production upon entry into the persistent
infection.

We next determined whether the CD4 Th1 cells could be stably maintained long-term in the
presence of an ongoing persistent infection. Whereas total numbers of /n vivo late primed
virus-specific CD4 T cells stayed relatively similar between day 9 and 40 after priming, the
total number of polarized CD4 T cells increased during this same timeframe (Figure 4A). Of
the polarized cells initially transferred, the total number of Th1 cells remained the same
between day 9 and 40 after priming despite their decrease in proportion (Figure 4A). At day
40 after transfer, the Th1 cells continued to express increased T-bet, decreased PD-1 and
lacked Bcl6 (Figure S3D, S3E), confirming the maintenance of Th1 differentiation. Despite
initially being a homogeneous Th1 population, a high frequency of the Th1 polarized virus-
specific CD4 T cells now expressed CXCR5 and had down-regulated SLAM (Figure 4A),
indicating generation of a sustained, polyfunctional CD4 Th1 response that could
additionally give rise to Tth cells during persistent virus infection. Further, the initial
functional exhaustion observed at day 9 after transfer of the Th1 polarized cells was no
longer evident, and at day 40 a large population of the polarized CD4 Th1 cells expressed
IFN-y, TNFa, IL-2, and in particular, there were increased amounts of double and triple
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cytokine producing cells (Figure 4C). Due to the initial CD4 depletion of mice prior to
infection virus titers remained high in all mice (Figure S4A), indicating that the ability to
sustain polyfunctional CD4 Th1 cells occurred despite the presence of ongoing viral
persistence.

Th1l polarized virus-specific CD4 T cells enhance LCMV-specific CD8 T cells and accelerate
viral control

CD8 T cells become progressively exhausted in persistent infection (Wherry et al., 2003),
corresponding to the loss of CD4 Th1 cells (Fahey et al., 2011). We next determined how the
loss of CD4 Th1 cells as persistent infection progressed contributed to the demise of
antiviral immunity. CD4 Th1 polarized cells were transferred into persistently infected mice
at a time point when the initial virus-specific CD4 Th1 cells are lost and primarily only CD4
Tth cells remain (day 27 after infection). In parallel, no SMARTA cells or naive SMARTA
cells were transferred at day 22 after persistent infection to generate Tth cells. The number
of naive SMARTA and Th1 polarized SMARTA were chosen so that similar numbers of
each were observed at day 9 after priming and a relatively small number of CD4 T cells
were transferred compared to other studies (Aubert et al., 2011). Interestingly, unlike the
progressive decline in LCMV-specific CD8 T cells in persistently infected mice that received
naive (late primed) SMARTA cells or that received no CD4 T cells, in mice that received
Th1 polarized cells the total number of LCMV-specific CD8 T cells in the blood was
maintained throughout persistent infection (Figure 5A). Further, mice that received Thl
polarized CD4 T cells had increased numbers of LCMV-specific CD8 T cells in the spleen
60 days after infection, as well as increased numbers of cytokine producing CD8 T cells and
decreased PD-1 expression compared to those that received no cells or late primed Tfh
(Figure 5B). Despite the development of Tfh in the Th1l polarized transfer mice, neither the
addition of Th1 polarized nor in vivo activated Tfh cells significantly enhanced LCMV-
specific 1gG or total IgG over levels generated by endogenous Tth responses (Figure 5C).
Thus, maintaining CD4 Th1 cells sustained and enhanced virus-specific CD8 T cell numbers
and function, but did not affect virus-specific 1gG levels.

The effects of sustaining CD4 Th1 help were not due to changes in virus titers since Thl
polarized CD4 T cells similarly enhanced virus-specific CD8 T cell numbers and function
when transferred into mice that had been CD4 depleted prior to LCMV-CI13 infection and
that maintain life-long viremic infection (Figure S4A and S4B). In the CD4 depleted system
where B cells had not received CD4 help at the onset of infection, the transferred Thl
polarized CD4 T cells stimulated 1gG production similar to late primed CD4 Tth cells,
consistent with gradual Tfh accumulation in the Th1 polarized subset (Figure S4C). This is
distinctly different from the situation wherein initial CD4 help had been provided but then
Th1 cells waned while Tfh were maintained and no further help to antibody production was
evident (compare Figure 5C and S4C). Thus, CD4 Th1 transfer enabled help to CD8 T cells
and B cells independent of changes in viral titers, when endogenous CD4 T cell help is
absent.

The ability of Thl polarized cells to sustain virus-specific CD8 T cell responses in the
absence of enhanced antibody production led us to question whether the reconstitution of
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CD4 Th1 immunity would enhance viral control. Viral titers were initially similar between
the groups at the time of cell transfer (Figure 5D). However, by day 55 after infection,
plasma virus titers were below detection in mice that received CD4 Th1 cells, whereas
viremia remained elevated in mice that received no cells or late primed Tth cells (Figure
5D). Thus, the loss of CD4 Th1 cells impedes viral clearance and their maintenance
enhances antiviral immunity to accelerate control of an established persistent virus infection.

DISCUSSION

Viral persistence severely restricts the breadth of CD4 T cell help, favoring B cell help over
Th1 mediated CD8 T cell help. Yet the mechanisms that inhibit CD4 Th1 differentiation, the
stability of Thl cells if they could be generated, the overall impact of Th1 loss and the
disease consequences if these cells were reconstituted in persistent viral infection has
remained unclear. Our data demonstrate that PD-L1 and IL-10 expression by a specific
population of suppressive DCs inhibits de novo Thl responses in the midst of persistent viral
infection. We demonstrate that the loss of CD4 Th1 cells is a critical immune event driving
progressive CD8 T cell decline and dysfunction, thereby impeding control of persistent
infection. Strikingly, therapeutically restoring CD4 Th1 cells after they would have
otherwise been lost stopped the progressive decline in antiviral CD8 T cell responses,
diminished CD8 T cell exhaustion and enabled viral control. Thus, our data indicate that the
loss of CD4 Th1 cells is a critical factor leading to the progressive CD8 T cell demise during
viral persistence and undermining the ability to control persistent infection.

Prolonged CD4 Th1 responses are associated with enhanced control of persistent virus
infections, including HIV and HCV, and the loss of Th1 cells correlates with decreased viral
control (Gerlach et al., 1999; Rosenberg et al., 1997; Thimme et al., 2001). Yet it has been
difficult to differentiate whether sustained Th1l responses are the cause of virus control or a
consequence of the lower virus titers. Our data now answer this question and demonstrate
that the maintenance of CD4 Th1 cells prevents the progressive decline in antiviral CD8 T
cell numbers and function to accelerate viral control. Unlike help to CD8 T cells when Thl
are lost, the ongoing Tfh response is sufficient to sustain antibody production during viral
persistence and no further enhancement in LCMV-specific 1gG was afforded by transfer of
relatively small amounts of either Th1 polarized or naive CD4 T cells that became Tfh upon
priming. On the other hand, in situations where B cells had never received CD4 T cell help,
antibody production was enhanced by transfer of Th1 polarized cells, indicating that even
after prolonged periods of time in the persistent infection, B cells retain the ability to
produce IgG if help is provided. Interestingly, the initial Th1 polarized cells did not contain
Tfh, indicating that the rise of CD4 Tth cells was derived from Th1 that became Tfh. This is
similar to Th1l cells primed at the onset of infection that convert into Tfh, but without the
loss of the initial Thl cells that was observed in these studies (Fahey et al., 2011), suggesting
that established CD4 Th1 can give rise to Tth offspring while maintaining their initial
identity. Thus, the loss of CD4 Th1 cells as persistent infection progresses has an important
impact on the decay of antiviral CD8 T cell responses and importantly, preventing this loss
leads to enhanced CD8 T cell numbers and function and control of persistent infection.
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It is important to note that a balanced CD4 Th response consisting of both Thl and Tfh cells
is likely optimal to control virus infection. However, in the situation of viral persistence this
balance is disrupted and skewed toward Tfh. Our data now indicate that restoring the Thl
side of the Th1/Tfh balance can complement the already ongoing B cell help promoted by
the accumulating Tfh response to simultaneously prevent the decay and sustain the antiviral
CD8 T cell responses required to optimally fight persistent viral infection.

There is considerable interest in understanding the mechanisms through which immune
check point inhibition restores immune function to control disease. PD-L1 blockade has
been shown to augment antigen-specific CD4 T cell responses (Aubert et al., 2011; Barber et
al., 2011; Day et al., 2006), however, a specific modulation of Th subsets by PD-L1 as
opposed to a general suppression of all CD4 T cells has not been demonstrated. Our data
now add an additional mechanism of suppression by PD-L1 during persistent viral infection:
the prevention of new CD4 Th1 cells into the antiviral repertoire. Functionally, almost all of
the restored CD4 Th1 cells from the dual blockade produced IFNy in conjunction with
additional cytokines/antiviral effector molecules, and these functional Th1 cells produced
significantly more of these molecules on a per cell basis. Surprisingly, the effect of PD-L1
and IL-10 was specific to CD4 Th1l cells and had little impact on Tfh cells, demonstrating a
bifurcation in the factors and priming cell types that lead to Th1l vs. Tfh fate decisions. In
contrast to the midst of persistent infection where Th1 cell priming is significantly impaired,
Th1 do form at the onset of infection, but the generation of CD4 Th1 cells can still be further
enhanced by blocking IL-10 and PD-L1 signaling. Thus, at the onset of infection PD-L1 and
IL-10 most likely serve to dampen Th1 differentiation and diversify the CD4 helper
response, as exacerbated Th1 responses are associated with pathology and lethality (Barber
etal., 2011; Gazzinelli et al., 1996; Sun et al., 2009). Thus, we now establish an additional
mechanism of PD-L1 induced immunosuppression during viral persistence and demonstrate
that the joint action of PD-L1 and IL-10 serve as a continuous CD4 Th1 suppressing
mechanism throughout persistent infection.

PD-L1 and IL-10 signaling are important suppressive factors in many persistent viral
infections, including HIV, SIV and HCV, which also show gradual erosion of CD4 Th1 cells,
accumulation of Tfh, and progressively diminished CD8 T cell responses (Feng et al., 2012;
Lindqvist et al., 2012; Petrovas et al., 2012). Our data now suggest that the decline in
antiviral CD8 T cells in these infections may also be due in part to an inability to maintain
and invoke new CD4 Th1 cells. Consistent with the mechanism we observe in persistent
LCMV infection, de novoinduction of HIV-specific CD4 Th1 cells only occurred in patients
with suppressed virus loads (Lichterfeld et al., 2004), suggesting that active viral replication
also limits the induction of de novo Th1l responses in multiple persistent infections. Thus,
the ability to block PD-L1 and IL-10 and restore Th1 priming may be therapeutically
beneficial to generate the CD4 Th1 help needed to sustain and enhance antiviral CD8 T cell
responses. Although PD-L1 therapy is most often recognized for its direct effects on
antiviral CD8 T cells, it likely functions through multiple mechanisms (Nguyen and Ohashi,
2015) and our data suggest that an additional aspect of PD-L1 blockade therapy may be to
enhance CTL responses indirectly by allowing for the generation of new CD4 Th1 cells and
the cytokines they produce.
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With the success of adoptive immunotherapy to fight persistent virus infection and cancer,
the ability to reconstitute and re-establish a patient’s T cells to fight disease is becoming a
reality. Our results have important implications for CD4 T cell immunotherapy and
demonstrate that therapeutic reconstitution of CD4 Th1 cells can accelerate control of
persistent infection. Thus, de novo induction and/or adoptive transfer of antigen-specific
CD4 Th1 cells might provide enhanced and prolonged help to sustain CTL responses and
facilitate viral control. Similarly this approach has been hypothesized for cancer
immunotherapy (Dobrzanski, 2013). Indeed, in various cancer models, polarized CD4 Thl
cells and the cytokines they produce can mediate tumor rejection, typically through a CD8 T
cell dependent manner (Moeller et al., 2007; Nishimura et al., 1999), indicating that the
ability to maintain strong Th1 effector functions over time in the tumor setting may also be
pivotal for prolonged CD8 T cell help. Since CD4 T cells are central to sustain the diverse
facets of the immune response in situations of chronic antigen stimulation, future
immunotherapeutic strategies should consider the reconstitution of CD4 Th1 cells in their
regiments, but should keep mindful of how the antigenic environment can prevent new and
skew established CD4 Th1 cell responses.

EXPERIMENTAL PROCEDURES

Mice and Virus Infection

C57BL/6 mice were purchased from Jackson Laboratories, or the rodent breeding colony at
the University of California, Los Angeles or at the Princess Margaret Cancer Center. LCMV-
GPg1-gg specific transgenic (SMARTA) mice have been characterized previously and were
bred on a Ly5.1 background. LCMV-NP311.55 specific transgenic (NIP) mice (Nance et al.,
2015) and IFNB—-/- mice were generously provided by Dr. Shane Crotty (La Jolla Institute
for Allergy and Immunology) and Dr. Eleanor Fish (University of Toronto) respectively.
CD11c-Cre IFNARM/ mice were generated by crossing CD11c-Cre mice (Jackson
Laboratories) by IFNAR™/ mice (Detje et al., 2009) generously provided by Dr. Ulrich
Kalinke (Hannover Medical School). All mice were housed under specific-pathogen free
conditions. Animal studies were approved by the UCLA Chancelor’s Animal Research
Committee (ARC) or the OCI Animal Care Committee at the Princess Margaret Cancer
Center/University Health Network. Mice were infected intravenously in the retro-orbital
sinus with 2x108 PFU of LCMV-Armstrong or Clone 13. Viral stocks were prepared and
titered as previously described (Brooks et al., 2005).

In vivo cell depletion and blocking antibody treatments

Mice were administered 125 g of anti-CD4 antibody (GK1.5) or anti-CD8a (2.43) 4 days
and then 1 day prior to infection. CD4 or CD8 depletion was confirmed with flow cytometry
using a non-blocking CD4 clone (RM4.4) or an antibody to CD8. For /in vivo blocking
experiments either 500 g anti-IFNAR (MARL1), 250 ug anti-PD-L1 (10F.9G2), 250 pg anti-
IL-10R (1B1.3A), 250 ug anti-PD-L1 plus 250 ug IL-10R, or appropriate isotype controls
(HPRN, LTF-2 or mouse 1gG1) were administered one day prior to CD4 T cell transfer and
then at day 1 post priming and every 3 days following for 2 treatments. Anti-IFNAR dose
was decreased to 250 pg for the last 2 injections. In blocking experiments during acute and
persistent LCMV infection, mice were administered 250 pg of anti-PD-L1 and anti-IL-10R
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or isotype controls at days 0, 2, 5 and 8 of infection. /n7 vivo blocking and depletion
antibodies were obtained from BioXcell, except anti-IFNAR which was obtained from
Leinco Technologies.

Isolation and polarization of virus specific CD4 T cells

CD4 T cells were isolated from the spleens of naive SMARTA or NIP transgenic mice using
a negative selection mouse CD4 T cell enrichment kit (Stem Cell Technologies). For /n vivo
priming, 5000 naive SMARTA or NIP transgenic cells were injected i.v. via the retro-orbital
sinus at day 21 or day 22 post LCMV-CI13 infection. For in vitro polarization, naive
SMARTA cells were activated with plate bound anti-CD3 (10ug/mL) and soluble anti-CD28
(1 pg/mL). Cells were further cultured with IL-12 (10 ng/mL) and anti-IL-4 (10 pg/mL) for
Th1 polarization. Antibodies were purchased from BioXcell and cytokines from Peprotech
Inc. T cells were polarized for 5 days with a media and cytokine change on day 3 of culture.
Five days after /n vitro activation, 500,000 Th1 polarized SMARTA cells were transferred
into day 26 or day 27 LCMV-CI13 infected mice. This time point was chosen to temporally
match time after priming with the late primed cells. Transfer of this amount of /n vitro Thl
polarized cells was chosen to attain equal numbers of /n7 vivo late primed and /7 vitro primed
SMARTA at day 9 after priming. For /n vivo priming at the onset of LCMV-Arm or LCMV-
Cl13 infection, 1000 and 5000 SMARTA cells were respectively transferred 1 day prior to
LCMV infection.

Tissue Isolation, intracellular cytokine restimulation, and flow cytometry

Single cell suspensions were prepared from all organs. Cells isolated from organs were
stained ex vivo using antibodies to CD4 (GK1.5), CD8 (53-6.7), CD45.1 (A20), SLAM
(TC15-12F12.2), CXCR5, (2G8), PSGL1 (2PH1), Ly6C (HK1.4), PD-1 (29F.1A12), PD-L1
(10F.9G2), IL-10R (1B1.3A). Dendritic cells were identified by staining for CD45 (30-F11),
CD11c (N418), CD11b (M1/70), CD95 (15A7), CD39 (24DNS1), CD90.2 (30-H12), NK1.1
(PK136) and Ly6G (1A8). All antibodies were from Biolegend with the exception of
CXCR5 (BD Biosciences). Staining for T-bet (4B10) (Biolegend), Bcl6 (K112-91) (BD
Biosciences), and Granzyme B (GB11) (Biolegend) was performed as directed using the
Foxp3 staining kit (EBiosciences). H-2DP Gp33 tetramer was obtained from the NIH
Tetramer core. Samples were run on a FACS Verse (BD Biosciences) and data analyzed
using Flow Jo software (Treestar).

For cytokine quantification, splenocytes were restimulated for 5 hours at 37°C with 5 ug/ml
of MHC class ll-restricted LCMV peptide GPg1_gg in the presence of 50 U/ml recombinant
murine IL-2 and 1 mg/ml brefeldin A (Sigma). Pre-transfer polarized T cells were
restimulated with 50 ng/mL PMA + 1 uM ionomycin for 5 hours to assess cytokine
production. Following the 5 hours /n vitro restimulation, cells were stained with a fixable
viability stain, zombie aqua (Biolgend), extracellularly stained as above with CD4, CD45.1,
and fixed, permeabilized and stained with IFNy (XMGL1.2), TNFa (MP6-XT22), and IL-2
(JES6-5H4) (Biolgend).
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APC Subset sort and in vitro T cell stimulation

Sorting of suppressive and stimulatory DC was carried out as previously described
(Cunningham et al., 2016). Briefly, mouse splenocytes were pooled and enriched for CD11c
positive cells using CD11c MicroBeads (Miltenyi) and an autoMACS (Miltenyi). Enriched
cells were extracellularly stained for suppressive DCs (CD45+, CD11c hi, CD11b+,
CD95hi, CD39hi, CD90.2-, NK1.1-, Ly6G-) and stimulatory DCs (CD45+, CD11c hi,
CD11b+, CD95lo, CD39lo, CD90.2—, NK1.1-, Ly6G-) and FACSorted on a Moflo Astrios
(Beckman Coulter). Post sort purity was >95%. Antigen specific CD4+ T cells (SMARTA)
were isolated from the spleens of naive mice as above and cultured for 5 days with sorted
iregDCs or stimDCs at a ratio of 2:1 T cells to dendritic cell populations (80,000 T cells to
40,000 DCs). Antibodies against PD-L1 (1F.9G2) and IL-10R (1B1.3A) or appropriate
isotype controls (HPRN and LTF-2) were added at a concentration of 10ug/mL to the
appropriate wells. For IFNy quantification the cultures were stimulated with 50 ng/mL PMA
+ 1 pM ionomycin in the presence of 1 mg/ml brefeldin A (Sigma) for the last 5 hours of
incubation.

Antibody ELISA

Plasma total 1gG or LCMV-specific IgG ELISAs were performed using Maxisorp ELISA
plates (Nunc) coated overnight with goat anti-mouse 1gG (Southern Biotech) or 5 x10"6
PFU/well of LCMV-CI13. Plates were blocked with BSA/PBS/0.05% Tween20. Serial
dilutions of mouse plasma were incubated on the plates, washed and incubated with HRP-
labeled goat anti-mouse 1gG (Life Technologies) followed by the addition of the substrate o-
phenylenediamine in 0.05 M phosphate buffer. The reaction was stopped with 2 N H,SO4
and the OD values read at 490 nm. Antibody concentrations were quantified by interpolating
plasma dilutions falling within a standard curve (500 — 0.245 ng) generated from serial
dilutions of purified mouse IgG (Aviva Systems Biology Corporation).

Statistical Analysis

Student t tests (2 tailed, unpaired) and Mann-Whitney nonparametric tests (two tailed,
unpaired) were performed using Graph Pad Prism Software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Dual PD-L1 and IL-10 expression suppress de novo CD4 Th1 generation during an

established persistent virus infection

Mice infected for late prime experiments were CD8 depleted prior to LCMV-CI13 infection
to prevent control of infection by blocking antibodies. Virus-specific CD4 SMARTA T cells
were transferred into mice 1 hour prior to LCMV-CI13 infection (Early priming) or into
mice infected 21 days earlier with LCMV-CI13 (Late priming). One day prior to late
priming, mice were treated with either isotype control, anti-IFNAR, anti-IL-10R, anti-PD-
L1, or anti-PD-L1 and IL-10R (dual block - DB) blocking antibodies. Antibody treatment
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continued on day 1, day 4 and day 7 post priming. Analysis was performed on spleen at day
8 after priming.

A. Flow plots depict the frequency and bar graphs the number of CD4 Th1 (SLAMN
CXCR5!) and Th (SLAM!® CXCR5M) cells or IFNy and TNFa producing SMARTA CD4
T cells

B. Flow plots and bar graphs depict the frequency of IFNy, IFNy and TNFa, and granzyme
B producing SLAM+ Th1l (red) and SLAM- Tfh (black) SMARTA cells following ex vivo
peptide stimulation. Also depicted in a bar graph is the geometric mean fluourescent
intensity (GMFI) of IFNy on Thl and Tfh SMARTA cells.

* p < 0.05. Data are representative of 3—4 independent experiments with 3 — 6 mice per
group. See also Figure S1.
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Figure 2. IFN-I induced PD-L1 and IL-10 expression on suppressive DCs inhibit the priming of
Th1 cells

A. Stimulatory (stim) DCs and suppressive (sup) DCs from LCMV-CI13 infected mice were
co-cultured for 5 days with naive CD4 SMARTA T cells in the presence of isotype or anti-
PD-L1 + anti-1L-10R blocking antibodies (DB). Flow plots show the frequency and bar
graphs the number of activated Th1+ (CD62Llo T-bet+) and IFNy producing CD4
SMARTA T cells. No exogenous peptide was added to the cultures for stimulation. Data are
shown from 1 of 2 experiments using DC pooled from 20 mice to obtain adequate numbers
of each population.

B. Virus-specific CD4 SMARTA T cells were transferred into wildtype or CD11c-Cre
IFNAR/T mice infected 21 days earlier with LCMV-CI13. Flow plots depict the frequency
and bar graphs the number of CD4 Th1 and Tfh SMARTA cells in the spleen 8 days after
priming.

*p < 0.05. Data are representative of 2 independent experiments with 5 mice per group.
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Figure 3. PD-L1 and IL-10 suppress Th1l responses at the onset of acute and persistent viral
infection

Virus-specific CD4 SMARTA T cells were transferred into mice 1 day prior to LCMV-Arm
or LCMV-CI13 infection. LCMV-CI13 infected mice were CD8 depleted prior to infection.
Mice were treated with anti-PD-L1 and anti-IL-10R or isotype control on day 0, 2, 5 and 8
after infection. Flow plots depict the frequency and bar graphs the number of (A) CD4 Thl
(SLAMN CXCR59) and Tfh (SLAM!® CXCR5") SMARTA cells and (B) IFNy and TNFa
production and IFNy GMFI by splenic CD4 SMARTA T cells 9 days after infection. Data
are representative of 2 independent experiments with 4 mice per group. * p < 0.05. See also
Figure S2.
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Figure 4. In vitro Thl polarized virus-specific CD4 T cells sustain long term Th1 responses
Mice were CD4 depleted prior to LCMV-CI13 infection to generate a life-long viral

infection. Naive virus-specific CD4 SMARTA T cells were transferred 21 days after LCMV-
Cl13 infection (/n vivo late prime; LP), or primed /n vitro under Th1l polarizing conditions
for 5 days (Th1 Pol) and injected into mice at day 26 after LCMV-CI13 infection.

A. Flow plots demonstrate the frequency and bar graphs the number of total, Th1 (SLAMN
CXCR5'°) and Tfh (SLAM!® CXCR5") CD4 SMARTA T cells in the late primed (black)
and Th1l polarized (red) SMARTA populations in the spleen at day 9 and day 40 after
priming.
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B. Bar graphs show GMFI of T-bet, Bcl6 and PD-1 in the /n vivo late primed (black) or Thl
polarized (red) SMARTA CDA4 T cells at day 9 after priming.

C. Flow plots depict frequency and bar graphs the number of IFN+y, TNFa, and IL-2
producing late primed (black) or Th1 polarized (red) SMARTA CD4 T cells following ex
vivo peptide stimulation of splenocytes at day 9 and day 40 after priming.

Data are representative of 3 independent experiments with 3 — 5 mice per group. * p < 0.05.
See also Figure S3.
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Figure 5. Thl polarized virus-specific CD4 T cells enhance LCMV-specific CD8 T cells and
accelerate viral control

Virus-specific CD4 SMARTA T cells were primed /7 vitro under Thl polarizing conditions
for 5 days (Th1) (red) and transferred into mice at day 27 after infection. Additional cohorts
of mice received naive virus-specific CD4 SMARTA T cells (late primed; LP; black) on day
22 after LCMV-CI13 infection or no CD4 T cells (gray).

A. Kinetics of LCMV DP/GP33 41 tetramer positive CD8 T cell numbers in the blood.

B. LCMV DP/GP33_41 tetramer positive CD8 T cell numbers, PD-1 expression and IFN~y
and TNFa producing CD8 T cells following ex vivo peptide restimulation with Gp33
peptide in the spleen at day 60 after infection.

C. LCMV-specific and total plasma IgG.

D. Plasma virus titers.

Data are representative of 3 independent experiments with 5-9 mice per group. * p < 0.05.
See also Figure S4.
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