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Abstract

During persistent antigen stimulation, such as in chronic infections and cancer, CD8 T cells
differentiate into a hypofunctional PD-1* exhausted state. Exhausted CD8 T cell responses are
maintained by precursors (Tpex) that express the transcription factor T cell factor (TCF)-1 and
high levels of the costimulatory molecule CD28. Here, we demonstrate that sustained CD28
costimulation is required for maintenance of anti-viral T cells during chronic infection. Low-level
CD28 engagement preserved mitochondrial fitness and self-renewal of Tpex, whereas stronger
CD28 signaling enhanced glycolysis and promoted Tpex differentiation into TCF-1"¢9 exhausted
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Is (Tex). Importantly, enhanced differentiation by CD28 engagement did not reduce the

. Together these findings demonstrate that continuous CD28 engagement is needed

to sustain PD-1* CD8 T cells and suggest that increasing CD28-signaling promotes Tpex
differentiation into more functional effector-like Tex, possibly without compromising long-term

responses.

One-Sentence Summary:

CD28 modulates the metabolism of PD-1* CD8 T cells and is required to sustain responses during
chronic antigen stimulation.

INTRODUCTION

T cells persistently exposed to antigen acquire a distinct gene expression program which
imparts attenuated effector function, reduced proliferative capacity, compromised metabolic
fitness and high expression of inhibitory receptors, such as Programmed Cell Death-1
(PD-1) (1, 2). CD8 T cell responses during chronic stimulation are sustained by T Cell
Factor-1 (TCF-1)* PD-1* CD8 T cells that function as stem-like progenitor cells (Tpex) to
exhausted TCF-1"¢9 PD-1* CD8 T cells (Tex) (1, 3-6). First described in murine chronic
infection with lymphocytic choriomeningitis virus (LCMV) (4, 6), Tpex have also been
identified in tumor models (7, 8), cancer patients (7, 9-12), as well as in type | diabetes
(13, 14). TCF-1* PD-1* Tpex self-renew to preserve persistent T cell responses and are
also responsible for the proliferative burst that generates effector-like cells following PD-1
blockade therapy (4, 6-8). In cancer patients, Tpex differentiation has been proposed to
sustain tumor CD8 T cell infiltration (9), and intratumoral TCF-1* CD8 T cells were
predictive of response to immunotherapy (10).

In mice chronically infected with LCMV, Tpex predominantly reside in the T-cell zone

of lymphoid organs and do not re-circulate (15). In tumor lesions, TCF-1* CD8 T cells
are found in antigen-presenting cell (APC)-rich niches (9, 12). In liver cancer patients, we
recently reported that intratumoral dendritic cell-helper CD4 T cell niches may promote
effective differentiation of Tpex following PD-1 blockade therapy (12). In accordance
with those findings, Prokhnevska et al demonstrated that Tpex differentiate and acquire
an effector program based on signals received at tumor sites (16). These observations
underlie the requirement of specific microenvironmental cues to promote Tpex survival
and differentiation, and thus regulate longevity and efficacy of T cell responses. However,
the determinants of self-renewal and differentiation of Tpex are still not well defined, and
whether differentiation diminishes the Tpex pool and long-term T cell responses has not
been addressed.

We previously showed that expansion of PD-1* CD8 T cells following PD-1-targeted
therapy is CD28-dependent (17). Tpex express high levels of CD28 (6) and localize in
close proximity to APCs that express B7 proteins (CD28 ligands, CD80 and CD86) (9, 12,
18). Here, we sought to address the effects of CD28 engagement on Tpex self-renewal and
differentiation. We demonstrate that the CD28/B7 pathway is necessary to maintain virus-
specific CD8 T cells during chronic LCMV infection. Whereas low CD28 signaling was
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required for Tpex self-renewal, stronger levels of CD28 costimulation were necessary for
differentiation into Tex. Mechanistically, we uncovered that low sustained CD28 signaling
during persistent antigen stimulation is essential to maintain mitochondrial fitness. However,
stronger CD28 signaling on Tpex was associated with increased glycolysis, higher levels

of the transcription factor interferon regulatory factor 4 (IRF4) and differentiation into

more effector-like Tex. Last, we show that improving Tpex differentiation by enhancing
CD28 signaling does not impair Tpex self-renewal, suggesting that CD28 costimulation can
promote more effective and long-lasting PD-1* CD8 T cell responses.

Sustained B7-costimulation is required for the maintenance of virus-specific CD8 T cells in
established chronic LCMV infection

To determine the impact of the CD28/B7 pathway on the dynamics of PD-1* CD8 T

cells, we utilized the mouse model of life-long chronic LCMYV infection in which CD4 T
cells are transiently depleted during priming, resulting in constant antigen load (19). Using
this model, we previously reported that transient blockade of B7 ligands did not affect

the number of virus-specific CD8 T cells (Fig. S1) and (17). Tpex express high levels of
CD28 compared to Tex (Fig. S2) and are responsible for maintaining PD-1* CD8 T cell
responses during chronic antigen stimulation by self-renewal and differentiation. As Tpex
undergo slow self-renewal, we reasoned that longer treatment would be required to study
the role of the CD28/B7 pathway on the dynamics of PD-1* CD8 T cells. Following 7
weeks of B7 blockade in mice with established life-long chronic LCMV infection (Fig.
1A), we observed a drastic decrease in frequency (Fig. 1B and 1C) and absolute numbers
(Fig. 1D) of virus-specific CD8 T cells in the spleen. Likewise, LCMV-specific CD8 T cells
in the liver and lung were also markedly reduced by 7 weeks of B7 blockade (Fig. 1E).

We also observed a decrease in proliferation of virus-specific CD8 T cells as evaluated by
Ki-67 staining (Fig. 1F and 1G), suggesting that sustained CD28 costimulation maintains
proliferation of PD-1* CD8 T cells. Finally, in accordance with residual effector function

of exhausted CD8 T cells, the decrease in virus-specific CD8 T cells resulted in increased
viral load in spleen, liver and serum of B7 blockade-treated mice (Fig. 1H and S3A). These
data show that during chronic viral infection the CD28/B7 pathway is required for long-term
maintenance of virus-specific PD-1* CD8 T cells.

Despite the substantial effects of B7 blockade on the number of LCMV-specific CD8 T
cells, the functionality of the remaining LCMV-specific CD8 T cells was not affected,

as measured by frequency of IFN-y or XCL-1 producing cells (Fig. S3B). Following 7
weeks of B7 blockade, there was a decrease in the absolute number of both Tpex (TCF-1*
TIM-3"9) and Tex (TCF-1"€9 TIM-3") virus-specific CD8 T cells (Fig. 11). However, B7
blockade did not affect the relative composition of virus-specific cells with regards to the
major subsets of PD-1* CD8 T cells: within LCMV-specific CD8 T cells, there were no
differences in the frequency of Tpex and Tex (TCF-1"€9) (Fig. 1J), not even when we
assessed more functional “transitional” effector-like CX3CR1™ cells (20, 21) (Fig. S3C).
These data suggest that both Tpex self-renewal and differentiation are affected by blockade
of the CD28/B7 pathway.
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CD28 expression levels modulate the dynamics of PD-1* CD8 T cell subsets

Because B7 blockade will also interfere with CTLA-4 interactions and may affect additional
cell types beyond virus-specific CD8 T cells, to assess the cell-intrinsic role of CD28
signaling on PD-1* CD8 T cells, we used inducible genetic deletion of Ca28on transgenic
P14 CD8 T cells (specific for LCMV-GP33). P14 T cells that have one Cd28allele
knock-out expressed about half of CD28 protein compared to wild-type cells (Fig. S4A—

B), thus providing a way to address the impact of CD28 levels in CD8 T cell biology.
Control Ca28™"f CreERT2"9 P14 T cells were co-transferred in a 50:50 ratio with either
homozygous Ca28"" CreERT2* P14 or heterozygous Ca28"" CreERT2* P14 T cells
expressing different congenic markers (Fig. 2A). Recipient mice were transiently depleted of
CD4 T cells and infected with LCMV clone 13 to induce life-long chronic LCMV infection.
All P14 T cells showed equivalent expansion following chronic infection (Fig. 2B), and
tamoxifen administration resulted in deletion of CD28 in homozygous Cd28" P14 T cells
(Fig. S4A and C, in about 50% of cells) and reduction of CD28 expression in heterozygous
Ca28"Wtp14 T cells (Fig. S4D). 45 days after tamoxifen administration, homozygous
Ca28™1 CreERT2* P14 Tpex were reduced in frequency compared to control Tpex, while
heterozygous Ca28™""t CreERT2* P14 Tpex remained with similar frequency as control
Tpex (Fig. 2C). These data suggest that Tpex maintenance requires CD28, but low levels

of CD28 costimulation are sufficient to maintain self-renewal. In contrast, both Ca28"
CreERT2* and Cd28™W! CreERT2* P14 Tex represented a lower frequency than control P14
Tex (Fig. 2D). These results suggest that even a decrease in CD28 signaling may hinder
Tpex differentiation into Tex. Accordingly, we found that proliferation of P14 TCF-1"€9
Tex was diminished by deletion or reduction of CD28 (Fig. 2E and F). Together these data
suggest that differentiation of Tpex may require higher levels of CD28 costimulation than
self-renewal.

To assess if Tpex that develop in the presence of CD4-help would also require sustained
CD28 costimulation, we performed similar experiments in mice chronically infected with
LCMV without transient CD4 depletion (Fig. S5A). In accordance with our previous
findings, we observed reduced proliferation in homozygous Ca28"f CreERT2* P14 that
had lost CD28 expression (Fig. S5B), and a similar trend was also noted when we compared
heterozygous Ca28"W CreERT2* P14 T cells (reduced CD28 expression) to control P14

T cells (Fig. S5C). These data support that, even with CD4-help, Tpex rely on continuous
CD28 costimulation for maintenance of PD-1* CD8 T cell responses.

Interestingly, despite substantial differences in cell expansion, loss of CD28 did not result
in overt phenotypic differences with regards to markers commonly used to identify and
characterize different subsets of PD-1" CD8 T cells (Fig. 2G and S6A). Beyond a decrease
in proliferative capacity, there were no differences in apoptosis and with regards to cytokine
production, loss of CD28 resulted in only a small reduction in IFN-y production among
Tpex and CX3CR1"®9 terminally differentiated Tex CD28"¢9 P14 T cells (Fig. S6).

CD28 is required for Tpex self-renewal and differentiation into Tex

To directly address if CD28 levels would impact Tpex fate, we performed adoptive transfer
experiments. CellTrace Violet (CTV)-labeled CD45.2 CD28", CD28I"t and CD28"¢9
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Tpex - sorted from tamoxifen-treated chronically infected control Ca28™f CreERT2"9,
heterozygous Ca28"W CreERT2* or homozygous Cd28™ CreERT2* mice — were
transferred into infection-matched CD45.1 recipients (Fig. 3A and S7A-B). Recipient
mice were analyzed five weeks after transfer, and we confirmed that CD28 levels on

donor CD45.2 cells were consistent with pre-transfer levels (Fig. S7B and C). Mice that
received control Tpex had substantially more donor cells in spleen (Fig. 3B and C) and
lung (Fig. 3B and D) compared to mice that received CD28i" or CD28"¢9 Tpex. Control
Tpex differentiated into TCF-1"€9 CD39* Tex, whereas CD28!"t Tpex presented reduced
ability to differentiate, and CD28"®9 Tpex failed to convert into Tex (Fig. 3E-G). To
evaluate Tpex self-renewal capacity we analyzed donor CD45.2* cells that retained TCF-1
expression after proliferation (CTV"9). The frequency and number of TCF-1* cells that had
divided (self-renewal) was not different between control and CD28!" Tpex, whereas it was
strongly impaired in CD28"€9 Tpex compared to control (Fig. 3H-J). To further determine
the impact of CD28 costimulation on Tpex self-renewal and differentiation, we analyzed
whether the progeny of Tpex (CTV!°%) were more likely to become CD39* differentiated
Tex than undergo self-renewal (remain TCF-1*) (Fig. 3K). We found that decreased CD28
expression had a stronger impact on Tpex differentiation than on self-renewal, reflected by
lower frequency of TCF-1"¢9 CD39* differentiated Tex among CTV!oW CD28i"t cells when
compared to the progeny of control CD28N Tpex. These data demonstrate the requirement
for CD28 costimulation for Tpex self-renewal and differentiation and show a stronger
dependence on higher CD28 costimulation for Tpex conversion into Tex.

To address if CD4-help would overcome the requirement for CD28 costimulation for

Tpex maintenance and differentiation, Tpex isolated from mice with life-long LCMV
chronic infection (unhelped environment) were transferred into LCMYV chronically infected
recipients that had not been depleted of CD4 T cells (Fig. S8A). The fate of CD28N, CD28int
and CD28"¢ Tpex was analyzed two weeks after transfer into a helped chronic infection
environment. Consistent with lower viral load in helped chronic LCMV infection (19), all
transferred cells, including control CD28M, displayed limited capacity to expand as shown
by the low frequency and number of donor cells recovered in the spleen and lung of recipient
animals (Fig. S8B, C and D). Accordingly, only a low frequency of control Tpex was able to
convert into Tex (Fig. S8E, F and G) or to self-renew (Fig. S8H, I and J). Nevertheless, loss
of CD28 virtually abrogated Tpex differentiation and self-renewal, whereas a decrease in
CD28 expression diminished Tpex differentiation but did not impact self-renewal (Fig. SBE-
K). These observations recapitulate our previous findings and show that sustained CD28
costimulation is critical for Tpex biology, even in the presence of CD4 T cell help.

CD28 is a central regulator of Tpex metabolism

In order to gain better insight into the molecular mechanisms by which CD28 costimulation
modulates self-renewal and differentiation of PD-1* CD8 T cells, we performed
transcriptional analysis of control CD28Mi (control) and CD28"¢9 Tpex and Tex sorted from
LCMV chronically infected mice (extended data file S1). Consistent with flow cytometry
characterization, there were no major changes in the molecular programs characteristics of
each subset upon CD28 deletion (Fig. S9A). In accordance with higher CD28 expression
by Tpex (Fig. S2) these cells were more strongly affected by CD28 loss as shown by a
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higher number of differentially regulated genes in Tpex than Tex (Fig. S9B). Gene set
enrichment analyses (GSEA) revealed strong downregulation of oxidative phosphorylation
(OXPHOS) in cells that lost CD28 expression (Fig. 4A, S9C and D, extended data file S2).
Differential gene expression analysis confirmed downregulation of genes encoding several
mitochondrial proteins (Atp5e, Aip5d, Atpscl, Atpsg3, Ndufc2, Nadufbé, Ndufa8, Ndufbs,
Nadufss, Ndufvl, Ugcerg, Ugcrll, Cox17, Sdhb) or shown to regulate mitochondrial fitness
(e.g. Bhlhe40) (22) (Fig. SOE).

Previous studies reported impaired metabolism with decreased mitochondrial fitness, loss

of oxidative phosphorylation, and reduced glycolytic capacity of chronically stimulated
PD-1" CD8 T cells (23-25). However, recent studies clarified that in contrast to terminally
exhausted T cells, Tpex display higher mitochondrial fitness (26). To determine the effect

of CD28 costimulation on Tpex oxidative phosphorylation, we performed metabolic flux
analyses on sorted CD28", CD28I", and CD28"9 Tpex isolated from mice with life-

long LCMV infection. We analyzed mitochondrial respiration, using carbonyl cyanide-4
(trifluoromethoxy) phenylhydrazone (FCCP) to disrupt the mitochondrial membrane
potential and observed that CD28"€9 Tpex presented a poor increase in oxygen consumption
rate (OCR) compared to control and CD28!" Tpex (Fig. 4B). Loss of CD28 profoundly
affected Spare Respiratory Capacity (SRC), a measurement of mitochondrial capacity to
meet energetic demands, whereas CD28!" Tpex displayed comparable SRC to control (Fig.
4C). Mitochondrial dysfunction due to lack of CD28 signaling was also confirmed on

Tpex isolated from chronically infected mice that received 7 weeks of B7-blockade (Fig.
S10A and B). To further assess mitochondrial activity, we measured mitochondrial reactive
oxygen species (ROS) production with MitoSOX staining. As previously reported (26), Tpex
expressed high mitochondrial ROS, which was not affected in CD28!" Tpex, but strongly
decreased in CD28"®d Tpex (Fig. 4D). Similar differences in mitochondrial ROS production
were observed when we analyzed MitoSOX staining in P14 CD28"9 Tpex generated during
helped chronic LCMV infection (Fig. S11), emphasizing that sustained CD28 costimulation
is also required to preserve Tpex metabolic fitness in the presence of CD4 helper T cells,
and confirming that low levels of CD28 signaling are sufficient to promote oxidative
phosphorylation. Finally, we assessed mitochondrial morphology using electron microscopy
and found that control Tpex presented mitochondria with densely packed cristae that took up
most of the volume of the matrix (Fig. 4E). In contrast, we observed that CD28"¢9 Tpex had
less distinct mitochondria with wider cristae associated with lower mitochondrial respiration
efficiency (27, 28), whereas CD28!" Tpex displayed a mixed phenotype (Fig. 4E and F).
These data show that sustained CD28 signaling is required to maintain Tpex mitochondrial
fitness.

Quiescent T cells, such as naive or memory, rely mainly on OXPHOS to generate energy
(29), while differentiation into an effector state requires a metabolic switch to glycolysis
that is largely CD28-dependent (30-32). To assess the effect of CD28 signaling on

Tpex glycolytic activity, we stimulated sorted CD28", CD28/" and CD28"9 Tpex with
aCD3 and aCD28 and measured extracellular acidification rate (ECAR) (Fig. 4G and

H). Following aCD3/aCD28 stimulation, cells were treated with rotenone and antimycin
(Rot/AA) to inhibit the mitochondrial electron transport chain and force glycolysis, to
determine maximal glycolytic capacity and compensatory glycolysis. We observed a dose-
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dependent effect of CD28 on Tpex glycolytic activity, glycolytic reserve and compensatory
glycolysis (Fig. 4H). Although, 2-NBDG (a glucose analogue) uptake by T cells should

be interpreted cautiously (33), we observed that even though this uptake was quite low

at baseline, it increased after TCR-stimulation and was further enhanced in the presence
of aCD28 agonist (Fig. 41). Finally, because the transcription factor interferon regulatory
factor 4 (IRF4) has been implicated in both glycolysis and Tpex/Tex dynamics (24, 34),
we assessed whether CD28 signaling in Tpex would modulate IRF4 levels. Confirming
our hypothesis, we observed that CD28 engagement increased expression levels of IRF4
induced by cognate peptide stimulation in Tpex (Fig. 4J). In sum, these data show that low
CD28 signaling is sufficient to maintain mitochondrial fitness but stronger CD28 signaling
increases glycolysis and nutrient uptake, potentially benefiting Tpex differentiation.

Enhancing CD28 signaling drives Tpex differentiation into effector-like Tex

To address if enhancing CD28 costimulation would improve Tpex differentiation and
conversion into Tex, we cultured CTV-labeled Tpex isolated from chronically infected
mice with aCD3 in the presence of high and low-dose agonistic aCD28. CD3 stimulation
in absence of CD28 engagement failed to promote cell division leading neither to Tpex
differentiation into TCF-1"¢9 Tex (Fig. S12A) nor self-renewal (Fig. S12B). aCD3 in
combination with high-dose aCD28 induced both Tpex differentiation and self-renewal,
whereas a.CD3 combined with low-dose agonistic aCD28 promoted Tpex self-renewal
(Fig. S12A and B). These ex vivo experiments confirm the importance of CD28 signaling
for Tpex dynamics, and that Tpex self-renewal requires lower CD28 stimulation than
differentiation.

To assess if we can improve the function of PD-1* CD8 T cells by promoting CD28
signaling on Tpex, we sorted Tpex from LCMV chronically infected mice, with and

without adding agonistic aCD28. Control CD28-untouched Tpex or Tpex bound by aCD28
agonistic antibodies were transferred into mice implanted with MC38 tumors expressing

the LCMV glycoprotein (Fig. S13A). We observed a delay in tumor growth in mice

that received Tpex bound by aCD28 agonistic antibodies compared to control Tpex (Fig.
S13B), suggesting that enhancing CD28 costimulation improves differentiation/functionality
of Tpex progeny. However, the delay in tumor growth observed with transfer of CD28-
costimulated Tpex did not ultimately result in increased survival (Fig. S13C), most likely
due to the single and low dose adoptive transfer (10,000 Tpex).

To assess the effects of increasing CD28 signaling in Tpex differentiation in vivo, we sorted
Tpex from LCMV chronically infected mice, with and without adding agonistic aCD28.
Control CD28-untouched Tpex or Tpex bound by aCD28 agonistic antibodies were labeled
with CTV and transferred into infection-matched recipient mice (Fig. 5A). Two weeks
post-transfer, we found a higher frequency of donor CD45.2* cells in the spleens of mice
that received Tpex bound by aCD28 antibody (Fig. 5B and C), indicating that enhanced
CD28 signaling resulted in superior expansion. Tpex stimulated with aCD28 also generated
a higher frequency of CD39* PD-1* CTV!oW cells (Fig. 5D). CD39* PD-1* Tex are
heterogenous and among these cells, a population of more functional “transitional” effector-
like Tex can be identified by the expression of the chemokine receptor CX3CR1 (20, 21).
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In control CD28-untouched Tpex, only a low frequency of CX3CR1* effector-like cells
was observed (Fig. 5E), consistent with the low frequency of effector-like cells observed
in mice with helpless life-long chronic LCMV infection (20, 21) (Fig. 5E). However,
Tpex stimulated with agonistic aCD28 gave rise to a substantial number of CX3CR1*
TCF-1"€9 effector-like cells (Fig. 5E and F). Together these data suggest that enhancing
CD28 signaling can improve functionality of PD-1* CD8 T cells.

A critical question on PD-1* CD8 T cell modulation is whether differentiation would
diminish the Tpex pool and thus compromise long-term responses. To assess if enhancing
CD28 costimulation would negatively impact self-renewal, we investigated the ability of
CD28-stimulated Tpex cells to proliferate (CTV!'°") while retaining their progenitor state
(TCF-1*) (Fig. 5G). We observed similar numbers of CTV!°% and total TCF-1* donor

cells after transfer of control Tpex or CD28-stimulated Tpex (Fig. 5H), demonstrating that
enhancing CD28 signaling does not prevent Tpex self-renewal, at least in this experimental
setup and short-term analysis after two weeks. Overall, our findings support the concept that
enhancing CD28 costimulation during chronic stimulation promotes Tpex differentiation
and reinvigoration of antigen-specific CD8 T cells, and it may not compromise longevity of
responses.

DISCUSSION

Maintenance of PD-1* CD8 T cells exposed to persistent TCR stimulation is supported
by Tpex that undergo slow homeostatic self-renewal as well as differentiation to give rise
to cells with residual effector function (1, 3-6). Yet, cellular interactions and molecular
pathways that regulate Tpex self-renewal and differentiation are not well understood.
Here we show that CD28 signaling controls Tpex self-renewal and differentiation and our
data suggest that CD28 may control Tpex fate through metabolic regulation. Sustained
CD28 signaling on Tpex was necessary to maintain mitochondrial fitness and long-term
maintenance of T cell responses. Furthermore, we demonstrate that whereas low levels

of CD28 costimulation are sufficient to promote oxidative phosphorylation and Tpex self-
renewal, stronger CD28 signaling induced a glycolytic switch and was necessary for Tpex
conversion into Tex with effector-like function (Fig. S14).

Mitochondrial fitness is a requirement for T cell function and mitochondrial dysfunction
contributes to the development of T cell exhaustion (25, 35, 36). Tpex display a more
favorable metabolic state than the bulk of exhausted T cells (26). Similar to memory T

cells (37), it was recently shown that preserved mitochondrial fitness and OXPHOS capacity
allow Tpex to maintain functionality and long-term survival (26, 36). Our data reveal a
central role of CD28 costimulation in the maintenance of Tpex metabolism. Both the loss

of CD28 expression by Tpex and B7 blockade resulted in reduced Tpex OXPHOS capacity
and also prevented long-term maintenance of anti-viral CD8 T cell responses during chronic
LCMV infection. These correlative results have important implications for understanding the
specific conditions/niches that are necessary to support Tpex survival and longevity of CD8
T cell responses during persistent antigen stimulation. Our data provide a likely mechanistic
insight into the importance of Tpex interactions with B7-expressing APCs, such as dendritic
cells (DCs).
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Mechanistically, we show that costimulation continues to shape T cell responses beyond

the priming phase: CD28 signaling enhances Tpex glycolytic activity in a dose-dependent
manner and results in upregulation of IRF4. IRF4 expression is tightly regulated by

TCR signaling strength (34, 38) but was also recently shown to be fine-tuned by CD28
signaling in plasma cells (39). IRF4 is a key factor in T cell differentiation, and different
concentrations of IRF4 activate distinct transcriptional programs due to variable affinity of
enhancers (40). Furthermore, IRF4 expression levels have been shown to dictate the amount
of aerobic glycolysis and effector function in CD8 T cells (34, 41). Thus, we propose

that Tpex require strong CD28 signaling to achieve sufficient levels of IRF4 expression

and glycolytic commitment for differentiation. These data suggest that APCs with high
expression of CD28 ligands would be responsible for Tex conversion. The data presented
here are in line with correlative studies in cancer patients that show that Tpex-APC
proximity in the tumor microenvironment is associated with differentiation and expansion of
PD-1* CD8 T cells (9, 12, 42).

We propose that strong CD28 costimulation is required to promote conversion of Tpex

into effector-like Tex. Although Tpex express much higher levels of CD28 than more
differentiated Tex, and thus we focused on the role of CD28 on Tpex, it is conceivable

that CD28 signaling may also play a role in maintaining functionality of effector-like

Tex. Our previous work revealed a requirement for CD28 costimulation for effective PD-1
therapy (17), and biochemical studies demonstrated that PD-1 inhibits CD28 signaling (43).
Hence blockade of the PD-1 pathway would enhance CD28 signaling when PD-1* CD8

T cells interact with B7-expressing APCs. In accordance with this hypothesis, recent work
demonstrated that polyfunctional PD-1* CD8 T cells in human ovarian cancer are located in
intraepithelial myeloid APC niches that provide CD28 costimulation to T cells during PD-1
blockade therapy (18). These observations are consistent with additional studies that have
shown the importance of DCs for effective PD-1 targeted therapy (44-46). Furthermore,
our recent data in hepatocellular carcinoma show that in tumors that respond to PD-1
blockade, Tpex are in close proximity to CXCL13" helper CD4 T cells and DCs enriched
in maturation (e.g. high expression of B7 ligands) and immunoregulatory molecules (e.g.
PD-L1), described as mregDCs (12). In addition, responder patients also presented a

higher number of effector-like Tex in the tumor microenvironment, suggesting that Tpex
interactions with CD4 helpers and mregDCs may promote effective Tex differentiation.
Overall, our data support combining PD-1 targeted immunotherapy with strategies that
promote DC recruitment and activation to enhance anti-tumor immune responses.

CD4 helper cells enhance priming of naive CD8 T cells and are essential for optimal
responses during acute infections or vaccinations (47). CD4 T cells can license professional
APCs (48, 49) and provide direct help to CD8 T cells via cytokines (20, 50). In humans,
CD4-help is critical for hepatitis C virus (HCV) control, and poor CD4 T cell responses are
associated with chronic HCV infection (51, 52). Likewise, lack of CD4-help results in life-
long chronic infection in a mouse model of HCV and with LCMV (19, 53). Transient CD4
depletion before LCMYV infection results in high and sustained viremia, accompanied by
severe CD8 T cell exhaustion, with lower frequency of effector-like PD-1* CD8 T cells (19,
20). Here, we assessed the role of the CD28/B7 pathway for sustaining PD-1* CD8 T cell
responses in both helped and unhelped environments, and we found similar requirements for
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CD28 costimulation. Nevertheless, our study did not address whether alternative therapeutic
strategies, such as cytokine administration or metabolic modulation, could overcome the
need for CD28 costimulation.

Strategies that engage CD28 are being developed to improve anti-tumor immunotherapy.
For example, bispecific antibodies that target CD28 and tumor-specific antigens (TSA)
synergize with anti-CD3/TSA bispecific and/or PD-1 targeted therapy (54, 55). Similarly,
tri-specific CD3/CD28/TSA antibodies have also been evaluated with positive results in
vitro and in animal models (56). These therapeutics have been modified to reduce binding
to Fcy receptors and restrict CD28 signaling to T cells interacting with tumor cells and thus
have had, so far, a good safety profile in mice and non-human primates (54-56). Although
our study did not evaluate the impact of strong and sustained CD28 signaling on Tpex, the
data presented here provide reassurance that it is possible to enhance differentiation into
more effective T cells by CD28 pathway engagement without draining the progenitor Tpex
population and compromising longevity of responses. This is consistent with data from Gill
et al. showing that blockade of the PD-1/PD-L1 pathway, which enhances CD28 signaling
(43), not only improved Tpex differentiation into effector-like Tex but also increased their
self-renewal (57).

Overall, our data reveal a central role of CD28 costimulation in preserving Tpex

metabolic fitness. Continuous CD28 stimulation is required to maintain PD-1* CD8 T cell
responses. Low levels of CD28 signaling are sufficient to maintain mitochondrial oxidative
phosphorylation and self-renewal of Tpex. However, stronger CD28 signaling is needed to
engage glycolysis, increase IRF4 expression and promote Tpex conversion into Tex that
retain effector function (Fig. S14). Yet, enhancing CD28 signaling did not reduce Tpex self-
renewal. These findings have important implications for immunotherapy in cancer and other
situations of persistent T cell stimulation, such as chronic infections and autoimmunity.

MATERIALS AND METHODS

Study design:

The aim of this study is to address the function of CD28 costimulation for PD-1" CD8

T cells during chronic antigen stimulation. We used an in vivo mouse model of chronic
infection with lymphocytic choriomenenigtis virus. Depletion of CD4 T cells prior to
infection was performed in most experiments, as indicated, to ensure stable viral load

and life-long infection. We prevented CD28 signaling by (1) blocking CD28 ligands with
antibodies; (2) inducible Cd28deletion by tamoxifen administration to CD28f1X Cre-ERT2
mice or WT mice that received transfer of CD28f1°X Cre-ERT2 cells, as indicated. No

data were excluded from the study. Before antibodies or tamoxifen injection, mice were
randomized based on their virus-specific cell frequency in blood to ensure comparable
groups prior to treatment. Transfer experiments were used to determine how CD28

levels modulate fate of progenitor exhausted CD8 T cells. Flow cytometry was used to
characterize the phenotype and functionality of virus-specific T cells. Bulk RNA-sequencing
and seahorse assays were used to evaluate CD28-related transcriptional and metabolic
regulation. Electron microscopy images were analyzed blindly by external collaborators.
Sampling replicates and number of animals are indicated in figure legends.
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Mice and infections:

C57BL/6J (B6, stock 000664), congenic B6 CD45.1 (B6.SJL-Ptorc?Pepc?/Boyl, stock
002014), CD28KO (stock 002667) and Rosa26Cre-ERT2 (stock 008463) mice were
purchased from the Jackson Laboratory. CD45.1 P14 TCR transgenic mice (58) (TCR for
the H2-DP-restricted LCMV glycoprotein epitope GP33) were bred in house. Rosa26Cre-
ERT2 mice were bred in house to CD45.1 P14 TCR transgenic mice and Ca28"f mice (59),
gifted by Dr. Laurence A. Turka. Mice were infected at 6-8 weeks of age. Both males

and females were used for experiments, with no noted sex-differences. For acute LCMV
infection, mice were given 2x10° plaque forming units (PFU) LCMV Armstrong (Arm)
intraperitoneally (i.p.). For life-long chronic LCMV infection, the helpless model was used,
unless otherwise indicated (19): mice were given 200 ug of the CD4-depleting antibody
GK1.5i.p. (BioXcell) 1 day prior to infection and again on the day of infection with

2x106 PFU LCMV clone 13 by intravenous route (i.v.). For helped LCMV infection, mice
were infected with 2x106 PFU LCMV clone 13 i.v.. Mice received further treatments once
chronic infection was established (at least 40 days post-infection), unless otherwise noted.
Viral load was assessed by plaque assays on Vero EG6 cells as previously described (60).

All animal experiments performed in this study were approved by the Institutional Animal
Care and Use Committee of Icahn School of Medicine at Mount Sinai (protocol number
IACUC-2018-0018/ PROT0201900610).

Adoptive cell transfers:

For experiments analyzing P14 T cells, CD8 T cells were enriched from splenocytes from
naive P14 mice with the EasySep Mouse CD8 T Cell Isolation Kit (StemCell). 2x103 P14
CD8 T cells were transferred i.v. into B6 recipient mice one day before infection with
LCMV clone 13. In P14 cotransfer experiments, either Ca28™f CreERT2"ed or Ca287?wt
CreERT2* cells were used as controls with similar results.

For Tpex transfer experiments, splenocytes were isolated from LCMYV clone 13 infected
mice at least 40 days post-infection (and 2-3 weeks post tamoxifen administration as
indicated). Spleens were digested for 30 minutes at 37°C with 0.4 U/ml of collagenase D
(Roche, # 11088882001). After CD8 enrichment (StemCell), 20x108 cells were labeled with
5 UM cell trace violet (CTV, Thermo Fisher Scientific) during 20min at 37°C. CTV staining
was quenched for 5 min with RPMI containing 10% FBS before proceeding with cell
surface staining with anti-CD8a (53-6.7), -CD44 (IM7), -CD28 (E18), -CD39 (24DMS1)
and -PD-1 (RMP1-30; non-blocking clone) from BD or Biolegend and Live/Dead fixable
dead cell stain (Invitrogen). Live CD8* PD-1* CD39"®d Tpex were isolated by FACS
(post-sort purity >96%) and 1x10° cells were transferred i.v. to infection matched CD45.1*
mice. 2-5 weeks post-transfer, single cell suspensions were obtained from spleen and lung
for staining and analysis.

Ex vivo Tpex culture:

Between 0.75-1x10° CTV-labelled sorted Tpex were stimulated with 3ug/ml aCD3-biotin
(145-2C11, Thermo Fisher) crosslinked with 1.5ug/ml streptavidin (Anaspec) and variable
amount of soluble aCD28 (37.51, Biolegend, 0.05 or 2ug/ml) and cultured for 5 days before
analysis.
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In vivo treatments:

For blockade of B7 molecules, 200 pg anti-mouse B7-1 (16-10A1, BioXcell) and 200 ug
anti-mouse B7-2 (GL-1, BioXcell) were administered i.p. every 3 days. Control mice were
left untreated or received 200 pg Rat 1gG2a and 200 pg polyclonal Armenian Hamster 19G
i.p. every 3 days. We obtained similar data when mice received isotype control antibodies
or were untreated. Final analyses were performed 2—7 weeks after treatment initiation as
indicated.

In vivo conditional Ca28gene deletion was achieved in CD28fl Cre-ERT2 cells by
tamoxifen administration. Tamoxifen (Sigma-Aldrich) was dissolved in ethanol, diluted 1:20
in sunflower oil, and sonicated for 5 min at 37°C. Mice were injected daily i.p. with 1

mg tamoxifen i.p. for 5 consecutive days, then rested for a minimum of 7 days before
further analysis or treatment. We obtained about 50% efficiency of Cd28 deletion and

thus phenotypic characterization or cell sorting was performed after gating on CD28"¢9 as
described, but in Fig. 2A—F and S5 the entire P14 T cell population (heterozygous Ca28™" "
CreERT2* or homozygous Ca28™f CreERT2*), not gated based on CD28 expression, was
evaluated and compared to control CreERT2M®9 P14 T cells.

Antibodies and flow cytometry:

Single cell suspensions were obtained from blood, spleen, lung and liver as previously
described (29). Prior to surface staining, cells were incubated with fixable viability dye
(Thermofisher) for 10 min on ice. Single cell suspensions were then surface stained for

30 min on ice in flow cytometry buffer (PBS, 2% FBS, 1mM EDTA, 0.05% sodium

azide) with the following antibodies recognizing: CD8a (53-6.7), PD-1 (29F.1A12), CD28
(E18), TIM-3 (RMT3-23), CD101 (Moushil01), CX3CR1 (SA011F11), CD73 (TY/11.8),
ICOS (15F9), CD39 (24DMSL1), CD44 (IM7), CD4 (RM4-5), CD45.2 (104), CD45.1
(A20) from BD, eBioscience or Biolegend (Table S1). LCMV-derived Db/GP33-41 and
Db/GP276-286 biotinylated monomers were obtained from NIH tetramer core facility,
tetramerized as previously described (61) and used for staining together with surface
antibodies. Intracellular cytokine staining was performed after restimulation of splenocytes
with 0.1 ug/ml of GP33 LCMV peptide in the presence of GolgiPlug (brefeldin A)

and GolgiStop (monensin) for 5h at 37°C. Intracellular staining for IFN-y (XMGL1.2),
TNF-a (MP6-XT22), and XCL-1 (polyclonal) was performed with Cytofix/Cytoperm kit
(BD Biosciences) or Foxp3/ Transcription Factor Staining Buffer Set (eBioscience) if
cytokines and transcription factors were co-stained. Secondary anti-Goat-FITC (Jackson
Immunoresearch) was used 30 min at room temperature to detect anti-XCL-1 primary
antibody. Intracellular transcription factor staining was performed with Foxp3/ Transcription
Factor Staining Buffer Set (eBioscience) according to the manufacturer’s instructions

with the following antibodies: TCF-1 (C63D9 and S33-966), Bcl6 (IG191E/A8), IRF4
(3E4), Thet (4B10), TOX (REA473). Intracellular staining for Ki-67 (B56) and granzyme
B (GB11) was also performed with Foxp3/ Transcription Factor Staining Buffer Set
(eBioscience). Apoptosis was assessed after restimulation of splenocytes with 0.1 pg/ml
of GP33 LCMV peptide for 4h at 37°C. Intracellular active caspase-3 (C92-605, BD
Biosciences) staining was performed with Cytofix/Cytoperm kit (BD Biosciences).
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Extracellular flux analysis:

Seahorse XFp sensor cartridges were hydrated overnight with Agilent Seahorse XF
Calibrant. 60-75x103 cells were plated per well in Seahorse XF DMEM pH 7.4
supplemented with 1mM pyruvate, 2mM glutamine and 10mM glucose into Seahorse XF
HS PDL miniplates. Cells were rested between 45-60min at 37°C in a non-CO, incubator
before the assay on Seahorse XF HS Mini (Agilent).

Mito Stress assay (Cell Mito Stress Test Kit, Agilent) was performed according to the
manufacturer’s instructions. Extracellular acidification (ECAR) and oxygen consumption
rates (OCR) in response to oligomycin (2uM), FCCP (1uM) and Rotenone+Antimycin
(0.5uM) were measured with Agilent Seahorse XF HS Mini Analyzer. Spare respiratory
capacity (SRC) is measured as the difference between basal OCR values and maximal OCR
values obtained after FCCP uncoupling.

For glycolysis (Glycolytic Rate Assay Kit, Agilent), after basal ECAR measurements

were taken, T cells were stimulated with 3ug/ml aCD3-biotin (145-2C11, Thermo

Fisher) crosslinked with 1.5pg/ml streptavidin (Anaspec) and soluble aCD28 (clone 37.51,
Biolegend, 2ug/ml) for 1 hour (62). Then cells were treated with Rotenone+Antimycin
(0.5uM) and 2-deoxy-D-glucose (2-DG) (50mM). Maximum ECAR post-stimulation
(=ECAR maximum after aCD3/aCD28 stimulation and before Rot/AA treatment),
glycolytic reserve (=difference between the compensatory glycolysis and ECAR pre-Rot/AA
treatment) and compensatory glycolysis (=difference between basal ECAR values and
maximal ECAR values measured after Rot/AA treatment) were determined.

Flow-based metabolic assays:

For the 2-NBDG uptake assay, splenocytes, from chronically infected mice where P14 T
cells had been transferred, were plated at 1x10° cells per well in fully supplemented media
(RPMI 10% FBS, 2mM L-glutamine, 10mM HEPES, 55uM p-mercaptoethanol, 100U/ml
penicillin, 100ug/ml streptomycin). Cells were stimulated for 6 hours with GP33 peptide
(1 nM), alone or in combination with agonistic aCD28 2ug/ml. In the last 30 minutes

of stimulation, media was replaced by fully supplemented RPMI + 100ug/ml 2-NBDG
(Thermofisher).

Mitochondrial ROS production was measured with MitoSOX (Thermo Fisher) according

to manufacturer’s instructions. Briefly, 2x106 cells were incubated in Hank’s balanced salt
solution (HBSS) with calcium and magnesium and MitoSOX (1pM) for 20 minutes at 37°C.
After incubation cells were washed twice in flow cytometry buffer, surface stained with
antibodies for 20 min on ice. Fluorescence was acquired immediately after surface staining
was performed.

Bulk RNA-Sequencing:

10,000 cells were FACS sorted into lysis reagent (QIAGEN). After addition of chloroform
(Sigma) and centrifugation, RNA was isolated from the aqueous phase using RNEasy Micro
kit (QIAGEN). 1 ng RNA was used as input for the NEBNext Single Cell/Low Input RNA
Library Prep Kit for lllumina (NEB). Poly-A enriched libraries were sequenced in 75bp
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single-end mode on a NextSeq 500 system (lllumina) in the ISMMS NGS sequencing cores
in the Department of Oncological Sciences. Reads were quasi-mapped to the Gencode M25
(GRCm38.p6) gene set using salmon (63) and differential gene expression analysis was
performed between CD28"89 and CD28* CD73* CD39"9 P14 Tpex using DESeq2 (64)
after integrating the library preparation batch in the design matrix. Independent hypothesis
weighting (IHW) was performed on p-values with the default covariate parameter of mean
counts of each gene and significance level of 0.05 for FDR control (65). Significant genes
were retained by filtering for an adjusted p-value < 0.05 and a log2 fold change > 0.75 or

< -0.75. Gene set enrichment analysis was performed with the fgsea package (66) on the
entire expressed gene set pre-ranked based on the Wald test statistic computed by DESeq2,
significant pathways were reported using an adjusted P-value cutoff of 0.05 and ordered by
normalized enrichment score. For heatmaps, the Z-score was calculated as (sample TPM -
mean of all TPM) divided by standard deviation. Out of 5 Tpex samples used for DESeq2
analysis, only the 3 samples sequenced at the same time as the Tex samples are shown.

Electron microscopy:

After sorting specific CD8 T cell subpopulations, pellets of 100-200x102 cells were overlaid
with 1ml fixative solution (4% PFA, 2.5% glutaraldehyde, 0.02% picric acid in 0.1M sodium
cacodylate buffer), spun to a pellet and held overnight at 4°C. The cells were then washed
with 0.1M Na-cacodylate buffer then post-fixed with 1% OsO4 -1.5% K-ferricyanide for

1h at RT. Washed cells were dehydrated by successive ethanol baths (50%, 75%, 85%,

95%, 3x100%) each of 15 mins, followed by transition through acetonitrile. Infiltration was
performed with graduated steps of acetonitrile: epoxy resin, finishing with pure Embed812
epoxy resin. Samples were then embedded in fresh resin and polymerized at 50°C 36 hr.
Ultrathin sections (65 nm) were contrasted with 1.5% aqueous uranyl acetate and then lead
citrate (67) and viewed on a JEM 1400 electron microscope (JEOL, USA, Inc., Peabody,
MA\) operated at 100 kV. Digital images were captured on a Veleta 2K x 2K CCD camera
(Olympus-SIS, Germany) and analyzed blindly by an independent expert. Cristae width

was measured using ImageJ software and averaged over 90 independent images (around
800-1000 cristae per condition).

In vivo tumor model:

C57BI/6 mice were inoculated subcutaneously with 0.5 x 106 MC38 colon adenocarcinoma
cells expressing the LCMYV glycoprotein (MC38-GP; pLVX-LCMV-GP vector used to
modify MC38 cells was a kind gift from Dr. Andreas Wieland, MC38 cells were obtained
from Dr. Nicholas Restifo). The same day, mice also received 10x103 intravenous Tpex
(CD8* PD-1* CD39"9) sorted from life-long LCMV chronically infected mice with or
without anti-CD28 (E18) antibody. Tumors were measured every 2—-3 days using a caliper,
and tumor growth was calculated as volume of ellipsoid (length x width x width x 0.52).
Mice whose tumors exceeded acceptable limits (1000 mm3 or ulcerated tumors) were
euthanized.

Statistical analysis:

Comparisons between two groups were performed with an unpaired #test for independent
samples, or a paired ftest for paired samples. For multiple comparisons, one-way analysis
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of variance (ANOVA) with Sidak’s correction was used. Non-parametric tests were used
when data did not fit normal distribution, using Mann Whitney tests for the comparison

of two groups, or Kruskall-Wallis Dun’s corrected for multiple group comparison for more
than two groups. Unless otherwise noted, symbols represent individual mice and error bars
indicate standard error of the mean (SEM). When possible, data from all experiments are
shown. Data were analyzed using Prism 7 (Graphpad) and the specific statistic tests used are
listed in each figure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: B7 costimulation isrequired for the maintenance of virus-specific CD8 T cellsduring
chronic LCMYV infection.

(A) Experimental layout: C57BL/6J mice were transiently depleted of CD4 T cells and
infected with LCMV clone 13. Mice with established life-long chronic infection (>40 days
post infection) remained untreated (UNT) or received anti-B7-1 and anti-B7-2 blocking
antibodies (aB7) during 7 weeks (wks). (B and C) Frequency of LCMV-specific CD8 T
cells in spleen. (D and E) Number of LCMV-specific CD8 T cells in different organs. (F and
G) Ki-67 expression on LCMV-specific CD8 T cells in the spleen. (H) Viral titer in organs,
as quantified by plaque assay. PFU, plague-forming units. (I) Number of splenic LCMV-
specific Tpex and Tex. (J) Frequency of Tpex (TCF-1%) and Tex (TIM-3*) virus-specific
CD8 T cells in spleen. Data in (B, C, F, G, H and J) are representative of 3 independent
experiments with 4-5 mice/group. Data in (D, E, and I) show combined data from two of
three independent experiments. Symbols represent individual mice, bars show mean value
of all animals analyzed and error bars indicate SEM. Significance was determined using
unpaired Student’s #-fest*P < 0.05, **P < 0.01, ***P < 0.001. ns, not significant.
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Fig. 2: Level of CD28 expression differentially impacts Tpex and Tex.
(A) Experimental layout: Ca28™ CreERT2"4 (control, black), Ca28"t CreERT2*

(heterozygous, blue) and Ca28™f CreERT2* (homozygous, red) P14 T cells were co-
transferred 50:50 (1,000 cells each) to C57BL/6J mice (depleted of CD4 T cells) the day
before LCMV clone 13 infection. Mice that had been adoptively transferred with P14 T
cells received tamoxifen 45 days post infection (DPI) and analyses in C-F were performed
in spleen 45 days post tamoxifen (DPT). Analyses in C-F are on the entire population of
transferred P14 T cells, without prior gating according to CD28 level. (B) Frequency of
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co-transferred P14 cells, 45 days post infection (DPI). (C) Frequency and absolute number
of each P14 T cell population among Tpex (TCF-1*) and (D) Tex (CD39%). (E-F) Ki-67
expression. (G) Representative flow cytometry plots showing phenotypic characterization
of P14 T cells: control (black) and Ca28™"" CreERT2* gated on CD28"® (red) as shown

in Fig S6A. Data in (B-G) are representative of 3 independent experiments with four

to six mice per group. Data in (B) show combined data from two of three independent
experiments; (C-F) show combined data of all three independent experiments. Symbols
represent individual mice, bars show mean value of all animals analyzed and error bars
indicate SEM. Connecting lines between symbols link cells analyzed from the same mouse.
Significance in (C-F) was determined using a paired Student’s #-fest. *P < 0.05, **P < 0.01,
***P < 0,001, ****P < 0.0001.
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Fig. 3: Level of CD28 expression impacts Tpex self-renewal and differentiation.
(A) Experimental layout: control Ca28™" CreERT2M9, heterozygous Ca28""t CreERT2*

and homozygous Ca28™f CreERT2* mice with established life-long LCMV chronic
infection received tamoxifen treatment. 15-21 days post tamoxifen, CD28" (black), CD28int
(blue) and CD28"¢9 (red) CD45.2 Tpex were sorted, CellTrace Violet (CTV)-labeled and
transferred into infection matched CD45.1 recipients. Analysis was performed 4-5 weeks
post-transfer. (B) Representative flow cytometry plots showing the frequency of CD45.2*
donor cells among CD8 T cells in spleen (left) and lung (right) of CD45.1 recipient
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mice. (C) Total number of CD45.2" donor CD8 T cells recovered in spleen and (D)

lung. (E) Representative CD39 and TCF-1 expression on donor CD45.2* cells in spleen.
(F) Frequency and (G) total number of differentiated donor CD39* Tex in spleen. (H-1)
Frequency of divided cells (CTV!W) among TCF-1* CD45.2* T cells in spleen. (J) Total
number of donor TCF-1* Tpex in spleen. (K) Frequency of CD39* differentiated cells
among divided (CTV!oW) transferred cells in spleen. Data in (B-K) are representative of 4
independent experiments with two to five mice per group. Data in (C-D, F-G and I-K) show
combined data from all experiments. Symbols represent individual mice, bars show mean
value of all animals analyzed and error bars indicate SEM. Significance was determined
using (C-D, F-G and I-J) Kruskall-Wallis with Dunn’s correction for multiple comparisons,
(K) Mann-Whitney. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 4: CD28 regulates Tpex metabolism.
(A) P14 Tpex (CD73* CD39M9) and P14 Tex (CD39*) control (Ca28"f CreERT2"9) or

CD28"™4 (homozygous Cd28™f CreERT2) were sorted from life-long LCMV chronically
infected mice 2-weeks post tamoxifen for RNA sequencing analysis. Gene set enrichment
analysis (GSEA) shows Hallmark Oxidative Phosphorylation gene set in CD28* versus
CD28"™4 Tpex. (B-H) Tpex control, CD28/" and CD28"9 were sorted as described in Fig.
3A and S7A and used for metabolic analysis by seahorse (B, C, G and H) or electron
microscopy (E and F). (B) Extracellular flux analysis showing oxygen consumption rate
(OCR) of sorted CD28" (control), CD28/" and CD28"9 Tpex 15 days post tamoxifen. (C)
Spare respiratory capacity (SRC) calculated as difference between maximal and basal OCR
normalized to the mean of control CD28N Tpex. (D) MitoSOX (mitochondrial reactive
oxygen species) staining in CD28M (black, from Cd28"f CreERT2"¢9 mice), CD28int
(blue, from Cd28™" CreERT2* mice) and CD28"9 (red, from Ca28"f CreERT2*) splenic
Tpex from life-long LCMV chronically infected animals, 15 days post tamoxifen. (E)
Electron microscopy of CD28", CD28I" and CD28"¢9 sorted Tpex 15 days post tamoxifen.
Black arrows highlight healthy mitochondria with organized cristae, red arrows point to
disorganized mitochondria. Manification 50000X, scale bar is 500 nm, bottom images are an
enlargement (x3) of the field highlighted on top images, scale bar is 167 nm. (F) Maximal
cristae width, symbols represent measurements for individual crista. (G) Extracellular
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acidification rate (ECAR) of sorted CD28Ni (black), CD28I" (blue) and CD28"¢9 (red)
Tpex 15 days post tamoxifen. (H) Maximum ECAR post-stimulation, glycolytic reserve
and compensatory glycolysis of CD28N (black), CD28"t (blue) and CD28"9 (red) Tpex.
(1-J) Splenocytes from life-long LCMV chronically infected P14-chimera mice were
stimulated with GP33 peptide with or without aCD28. (1) 2-NBDG uptake by P14 after
6h of stimulation. (J) IRF4 expression on P14 stimulated for 24h. Data in (B and G) are
representative of 3 independent experiments with two to three samples per group, symbol
represent mean value of all replicates analyzed and error bars indicate SEM. Data in (D, I,
and J) are representative of 3 independent experiments with three to five mice per group.
Data in (C and H) show combined data from three independent experiments. Symbols show
individual replicates (C, H, | and J) or mice (D), bars show mean value of all samples
analyzed and error bars indicate SEM. (C, D, F, H, I, and J) Significance was determined
using ANOVA with Sidak’s correction for multiple comparisons *P < 0.05, **P < 0.01,
***p < 0,001, ****P < 0.0001.
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Fig. 5: Enhancing CD28 signaling improves effector-like Tex differentiation.
(A) Experimental layout: CellTrace Violet (CTV)-labeled CD45.2 CD39"89 PD-1* Tpex

sorted from life-long LCMV chronically infected animals were transferred into infection-
matched CD45.1 recipient mice. Tpex were sorted without CD28 staining (control,
untouched CD28) or with anti-CD28 antibody. (B-H) show data in spleen of recipient

mice 14 days post-transfer. (B) Frequency and (C) Number of CD45.2* donor cells. (D)
Expression of TCF-1, CD39 and CTV among CD45.2* donor CD8 T cells. (E) Frequency of
CX3CR1* effector-like Tex among CD39* Tex cells; endogenous PD-1* Tex (open circles),
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CD28-untouched donor cells (black) and CD28-stimulated donor cells (green). (F) Number
of effector-like Tex (CX3CR1* CD39%) and terminally differentiated Tex (CX3CR1"d
CD39%) CD45.2* CD8 T cells. (G) Representative frequency of divided (CTV!OW) cells
among TCF-1* CD45.2* CD8 T cells. (H) Number of divided (CTV!°%) and total CD45.2*
Tpex. Data in (B-H) are representative of 2 independent experiments with three to five mice
per group. Data in (C, E, F and H) show combined data from two independent experiments.
Symbols represent individual mice, bars show mean value of all animals analyzed and error
bars indicate SEM. Significance was determined using (C, F and H) Mann-Whitney, (E)
Kruskall-Wallis with Dunn’s correction for multiple comparisons *P < 0.05, **P < 0.01.
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