1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Immunol. Author manuscript; available in PMC 2021 December 15.

-, HHS Public Access
«

Published in final edited form as:
J Immunol. 2020 December 15; 205(12): 3358-3371. doi:10.4049/jimmunol.2000595.

CD28 agonism improves survival in immunologically
experienced septic mice via IL-10 released by Foxp3+ regulatory
T cells

Yini Sunl2, Jianfeng Xiel:3, Jerome C. Anyalebechil, Ching-wen Chen?, He Sunl#, Ming
Xuels3, Zhe Liang?, Kristen N. Morrow!, Craig M. Coopersmith!:>* Mandy L. Ford.6
1Department of Surgery, Emory University School of Medicine, Atlanta, GA, 30322, USA

2Department of Critical Care Medicine, The First Affiliated Hospital of China Medical University,
China Medical University, Shenyang, 110000, China

3Department of Critical Care Medicine, Zhongda Hospital, School of Medicine, Southeast
University, Nanjing, 210009, China

4Department of Hepatobiliary Surgery and Transplantation, The First Affiliated Hospital of China
Medical University, China Medical University, Shenyang, 110000, China

SEmory Critical Care Center, Emory University School of Medicine, Atlanta, GA, 30322, USA

8Emory Transplant Center, Emory University School of Medicine, Atlanta, GA, 30322, USA

Abstract

Immune dysregulation during sepsis is mediated by an imbalance of T cell costimulatory and
coinhibitory signaling. CD28 is downregulated during sepsis and is significantly altered on
memory vs. naive T cells. Thus, in order to study the role of CD28 during sepsis in a more
physiologically relevant context, we developed a “memory mouse” model in which animals are
subjected to pathogen infections to generate immunologic memory, followed by sepsis induction
via CLP. Using this system, we show that agonistic anti-CD28 treatment resulted in worsened
survival in naive septic animals but conferred a significant survival advantage in immunologically
experienced septic animals. Mechanistically, this differential response was driven by the ability of
CD28 agonism to elicit 1L-10 production from Treg uniquely in memory but not naive mice.
Moreover, elevated 1L-10 released by activated Tregs in memory mice inhibited sepsis-induced T
cell apoptosis via the anti-apoptotic protein Bcl-xL. Together, these data demonstrate that
immunologic experience is an important parameter that affects sepsis pathophysiology and can
fundamentally change the outcome of modulating the CD28 pathway during sepsis. This study
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suggests that testing therapeutic strategies in immunologically experienced hosts may be one way
to increase the physiologic relevance of rodent models in sepsis research.
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INTRODUCTION

Sepsis, a dysregulated host response to infection, is a leading cause of organ dysfunction and
a huge health burden estimated to kill 7.3 million people worldwide every year (1, 2).
Despite increasing understanding of the pathophysiology of sepsis, there are no approved
effective therapeutics available for sepsis once antibiotics and fluid resuscitation fail.
Emerging evidence suggests that immune dysregulation during sepsis is mediated by an
altered balance of T cell costimulatory and coinhibitory signaling (3). CD28, a critical T cell
costimulatory receptor, binds B7 molecules to provide a costimulatory signal to sustain T
lymphocyte activation and proliferation (4). It has been reported that loss of CD28
expression is a hallmark of decline in T cell function (5). In addition to its role in T cell
priming, CD28 signaling regulates T cell adhesion, cytoskeletal reorganization, and is
essential for inducing the trafficking of effector T cells to target tissues (6-8). Several
studies have shown that CD28 expression on T cells is downregulated in the setting of
sepsis, and decreases more in elderly septic patients compared with their middle-aged septic
patients (9, 10). However, the mechanistic impact of the observed CD28 downregulation in
the context of sepsis was not known: it could result in reduced ability of T cells to receive
costimulatory signals, or it could be indicative of an activated T cell phenotype (11).

Similarly, studies to address the role of CD28, and the impact of its therapeutic manipulation
during sepsis, have also yielded conflicting results. One study showed that CD28 is
protective for intestinal immune responses during sepsis in that antibody-mediated CD28
stimulation resulted in upregulated T cell migration to gut independently of T cell receptor
and gut-specific homing receptor expression (12). On the other hand, blockade of
costimulatory signals, including CD40 and CD80/86, have also been shown to reduce
mortality in polymicrobial sepsis (13). A separate study demonstrated that a CD28 mimetic
peptide (AB103) that attenuates CD28 signaling and T-helper type 1 cytokine responses
could attenuate inflammatory cytokine responses and bacterial burden and improve survival
in a murine model of necrotizing soft-tissue infection (14, 15). Moreover, a clinical trial
revealed that treatment with the anti-CD28 Ab TGN1412 led to rapid and severe cytokine
storm in healthy humans (16). Taken together, these studies suggest that therapeutic
targeting of CD28 pathway could be an effective strategy to prevent sepsis-induced immune
dysfunction.

It is well known that CD28 expression is significantly altered on memory T cells in humans
and mice. The specific pathogen free (SPF) laboratory mice possess much fewer memory T
cells than adult human or feral mice. Recent studies demonstrated that laboratory mice
contained fewer effector memory (Tgpm) and mucosally distributed memory T cells
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compared to pet store or feral mice with diverse microbial exposure. These antigen-
experienced mice exhibited increased immune responses and altered resistance to infection
(17). Another study demonstrated that wild mice possessed an increased number of Foxp3*
regulatory T (Treg) relative to laboratory mice (18). Thus, to better recapitulate immune
features of adult patients, we developed a novel “memory mouse” model, in which mice
receive sequential pathogen exposure and possess 30-50% memory T cells, similar to the
frequency observed in adult humans (19). Here, we utilized this more physiologically
relevant “memory mouse” model to interrogate the role of CD28 costimulatory signaling on
T cells during sepsis.

We demonstrate that agonism of the CD28 pathway strikingly improved survival in septic
memory mice. The apoptosis of memory T cells was inhibited in memory septic mice treated
with CD28 agonist. Of note, Treg cells activated by CD28 agonist released more anti-
inflammatory IL-10 in memory septic mice relative to naive septic mice. Mechanically,
increased 1L-10 alleviated the apoptosis of memory T cells mediated by the mitochondrial
pathway, contributing to a survival benefit in memory mice with sepsis.

MATERIALS AND METHODS

Memory mice model

Six week old male and female C57BL/6J (B6) mice were purchased from the Jackson
Laboratory. Listeria monocytogenes (LM) was grown in brain heart infusion broth
containing streptomycin 16h to log phase growth. Bacteria counts were calculated by Bio-
photometer. The indicated groups of mice were injected intraperitoneally with 1x10* CFU
of LM. Then 30 days later, the same mice were injected with a single dose of 2x10° PFU of
the Armstrong strain of lymphocytic choriomeningitis virus (LCMV). Titers of the virus
were determined by plaque assay on Vero cells. These generated memory mice were
assessed on d0, 10, 25, 40, 55 post-LM infection in the blood by flow cytometry. Both of
these acute infections are cleared on d59 after L/steria infection. Age-and gender-matched
B6 laboratory mice, called “naive mice”, served as controls. All mice were maintained in the
BSL-2 facility of Emory University (Atlanta, GA). All mice were used in accordance with
the Institutional Animal Care and Use Committee guidelines of Emory University (protocol
number 2003238-082518).

Cecal ligation and puncture

Cecal ligation and puncture (CLP) are performed at d60 post-LM infection. Under isoflurane
anesthesia, a midline incision was performed and the cecum was externalized. The cecum
was ligated with a 4-0 silk suture and punctured through and through with a 25-gauge
needle. All animals received buprenorphine (0.1mg/kg) preoperatively for pain relief.
Immediately postoperatively, animals received 1mL of sterile saline for fluid resuscitation as
well as antibiotics (ceftriaxone 50 mg/kg and metronidazole 35mg/kg) every 12h for 2 days.
100ug anti-CD28 antibody (BioXcell, clone:37.51) or Isotype antibody (BioXcell, Syrian
hamster 1gG) was injected intraperitoneally immediately after CLP and at d2, 4, 6 post CLP.
Where indicated, 250ug anti-1L-10 antibody (BioXcell, clone: JES5-2A5) or isotype
antibody (rat 1gG1, clone: HRPN) were intraperitoneally administrated at the same time with
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aCD28Ab antibody. Mice were euthanized with CO, asphyxiation at the indicated time
points.

Flow cytometry

Mice were sacrificed and spleens were harvested at 24h after CLP. Splenocytes were stained
with anti-CD3-Alexa 700 (BD), anti-CD4-PB (Biolegend, clone RM4-5), anti-CD8-PO
(Invitrogen, clone MCDO0830), anti-CD44-PerCP (Biolegend, clone IM7), anti-CD62L-PE
(BD), anti-CD28-PE-Cy7 (Biolegend, clone E18) and anti-CD25-APC-Cy7 (BD). For
detection of cell apoptosis, splenocytes were stained with a FITC Annexin V apoptosis
detection kit with 7-AAD (Biolegend). Anti-Bcl-xL (54H6) and Bcl-2 (Biolegend, clone
BCL/10C4) were used to detect engagement of the mitochondrial pathway of apoptosis
while anti-CD95 (Biolegend, clone DX2) and anti-TNFR Type I (Biolegend, clone 55R-286)
were stained to detect expression of death receptors on T cells. Cells were intracellularly
stained with anti-Ki-67 (Biolegend, clone 16A8) to assay for cell proliferation. Tregs were
identified via intracellular staining for Foxp3-FITC (Ebioscience, clone FIK-16S) using the
Foxp3 staining kit (Ebioscience). B cells were stained with anti-CD19-FITC (Biolegend).
NK cells were stained with anti-NK1.1-PE (Ebioscience). Dendritic cells were stained with
anti-CD11c-PE-Cy7 (BD). Neutrophils were stained with anti-Gr-1-Alexa 700 (Biolegend)
and anti-CD11b-PerCP (Biolegend). Accucheck Counting Beads (Thermo Fisher Scientific)
were added after staining to calculate the absolute number of cells per spleen.

Intracellular cytokine staining

2x106 splenocytes from each sample were plated in a 96-well plate. Cells were incubated in
culture medium (R10) consisting of RPMI 1640 containing 10% FBS (Mediatech, Herdon,
VA), 2mM L-glutamine, 0.01M HEPES buffer, 100mg/ml gentamicin (Mediatech), and
5x107°M 2-mercaptoethanol (Sigma-Aldrich, St.Louis, MO). Cells were stimulated with
50ng/ml PMA and lug/ml ionomycin in the presence of Golgiplug (BD Pharmingen) for 5
hours at 37°C. Cells were surface-stained for anti-ICOS (C398.4A), anti-CD69 (H1.2F3),
anti-CD127 (A7R34), anti-GITR (YGITR 765), and then permeabilized using Foxp3 kit and
stained with anti-1L-10 (JES5-16E3), anti-Foxp3, anti-CTLA-4 (UC10-489), anti-Helios
(22F6) (All Abs from Biolegend). Samples were analyzed on an LSRII flow cytometer (BD)
and data were analyzed using FlowJo software (9.9.6 FlowJo, LLC).

In vitro suppression assays

Splenic Treg cells were separately sorted from each memory mice treated with or without
aCD28 Ab by magnetic cell sorting (MACS) with the CD4* CD25* Regulatory T cell
isolation kit (MACS, Miltenyi Biotec.). Meanwhile, splenic naive CD4* T cells from naiive
mice were negatively selected by MACS with the naive CD4" T cell isolation kit (MACS,
Miltenyi Biotec.). In general, we obtained Treg cells of about 90% purity and naive T cells
of about 99% purity. Sorted Treg cells and naive CD4" T cells had >90% viability. As the
responder cells, the sorted naive CD4* T cells were stained with CellTrace Violet (CTV,
Thermo Fisher Scientific) and plated in a 96-well round-bottom plate at a density of 5x10°
responder cells per well. The sorted Treg cells were added at a ratio of 1:4 and 1:8 with
responder cells and 5ug/ml anti-CD3 (Clone: 145-2C11, BD) and incubated for 96 hours.
The proliferation of responder cells (gated as CD3* CD4* Foxp3~) was quantified by flow
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cytometry based on the dilution of Cell Trace Violet (CTV). The % inhibition was calculated
by the following formula: % inhibition = [1 — (% divided cells in experimental/the average
of % divided cells of responder-only control)] x 100.

Measurement of cytokines in blood and supernatant

Statistics

RESULTS

Blood was withdrawn via cardiac puncture after sacrifice. Samples were centrifuged at 4°C
with 10,000rpm for 10 min to procure serum. Plasma cytokines concentration was
determined using the Bio-Plex suspension array system and Bio-Plex Mouse Cytokine 8-
Plex Panel according to the manufacturer’s instructions (Bio-Rad, Hercules, CA). The
concentration of 1L-10 in the coculture supernatant from Treg and naive CD4" T cells was
also determined using Bio-plex system. Levels of IL-14, IL-2, IL-6, IL-10, IL-13, MCP-1,
TNF, and IFN-y were reported in pg/mL. All samples were run in duplicate. Results were
analyzed using Bio-Plex Manager™ 3.0 software.

Data shown and described depict mean + SEM. The one-way ANOVA and multiple
comparison tests were used to compare the difference among the four groups. The Mann-
Whitney U tests were used to compare continuous variables between two groups. All
statistical analyses were conducted using GraphPad Prism 7.0 software (San Diego, CA).
Two-tailed p-values <0.05 were considered statistically significant.

CD28 expression on both CD4* and CD8* T cells decreases during sepsis

To assess CD28 expression in the setting of sepsis, splenocytes from naive B6 mice that had
undergone either CLP or sham surgery were analyzed by flow cytometry at 24h post-CLP
(Fig 1A). CD28 MFI was significantly reduced on both CD4* and CD8* T cells in septic
mice compared with sham animals (CD4: 555.0+14.9 vs. 323.6+16.7, p=0.002, Fig 1B;
CD8: 321.2+9.1 vs. 228.0+11.6, p=0.002, Fig 1C). Multiple seminal studies have shown that
CD28 expression is significantly altered on memory T cells compared to naive counterparts
(20), and that memaory T cells have differential requirements for CD28-mediated
costimulation relative to their naive counterparts. Thus, in order to study CD28 biology
during sepsis in a more physiologically relevant context, we generated immunologically-
experienced “memory mice” via sequential infection of naive B6 mice with L/steria
monocytogenes followed by lymphocytic choriomeningitis virus (LCMV) as described in
Methods. We chose to use Listeriaand LCMV because they are 1) two very common
pathogens that are frequently used in murine studies of immune responses, 2) one bacterial
and one viral pathogen, and 3) well-documented to be completely cleared from the mouse by
at most day 7 post-infection, which facilitated the study of the role of memory T cells, and
not the impact of lingering concurrent latent or persistent infection, on sepsis pathogenesis.
These antigen-experienced memory mice possessed a significantly increased frequency of
memory (CD44M) T cells in both the CD4* and CD8* T cells compartments by d59 after
Listerial _.CMV infection. Memory mice possessed approximately 32% memory cells among
CD4" and 53% memory cells among CD8* T cells in the blood on d59 post-infection, which
is similar to the frequency of memory T cells found in adult humans (Supplemental Fig.
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1A). In contrast, CD4* and CD8* T cell compartments of age-matched naive mice were
comprised of only 18% and 28% memory T cells, respectively (Supplemental Fig. 1B and
1C). We confirmed that CD28 was also significantly downregulated on CD44NCD4* and
CD44NCD8* T cells in this memory mouse model (CD44MNCD4: 2217+92.2 vs. 1464+72.7,
p=0.0079, Fig 1D and 1E; CD44NCD8: 1254+53.5 vs. 1118+16.1, p=0.03, Fig 1D and 1F).

aCD28 Ab improves survival in septic memory mice but not naive septic mice

Given the finding that CD28 expression was downregulated on CD4* and CD8* T cells
during sepsis in both naive and memory animals, we queried the impact of improving CD28
signaling using an agonistic anti-CD28 mAb on sepsis mortality in both memory mice and
naive mice. We first demonstrated that this antibody is indeed functioning as a CD28 agonist
by analyzing both T cell cytokine production and proliferation in both naive and memory
septic mice, and results indicated that administration of the agonistic anti-CD28 increased
cytokine secretion and proliferation in both naive and memory septic mice relative to
untreated controls (Supplemental Fig. S2). To assess the impact of agonistic anti-CD28 on
sepsis mortality, both naive and memory mice underwent CLP surgery and groups of mice
received either aCD28 Ab or saline on d0, 2, 4, 6 post-CLP. Results demonstrated that
aCD28 mAD failed to significantly impact 7-day survival in naive mice with sepsis,
although it trended toward worsened survival (p=0.056, Fig. 1G and 1H). In contrast, septic
memory mice treated with aCD28 Ab showed a robust survival benefit relative to saline-
treated mice. Sepsis survival was markedly improved from 30% to 70% in untreated vs. anti-
CD28-treated memory mice (p=0.0068, Fig. 11 and 1J). To exclude the possibility of a non-
specific Fc-mediated effect of the administered antibody, an anti-CD28 Ab isotype control
antibody was administrated to both naive and memory septic mice. There were no
differences in 7-day survival between isotype control vs. saline-treated animals in either the
naive or memory groups (Supplemental Fig. S3).

Apoptosis of CD44hi memory CD4* T cells is inhibited by aCD28 Ab in memory septic mice

To interrogate the cellular changes associated with decreased mortality in memory mice
treated with aCD28 Ab, we assessed apoptosis within splenic T cell compartments in naive
vs. memory mice treated with aCD28 Ab vs. vehicle control at 24 hours following CLP
using Annexin V and 7-AAD staining. Results indicated overall, memory septic mice
possessed increased frequencies of apoptotic T cells relative to naive septic mice in both the
CD4" and CD8™" T cell compartments regardless of treatment with aCD28 Ab. While there
was no difference in the frequency of Annexin V*7-AAD™ apoptotic cells among
CD441°CD4* T cells in control vs aCD28-treated memory septic mice, memory septic mice
treated with aCD28 Ab contained a lower frequency of apoptotic cells among CD44MNCD4*
T cells relative to untreated memory controls (8.0+1.1% vs.13.7+1.4%, p=0.014) (Fig. 2A-
2C). In contrast, aCD28 Ab had no significant impact on the frequency of apoptotic cells
among either CD44M or CD44!° CD8* T cells (Fig. 2D, 2E) in septic memory mice. In sum,
these data suggest that memory mice generate more apoptotic T cells than naive mice during
sepsis, and that aCD28 Ab ameliorates the apoptosis of memory CD4* T cells in memory
mice with sepsis.
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Systemic IL-10 levels are increased in septic memory mice treated with aCD28 Ab

To determine the effect of aCD28Ab on the systemic cytokine environment during sepsis,
we examined the levels of multiple circulating pro-inflammatory and anti-inflammatory
cytokines at 24h post-CLP. a CD28Ab had no impact on the systemic IL-10 levels in naive
septic mice (Fig. 3A). In contrast, levels of serum IL-10 were significantly increased in
memory septic mice treated with aCD28Ab relative to both untreated memory mice and to
naive septic mice treated with a CD28Ab. Further, there was a trend toward increased serum
concentration of IL-6 in untreated memory mice, which was not observed in memory mice
treated with a CD28Ab (Fig. 3B). No significant differences in other serum cytokines were
observed, including TNF, IFN-y, IL-1p, IL-2, IL-13 and MCP-1 in either memory or naive
mice treated with or without aCD28Ab (Fig. 3C to 3H).

Foxp3* Treg cells in septic memory mice treated with aCD28 Ab exhibit increased IL-10

production

The finding that serum IL-10 levels were increased in memory septic mice treated with
aCD28Ab prompted us to investigate the source of IL-10 production in a CD28Ab-treated
memory mice. Naive or memory mice received CLP in the presence or absence of the
aCD28Ab and spleens were harvested at 24h and restimulated for 5h with PMA/ionomycin.
Results indicated that memory septic mice possessed increased frequencies of 1L-10-
producing Foxp3* Treg relative to naive septic mice, even in untreated animals (Fig. 4B).
This higher proportion of IL-10-producing Foxp3* Treg was then further boosted by
aCD28Ab treatment in memory septic mice: frequencies of 1L-10 produced by regulatory T
cells increased from 4.1% in untreated memory mice to 9.8% in a CD28Ab-treated memory
mice (p<0.0001, Fig. 4B). Consistent with the above results on serum IL-10, there was no
effect of aCD28Ab on IL-10 released by Foxp3* regulatory T cells in naive mice (Fig. 4A
and 4B). Further, this boost was specific to 1L-10 producing Foxp3* Treg, as there was no
difference in the absolute numbers of T cells in either naive vs. memory septic mice in the
presence or absence of aCD28Ab (data not shown). Additionally, there were no differences
of 1L-10 release by Foxp3~ effector CD4* T cells and CD8" T cells among four groups (Fig.
4C and 4D).

A large number of leukocytes, including dendritic cells (DC), natural killer (NK) cells,
neutrophils, and B cells have been reported to produce IL-10 (21-23). Thus, we also assayed
IL-10 production in these subsets. Data showed that B cells released little IL-10 following
CLP, and aCD28Ab had no effect on the B cell-derived IL-10 in either memory or naive
mice (Fig. 4E). No differences in IL-10 production by NK cells or neutrophils in either
memory or naive mice were noted (Fig. 4F and 4G). DC produced less IL-10 in memory
mice compared to DC in naive mice (Fig. 4H). These data support the conclusion that the
increased systemic IL-10 levels elicited by a CD28Ab in memory septic mice are the result
of 1L-10 production by Foxp3* Treg.

aCD28 Ab accelerates proliferation and activation of Foxp3* Treg in memory septic mice

Given the finding that agonistic a CD28Ab uniquely elicits 1L-10 from Foxp3* Treg in
memory mice, we sought to determine the impact of CD28 agonism on the activation and
differentiation status of Treg populations under these conditions. Memory mice and age-
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matched naive mice underwent CLP, followed by injection of agonistic a CD28Ab or saline.
Spleens were harvested at 24 hours post-CLP, and Treg proliferation and cell surface
phenotype was analyzed by flow cytometry. Results indicated that there was no significant
effect of aCD28Ab on the absolute numbers of Foxp3* Treg cells in either memory or naive
groups (Fig. 5A). However, CD28 agonism restored the proliferation of Foxp3* Treg cells
(assessed by expression of intracellular Ki67), which was reduced in memory mice, to the
levels observed in naive mice (Fig. 5B). In contrast, proliferation of Foxp3* Treg cells in
naive mice was not impacted by agonistic « CD28Ab (Fig. 5B).

We next sought to characterize the effect of aCD28Ab on the activation and differentiation
of splenic Treg cells in memory and naive septic mice. Helios has been proposed as a marker
to distinguish thymus-derived Treg cells from peripherally induced ones, which indicated
more stable and functional Tregs (24). While a CD28Ab failed to impact Helios expression
in Tregs isolated from naive septic mice, aCD28Ab resulted in a significant increase in the
frequency of Helios* Tregs in memory septic mice compared with untreated memory
controls (Fig. 5C).

Cytotoxic T lymphocyte antigen 4 (CTLA-4) has been reported to be critically required for
the function of Treg cells in vivo (25).Our data demonstrated that CTLA-4 expression in
Foxp3* Tregs was upregulated in memory septic mice treated with aCD28Ab (Fig. 5D and
5E). Conversely, CTLA-4 was downregulated in naive septic mice after treating with
aCD28Ab (Fig. 5D and 5E). Inducible T cell co-stimulator (ICOS) is expressed by the
majority of mouse Treg cells (26). a CD28Ab resulted in increased ICOS expression on
Tregs in memory septic mice, whereas it dramatically reduced ICOS expression on Tregs in
naive septic mice (Fig. 5F). Following a similar pattern, treatment with a CD28Ab resulted
in increased CD69 expression on Tregs in memory septic mice, but reduced CD69
expression in naive septic mice (Fig. 5G). Furthermore, CD127 expression on Treg was
increased by aCD28Ab in memory mice but not naive mice (Fig. 5H). Finally, there was no
effect of aCD28Ab on glucocorticoid-induced TNF-related receptor (GITR) expression on
Treg isolated from either memory or naive septic mice (Fig. 51). These data demonstrate a
differential effect of a CD28Ab on Foxp3™* Treg isolated from memory mice as compared to
those isolated from naive mice.

Based on the increased expression of CTLA-4, Helios and ICOS in aCD28Ab-treated
memory mice, we queried whether Tregs isolated from aCD28 Ab-treated septic memory
mice exhibited increased suppressive function relative to Tregs isolated from isotype control
treated septic memory mice. To assess this, Tregs were sorted from spleens of a CD28Ab vs.
isotype-treated septic memory mice, and naive CD4* conventional T cells (Tconv) were
used as responder cells (Figure 6A). As shown in Figure 6, results indicated that Tregs
isolated from aCD28Ab-treated septic memory mice were significantly more effective at
inhibiting Tconv proliferation than those isolated from isotype-treated animals at both ratios
of 1:8 (40.6£3.6% vs. 26.3+5.7% inhibition, p=0.041, Figure 6B-6C). and 1:4 (59.5+1.6%
vs. 45.7+4.4% inhibition, p=0.002, Figure 6B,D). Additionally, supernatants from co-
cultures containing Treg isolated from a CD28Ab-treated memory mice contained
significantly more IL-10 relative to those containing Treg isolated from isotype control
treated mice (p=0.0087, Figure 6E). Collectively, these data show that treatment of septic
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memory mice with aCD28Ab results in increased suppressive capacity of Foxp3* Tregs.
Taken together, these data indicate that a CD28Ab inhibits the functionality and activation of
Tregs in naive animals following CLP, but in contrast enhances the proliferation,
functionality, and activation of Tregs in memory mice during sepsis.

IL-10 neutralization reverses the protective effect of aCD28 Ab and aggravates
inflammation in memory mice during sepsis

Given the findings of increased Treg activation and I1L-10 production by Foxp3* Treg in
memory septic mice treated with aCD28 Ab, we next asked if the increased production of
IL-10 mechanistically underlies the survival benefit conferred by anti-CD28 in memory
septic mice. To do so, memory mice were subjected to CLP and were treated with (or
without) a CD28Ab in the presence or absence of an anti-I1L-10 neutralizing antibody (Fig.
7A). While anti-IL-10 also diminished sepsis survival in memory mice in the absence of
aCD28Ab (data not shown), anti-IL-10 Ab eliminated the survival benefit observed in
memory septic mice treated with aCD28 Ab (p=0.021, Fig. 7B).

We also evaluated the serum concentration of the pro- and anti-inflammatory cytokines
when IL-10 was blocked in memory septic mice. Results indicated that systemic IL-6 levels
were significantly increased when IL-10 was neutralized in a CD28Ab-treated memory mice
(p<0.05, Fig. 7C). Meanwhile, serum levels of TNF, IL-1p, IFN-y, MCP-1 IL-2 and IL-13
were not different among three groups (data not shown). In sum, IL-10 blockade reversed
the survival benefit of aCD28Ab in memory septic animals, and also exacerbated the 1L-6
inflammatory response in memory septic mice.

IL-10 blockade induces downregulation of Bcl-xL and increased T cell apoptosis in
memory mice treated with aCD28 Ab

Because these experiments suggested that survival benefit was reversed after blockade of
IL-10 in memory mice with a CD28Ab, and results shown in Fig. 2 showed that a CD28 Ab
ameliorated the apoptosis of memory T cells in memory septic mice, we next inquired
whether the reduced T cell apoptosis observed in memory septic mice treated with
aCD28Ab was dependent on IL-10. Memory and naive mice were subjected to CLP,
followed by treatment with either aCD28 Ab or aCD28Ab+anti-1L-10. Results indicated
that total CD4" T cells and CD8* T cell populations contained significantly more apoptotic
(Annexin V*7-AAD™) cells in memory mice treated with a CD28Ab+anti-1L-10 relative to
those treated with a CD28Ab alone (Fig. 8A and 8B, CD4: 8.4+0.7% vs.5.8+0.5%, p=0.01;
Fig. 8A and 8C, CD8: 7.0+1.4% vs.2.1+0.3%, p=0.0038).

Furthermore, IL-10 neutralization resulted in a significant increase in the frequency of
apoptotic cells among CD44MNCD4* memory T cells (Fig. 8D, 19.5+1.1% vs.13.1+0.9%,
£=0.0007), but not among CD441°CD4* naive T cells (Fig. 8E). For CD8 T cells, both
CD44NCcD8* memory T cell (12.4+2.4% vs.4.9+0.6%, p=0.0047) and CD44!°CD8* naive T
cell populations (3.9+0.9% vs.1.3+0.2%, p=0.019) possessed higher frequencies of apoptotic
cells in mice treated with a CD28Ab+anti-1L-10 group vs. aCD28Ab alone (Fig. 8F and
8G). Taken together, these data suggest that the increased I1L-10 secreted by Foxp3* Treg in
aCD28Ab-treated memory septic animals is inhibiting apoptosis of memory CD4* and
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CDS8™* T cells in this model, in that apoptosis of memory CD4* and CD8* T cells is
increased when IL-10 is neutralized.

Given the above findings, we next sought to identify the underlying mechanism of the
increased T cell apoptosis when IL-10 was blocked. Two different pathways of T cell
apoptosis were assessed: mitochondrial (Bcl-xL and Bcl-2) and death receptor-mediated
(Fas and TNFR). Results indicated that there were no differences in Bcl-xL expression in
total CD4* T cells among any of the groups (Fig. 7H and 71). Consistent with the findings
presented above, the Bcl-xL expression in CD44MCD4* T cells was decreased in memory
mice treated with a CD28Ab+IL-10 blockade vs. those treated with a CD28Ab alone
(p=0.015, Fig. 7J). No differences in Bcl-xL expressed were observed among CD44!°CD4*
cells in these groups (Fig. 7K). Total CD8" T cells isolated from the a CD28Ab+anti-1L-10
memory group exhibited decreased Bcl-xL expression compared with CD8* T cells isolated
from aCD28Ab-treated memory mice (p=0.02, Fig. 7L and 7M). There were no differences
of Bcl-xL expression in either CD44NMCD8* or CD441°CD8* T cell subsets among three
groups (Fig. 7N and 70).

In contrast to the observed effects of IL-10 blockade on Bcl-xL expression on CD44NCD4*
memory T cells in memory mice treated with anti-CD28, blockade of 1L-10 had no impact
on Bcl-2 expression in either the CD4* or CD8* memory or naive T cell compartments
(Supplemental Fig. S4). Similarly, blockade of IL-10 did not alter Fas or TNFR1 expression
on either CD4* or CD8* T cells or memory T cell subsets in septic memory mice
(Supplemental Fig. S4). Overall, these data provide strong evidence that the administration
of aCD28Ab may function to inhibit mitochondrial-mediated apoptosis by inducing an
IL-10-dependent increase in Bcl-xL in CD44" memory CD4* T cells, which contributes to
improved survival in memory mice during sepsis.

DISCUSSION

Despite decades of research using rodent models of sepsis, no effective therapies to treat
sepsis-induced immune dysregulation have emerged from these studies, leading some to
question the relevance of animal models for sepsis (27). Here, we hypothesized that one
factor underlying the apparent lack of relevance to human sepsis pathophysiology might be
the different degrees of immunologic experience between adult humans and SPF-housed
laboratory animals. As such, we developed the antigen-experienced memory mouse model
via sequential infection of mice with bacterial and viral pathogens to recapitulate the
frequencies of memory T cells observed in the adult human immune system (17). In these
animals, memory T cells constituted 32% and 53% of the CD4* and CD8" T cell
compartments, respectively, in the blood. These frequencies are similar to those observed in
adult humans. Using this system, we show that the response to CD28 immunomodulation
during sepsis is fundamentally different in naive vs. memory septic animals, in that
aCD28Ab conferred a trend towards worsened survival in naive septic animals but in sharp
contrast resulted in significantly improved survival in immunologically experienced septic
animals. Mechanistically, this differential response was driven by a unique ability of
aCD28Ab to elicit IL-10 production from Treg in memory but not naive mice. Together,
these data demonstrate that relative immunologic experience is an important parameter that
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affects sepsis pathophysiology and can fundamentally change the outcome of therapeutic
targeting of the CD28 pathway during sepsis. This study suggests that testing therapeutic
strategies in immunologically experienced hosts may be one way to increase the physiologic
relevance of rodent models in sepsis research.

Results presented here add further depth to our understanding of the role of CD28 during
sepsis. Our findings that agonistic a CD28Ab resulted in a trend toward worsened mortality
are consistent with several studies in mouse models of polymicrobial sepsis showing that
hosts with CD28 deficiency (28-30), CD80/86 deficiency (13), or which received a CD28-
blocking peptide mimetic (14) exhibited improved mortality. Importantly, however, our data
show that CD28 agonism in immunologically experienced hosts had the opposite effect,
mediated by potent release of IL-10 from “memory” Tregs. The extent to which these
differential results are recapitulated in human physiology remains to be determined.
However, it is known that mortality in human septic patients is associated with significantly
reduced CD28 expression on splenic T cells (9, 10), and another study found that levels of
soluble CD28, potentially indicative of shedding from surface of T cells, was higher in
patients who died than who lived (13). Taken together with our results, these findings
suggest that preserved CD28 signaling may be critical for the preservation of immune
homeostasis in immunologically experienced septic hosts, be they mouse or human.

Over the last few years, several groups have begun investigating the effect of antigen or
pathogen exposure prior to sepsis on the pathophysiology and outcome of sepsis, spurred by
seminal studies showing that previous exposure to multiple microbial infections
fundamentally improves the response to a subsequent infection, resulting in improved
bacterial/viral clearance and increased effector T cell differentiation (17). Our previous
report showed that despite the fact that memory mice exhibited increased T cell apoptosis
compared with naive hosts, there was no difference in survival between memory and naive
mice following sepsis (in the absence of any immune modulation (19). One study showed
that mice treated with anti-CD3 activating Ab contained increased frequencies of memory T
cells, and that these immunologically experienced mice exhibited improved survival of
sepsis accompanied by increased bacterial clearance compared to naive mice (31). Other
groups have used pet store mice cohoused with SPF B6 mice to generate a “dirty” mice
model to generate more memory T cells before sepsis (32, 33). Badovinac, Griffiths and
colleagues showed that cohousing mice with pet-store derived “dirty mice” increased the
sepsis-induced cytokine storm and mortality (33). We postulate that chronic, persistent viral
infections might also be communicated in the “dirty” mice model and reactivate following
sepsis, which themselves could contribute to immunopathology and outcome of sepsis
independently of immunologic memory. Because the model used in the current study utilizes
acute bacterial and viral infections are cleared well before CLP, the effects we observed can
be attributed to the existence of immunologic memory and not latent or chronic infection.

Our results reveal a potent effect of a CD28Ab on Treg function in memory mice. It has
previously been reported that CD28 controls both Treg proliferation and survival via the
induction of several cell-intrinsic survival factors such as anti-apoptotic Bcl-xL (34). Here,
we report a differential effect of aCD28Ab on Tregs in memory vs. naive septic mice:
aCD28Ab diminished the activation of Treg in naive animals, but increased the
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proliferation, Helios expression, and activation of Treg in memory animals. The fact that
increased Treg activity in aCD28Ab-treated memory septic mice is associated with
increased sepsis survival is in line with previously published reports showing that Treg are
beneficial during the early, hyper-inflammatory phase of sepsis (35, 36). Furthermore, these
data suggest a fundamental difference in the response of memory vs. naive Treg to
modulation of CD28 signaling in the context of sepsis. This concept of “memory Treg”
cells, which have responded to antigen and are capable of surviving for fairly long periods
even in the apparent absence of antigen, has recently been reported in the literature. Memory
Tregs can expand rapidly and mediate potent immune suppression upon secondary activation
(37-39). A challenge in defining memory Treg cells has been a lack of specific phenotypic
markers in human and mouse. Thus, further investigation is needed to dissect the role of
memory Tregs during sepsis. However, the results presented here support the intriguing
hypothesis that similar to the differential requirements for CD28 costimulation between
naive and memory Tconv (40, 41), CD28 signaling may likewise differentially impact naive
and memory Treg.

Further, our results revealed that Tregs activated by aCD28 Ab in memory septic mice
released more IL-10, which inhibited mitochondrial-mediated apoptosis of T cells, leading
to improved survival accompanied by decreased inflammatory responses in memory septic
mice. Controversy exists concerning the role of IL-10 in sepsis: when IL-10 was used in
models of endotoxemia, it improved survival (42), potentially via its anti-inflammatory
properties, while in models of polymicrobial sepsis (CLP) worsened survival, potentially via
immunosuppression (43). Similarly, studies of anti-1L-10 in CLP in previously naive animals
resulted in improved survival (43). In contrast, our data show that anti-IL-10 (both in the
presence and absence of aCD28Ab) significantly reduced morality in memory septic mice.
We speculate that the differential results could be the result of a heightened inflammatory
response in memory mice vs. heightened immunosuppression in previously naive mice
during sepsis. Indeed, in human septic patients, high IL-10 in the circulation and a high ratio
of 1L-10 to TNF was associated with increased mortality (44). Whether this increase in
IL-10 is a cause of human sepsis mortality or an effect of massive inflammation (that
actually underlies mortality) remains an unanswered question.

In sum, the data presented here reveal the potent therapeutic effect of a CD28Ab on sepsis in
a physiologically relevant immunologically experienced mouse model. Notably, the results
indicate that activated Treg in memory mice are associated with decreased T cell apoptosis
and increased survival during sepsis. The role of CD28 signaling on antigen-experienced
Tregs warrants further investigation to explore its application to clinical sepsis in humans, in
that targeting CD28 signaling on this subset could provide a potential immunomodulatory
therapeutic strategy to improve sepsis survival in the clinic.
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Key Points:
. Agonism of CD28 improves sepsis mortality in memory but not naive hosts
. CD28 agonism results in enhanced production of IL-10 from Foxp3+Treg in
memory mice
. IL-10 is required for the survival benefit of CD28 agonism in septic memory
mice
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Figure 1. aCD28Ab improves survival in septic memory mice but not naive septic mice.
B6 naive and memory mice received CLP or sham surgery and were sacrificed at 24h post-

surgery. Spleens were harvested and CD28 expression on T cells was determined by flow
cytometry. (A) Representative flow histogram of CD28 expression on bulk CD4* and CD8*
T cells in naive mice. (B and C) Summary data of MFI of CD28 on bulk CD4" and CD8* T
cells at 24 hours after sham or CLP surgery. (D) Representative flow histogram of CD28
expression on CD44NCD4* and CD44MCD8* T cells in memory mice. (E and F) Summary
data of MFI of CD28 on CD44MCD4* and CD44MCD8* T cells at 24 hours after sham or
CLP surgery. Groups (n=5-6/group) were compared with the Mann-Whitney nonparametric
test. **, p<0.01. *, p<0.05. All data expressed as mean £ SEM. FMO, Fluorescence Minus
One. (G) Schematic of experiment setup for CLP sepsis study in naive mice. (H) All naive
mice received CLP surgery and were randomly injected intraperitoneally with either aCD28
Ab (n=25) or saline (n=25) at specified time points. Mice were monitored for 7-day survival.
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(1) Schematic of experiment setup for CLP study in memory mice. (J) Memory mice
underwent CLP and received aCD28Ab (n=23) or saline (n=22). Mice were monitored for
7-day survival. All data depicted a minimum of two independent experiments. The log-rank
(Mantel-Cox) test was used to test for significance.
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Figure 2. Apoptosis of cD4ghi memory CD4" T cells is rescued by aCD28 Ab in memory septic
mice.

Memory mice and age-matched naive controls received CLP, followed by injection of
aCD28 Ab or saline. Mice were sacrificed and spleen was harvested at 24 hours after CLP.
Splenocytes were stained with Annexin V and 7-AAD for T cell apoptosis by flow
cytometry. (A) Representative flow cytograms for Annexin V* and 7-AAD™ staining gated
on CD44NCD4* T cells. (B and C) Summary data depicting frequency of apoptotic
(AnnexinV*7-AAD*) CD44NCD4* and CD44!°CD4™" T cells between untreated naive mice
and memory mice treated with/without a CD28Ab (n=8-9/group). (D and E) Summary data
of the percentage of apoptotic memory and naive CD8" T cells among three groups (n=8-
10/group). The data shown were compiled from two independent experiments. Groups were
compared using one-way ANOVA analysis and Turkey multiple comparison tests. *, p<0.05.
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Figure 3. Systemic IL-10 levels are increased in septic memory mice treated with a CD28ADb.
Blood samples were collected at 24h post-CLP from naive mice treated with saline or

aCD28Ab and memory mice treated with saline or a CD28Ab. Serum was analyzed using
the Luminex Multiplex platform, examining the concentration of (A) IL-10, (B) IL-6, (C)
TNF, (D) IFN-v, (E) IL-1B, (F) IL-2, (G) IL-13, (H) MCP-1. Results were representative of
three independent experiments. Error bars represent mean £ SEM. Groups (n=6-11/group)
were compared using one-way ANOVA analysis and Turkey multiple comparison test. *,

<0.05.
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Figure 4. Elevated IL-10 is secreted by Foxp3™* Treg cells in memory mice.
Memory and naive mice treated with saline or aCD28Ab were sacrificed, and spleens were

harvested 24 hours post-CLP. (A) Splenocytes were stimulated with PMA and ionomycin for
5 hours, followed by intracellular staining with anti-Foxp3 and anti-IL-10. (A)
Representative flow plots and (B) summary data show IL-10 production by Foxp3* Treg
cells before and after stimulation among four groups (n=5-9/group). (C) The frequency of
IL-10 secreted by Foxp3~ effector CD4* T cells in splenocytes from naive and memory mice
(n=5-10/group). (D) The frequency of IL-10 released by CD8* T cells in splenocytes from
naive and memory mice (n=5-10/group). (E-H) Splenocytes were stimulated with LPS
(10ug/ml) for 5 hours and then stained intracellularly with anti-1L-10 to evaluate IL-10
released by other immune cells, including B cells (E), dendritic cells (F), neutrophils (G) and
natural killer cells (H). Data represented mean £ SEM. Groups (n=5-10/groups) were
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compared using one-way ANOVA analysis and Turkey multiple comparison test. *, p<0.05,
**% p<0.001 and ****, p<0.0001.
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Figure 5. aCD28 Ab accelerates proliferation and activation of Foxp3* Treg in memory septic
mice.

Memory mice and age-matched naive controls underwent CLP, followed by injection of
aCD28 Ab or saline. Mice were sacrificed and spleens were harvested at 24 hours post-CLP.
(A) Absolute numbers of Foxp3* Treg cells among four groups (n=8-9/group). (B) The
proliferation of Treg cells was assessed by Ki67 staining. The percentages of Ki67* Treg
cells in the four groups (n=8-9/group) are shown. (C) Representative flow plots and
summary data of the percentage of Helios* in Tregs. (D-1) Flow histograms and summary
data of CTLA-4 (E), ICOS (F), CD69(G), CD127 (H) and GITR () in memory vs naive,
memory vs memory+aCD28 and naive vs naive+a CD28 groups (n=4-9/group). The data
were pooled from two independent experiments. Data represented as mean + SEM and
analyzed with one-way ANOVA analysis and Turkey multiple comparison test. *, p<0.05,
** p<0.01, *** p<0.001 and****, p<0.0001.
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Figure 6. Treg cells from aCD28-treated memory mice exhibit increased suppressive capacity.
(A) Schematic of in vitro Treg suppression assay. (B) Representative flow histogram of CTV

expression of Tconv cells after coculture with Treg cells for 96h. Responder T cells (Tconv)
were gated on CD3* CD4* Foxp3~ and their proliferation was analyzed based on the
dilution of CTV dye. (C) Summary data of the suppressive capacity of Tregs (% inhibition)
isolated from memory mice treated with isotype control Ab vs.aCD28 Ab when Treg:
Tconv ratio was 1:8 (n=6/group). (D) Summary data of the suppressive capacity of Tregs (%
inhibition) isolated from memory mice treated with isotype control Ab vs. aCD28 Ab when
Treg: Tconv ratio was 1:4 (n=6/group). (E) IL-10 levels in the supernatant of coculture of
Treg: Tconv (1:4) were compared between two memory groups. All data were collected
from two independent experiments. Two groups were compared with the Mann-Whitney
nonparametric test. **, p<0.01. *, p<0.05. Tconv, naive conventional CD4* T cells; CTV,
Cell Trace Violet.
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Figure 7. IL-10 neutralization reverses the protective effect of aCD28 Ab and aggravates
inflammation in memory mice during sepsis.

Naive B6 mice were infected with L/steria monocytogenes and 30 days later infected with
LCMV. The mice underwent CLP at day 60 and received aCD28 Ab and anti-IL-10
antibody (n=10) or isotype IgG (n=10) intraperitoneally at set time points. (A) Schematic of
experiment design. (B) 7-day survival after CLP induction was analyzed using log-rank
(Mantel-Cox) test. (C) Blood samples were collected at 24 hours post-CLP and systemic
IL-6 concentration was measured in naive and memory mice treated with aCD28 Ab and
memory mice treated with «CD28 Ab and anti-1L-10 Ab (n=8/group). Results shown as
mean + SEM were pooled from two independent experiments. Statistical analysis was
performed using one-way ANOVA analysis and Turkey multiple comparison test. *, p<0.05.
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Figure 8. IL-10 blockade induces downregulation of Bcl-xL and increased T cell apoptosis in

memory mice treated with aCD28 Ab.

Memory and naive mice received CLP and aCD28 Ab followed by either anti-1L-10 Ab or
isotype 1gG Ab. Splenocytes were stained for Annexin V and 7-AAD for apoptosis analysis
of T cells and intracellularly stained with anti-Bcl-xL Ab among naive mice with aCD28
Ab (n=8) vs. memory mice treated with aCD28 Ab (n=9) vs. memory mice treated with
aCD28 Ab and anti-I1L-10 Ab (n=9) at 24 hours after CLP. (A) Representative flow
cytograms indicating the apoptosis of CD4* and CD8* T cells among three groups. (B)
Summary of percentage of apoptotic CD4* T cells. (C) Summary of percentage of apoptotic
CD8* T cells. (D and E) Data depicting the frequency of apoptotic memory (CD44") and
naive (CD44!%) CD4* T cells. (F and G) Data depicting the frequency of apoptotic

CD44NCcD8* and CD44!°CD8* T cells. (H and 1) Representative flow cytograms and
summary data indicating Bcl-xL expression in CD4™ T cells among naive + aCD28 vs

memory + aCD28 vs memory + aCD28 + anti-IL-10 groups. (J and K) Summary of Bcl-xL
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MFI in CD44NCD4* and CD441°CD4* T cells. (L and M) Representative flow cytograms
and summary data indicating Bcl-xL expression in CD4* T cells among three groups. (N and
0) Summary of Bel-xL MFI in CD8*, CD44NCD8* and CD44!°CD8* T cells. The results
depict two independent experiments. Data represented mean + SEM. Groups were compared
with one-way ANOVA analysis and Turkey multiple comparison test. *, p<0.05, **, p<0.01
and ***, p<0.001.
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