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Abstract

Lipopolysaccharide (LPS) challenge is used to model inflammation-induced organ dysfunction.
The effects of T cell activation on LPS-mediated organ dysfunction and immune responses are
unknown. We studied these interactions through /n vivo administration of anti-CD3e (CD3)

T cell activating antibody and LPS. Mortality in response to high-dose LPS (LPSHi; 600ug)

was 60%; similar mortality was observed with a 10-fold reduction in LPS dose (LPSLo; 60ug)
when administered with CD3 (CD3LPSLo0). LPSHi and CD3LPSLo cohorts suffered severe organ
dysfunction. CD3LPSLo led to increased IFNy and 1L12p70 produced by T cells and dendritic
cells (cDCs) respectively. CD3LPSLo caused cDC expression of CD40 and MHCII and prevented
PD1 expression in response to CD3. These interactions led to generation of CD4 and CD8
cytolytic T cells. CD3LPSLo responded to IFN-y or 1L12p40 blockade, in contrast to LPSHi. The
combination of T cell receptor activation and LPS (CD3LPSLo0) dysregulated T cell activation, and
increased LPS-associated organ dysfunction and mortality through T cell and cDC interactions.

Summary Sentence:

T cell activation reduces the lethal dose of lipopolysaccharide 10-fold with major alterations in the
immunological responses, while causing similar clinical outcomes.

Graphical Abstract

Correspondence: mtaylorl5@northwell.edu, 350 Community Dr., Manhasset, NY 11030.

CONTRIBUTIONS

MDT performed all experiments, analyzed the data, wrote the manuscript and supervised all aspects of the study. TDF, OY, CEH,
CAC, DEL, ANK, MNA, and MRB assisted in animal handling, in data analysis and in writing the manuscript. CSD assisted in
experimental design, analysis of data and in writing.

DECLARATIONS OF INTERESTS
Disclosures: CSD is a consultant for Enlivex Therapeutics Inc, Jerusalem, Israel. This in no way influenced the content of the attached
manuscript. The authors have no additional competing financial interests.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Taylor et al. Page 2

““” +_§’5_ranzyme B

cD3 +Granzyme B
aCD3e v
ow Dose celisy, | =
LPS~, h
! IL12
“\CD40
cD86 “ 5
MHCII Organ Injury
%.f' Acidosis
T~ Hyperkalemia
aCD3e P Hypocalcemia
(¢ ;!IE"““-* S Vg E:ST ———— Renal Dysfunction
ce@ Hepatic Dysfunction
3 N Cardiac Dysfunction
- Mortality
High Dose
LPS? i J
23%,% &5
o: a1 TNFa
\‘QCDBD

CD86

Keywords

T cells; Lipopolysaccharide; Organ Dysfunction; Interferon gamma; checkpoint inhibition;
Dendritic cells

Introduction

Recent literature indicates that the adaptive immune system may play a more proximal

role in modulating initial responses to pathogenic challenge than previously appreciated (1,
2). However, studying the contribution of the adaptive immune system to the initiation of

the inflammatory response has been limited in part by lack of a well-developed memory

T cell compartment in laboratory mice (3, 4). Our recent work in murine cecal ligation

and puncture (CLP) demonstrated that induction of a robust memory T cell compartment
prior to challenge influenced innate immune responses and increased organ dysfunction.
Specifically, we noted that robust T cell receptor (TCR)-mediated activation of a high
proportion of both the CD4 and CD8 T cell populations 35 days prior to procedure induced a
memory T cell population that contributed to CLP-induced organ dysfunction (5).

Bacterial lipopolysaccharide (LPS)-mediated innate immune cell activation occurs, in part,
via the toll-like receptor 4 (TLR4) pathway (6, 7). LPS is commonly administered to

both animals and humans to induce inflammation (8-12). The murine response to LPS is
characterized by rapid onset, low inter-animal variability and significant organ dysfunction,
making it attractive for the study of responses to a severe insult (8, 13, 14). We therefore
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used a combination of T cell activation and LPS to examine interactions between these two
pathways and to dissect the mechanisms involved in T cell modulated organ dysfunction.

METHODS
Study Approval

All animal studies were approved by the Institutional Animal Care and Use Committee
(IACUC #2017-039) and adhered to National Institutes of Health and Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines.

Mice
C57BI/6J male mice were obtained from the Jackson Laboratory (Bar Harbor, ME) and
maintained in the animal facility at the Feinstein Institutes for Medical Research. Male mice
were utilized to minimize weight variability and to avoid sex differences in LPS response
(15-17). CD47/~ (B6.129S2-CD4MIMak/) CD8~/~ (B6.12952-CD8aMIMakj) TCRab™/~
(B6.129S-Tcra™IMom; 3y ‘and C3H/HeJ mice were obtained from the Jackson Laboratory
and bred and maintained in our immunodeficient animal facility. Animals were housed
together in our SPF facility for a minimum of 10 days prior to experimentation to ensure
normalization of the microbiome (18).

Inflammatory Challenge

Ultra-LEAF isotype Armenian Hamster IgG control (Iso, Biolegend, San Diego, CA,
Armenian Hamster clone HTK888; 50ug) and Ultra-LEAF Anti-mouse CD3e Antibody
(CD3, Biolegend, Armenian Hamster clone 145-2C11, 50ug) were administered to
14-week-old mice via retro-orbital venous sinus injection. Low dose LPS + isotype
antibody treatment (LPSLo; from Escherichia coli 055:B5, Sigma-Aldrich L2880, 60ug),
high dose LPS + isotype antibody treatment (LPSHi; 600ug), and CD3 + LPSLo
treatment (CD3LPSLo) comprised the remaining groups. LPS was administered through
intraperitoneal injection. Mice were followed for survival or sacrificed at 24 hrs. following
challenge. Some treatments combined CD3 and CpG DNA (50ug, ODN 1826, InVivoGen,
San Diego, CA) or CD3 and polyinosinic:polycytidylic acid (50ug, Sigma-Aldrich)(19).

In Vivo Cytokine Blockade

Mice were administered monoclonal antibody blockade at the time of inflammatory
challenge and every three days following challenge. IFNy (XMG1.2, 0.5mg), TNFa
(XT3.11, 1mg) or IL12p40 (C17.8, 1mg) blocking antibodies were all obtained from
BioXCell (Lebanon, NH), diluted from stock concentration in sterile PBS and administered
through intraperitoneal injection. Full blocking doses as described in previous literature were
used to identify cytokine effects (20, 21).

Leukocyte Isolation

Spleens were obtained from sacrificed mice and were immediately subjected to digestion
with DNAse (100ug/mL) and Collagenase A (Img/mL) in complete media for 30 minutes
at 37°C. Cells were resuspended following filtration through a 70um filter. Red blood
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cells were lysed, white cells were counted using a Countess Il Automated Cell Counter
(ThermoFisher, Waltham, MA) and spleen cells were analyzed. A minimum of 2x10° events
were analyzed for each sample.

In Vitro Activation Assay

Once splenic cells were homogenized, T cells were isolated by negative selection using the
pan-T cell isolation kit (Miltenyi, Bergisch Gladbach, Germany). Total splenic cells and T
cells were then stimulated with plate bound anti-CD3e (5ug/ml) and LPS (500ng/ml) for 3
hours. Stimulation assay was performed alongside a control without stimulation to assess
for background production as previously described (21). Cells were then stained for flow
cytometric analysis.

Flow Cytometric Analysis

Once single-cell suspensions were obtained, cells were stained for flow cytometric analysis.
Staining was performed with LIVE/DEAD fixable viability dye (Life Technologies) and

the following antibodies: CD90.2, CD8a, CD4, CD69, Ki67, PD1, Ly6C, CD11c, Ly6G,
MHCII, MHCI, CD86, CD80, CD40, IFN-y, 1L12p40, and Granzyme B. Full antibody
details are available in Supplemental Table 1. All flow cytometric analysis was performed

on a BD LSR Fortessa 16-color cell analyzer and analyzed using FlowJo software version

10 (BD Bioscience, San Jose, CA). Gating strategies are listed in figure captions. Gating
strategies are illustrated in Supp. Fig. 5A for CD4 T cells and CD8 T cells and Supp. Fig. 5B
for innate immune cells.

Cytokine Production Assays

To assess cytokine production, once cells were in single cell suspension, cells were allowed
to produce cytokine for 4 hours in the presence of Brefeldin A (2ug/ml) prior to staining,
fixation and permeabilization. All stimulation assays were performed alongside a positive
control and at the same time with samples from control mice to assess for background
production as previously described (21).

ELISA Assays

Multiplex ELISA assays were performed by EVE Technologies (Calgary, AB, Canada).
Findings were confirmed with BD OptEIA ELISA kits. Alanine Aminotransferase 1 ELISA
Kit (Biovision, Milpitas, CA) and Bilirubin Assay Kit (Sigma-Aldrich, St Louis, MO) were
used per manufacturer instructions.

In Vivo Imaging

Echocardiography was performed using the Vevo 3100 Ultrasound (Fujifulm Visual Sonics,
Toronto, Canada). Echocardiography was analyzed by an experienced cardiologist according
to a standard image collection protocol. Images were obtained under isoflurane anesthesia.
Renal artery diameter and arterial velocity were also measured using ultrasonography. RBF
was calculated with the following formula: RBF = (0.5 x renal artery diameter)? x (renal
artery velocity).
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Assessment of Electrolyte Abnormalities

All electrolytes and blood gas analysis were measured on whole blood immediately
following collection using the iStat Chem8+ and CG4+ cartridges. This device is used for
point-of-care measurement in clinical care (Abbott Point of Care Inc., Princeton, NJ).

Real-Time Polymerase Chain Reaction

Samples were stored in RNALater solution (Invitrogen) until total RNA was isolated
(RNAeasy Mini Kit; Qiagen, Hilden, Germany). Quantitative real-time PCR was performed
using an Applied Biosystems 7900HT Fast Real-Time PCR system. Primers were

obtained from Applied Biosystems: TagMan Gene Expression Assays Mm00441421 m1l
(SCL10ala), Mm01267415 _m1 (SCLO1lal), and Mm99999915 gl (GAPDH). Relative
amplification to GAPDH was calculated using the AACT method, which measures the
change in the relative quantification of a control mMRNA gene in an experimental sample
and a control sample to the change in the relative quantification of a target mMRNA gene of
interest in those same samples.

Statistical Analysis

Results

Animal data were analyzed using one-way analysis of variance with Dunnett’s post-hoc test
for multiple comparisons where appropriate. Survival was calculated using the Spearman’s
Log Rank Test (Prism 7.0; GraphPad, San Diego, CA). For multiplex ELISA, statistical
significance was tested by one-way ANOVA with Dunnett’s post-hoc test for multiple
comparisons compared to Iso treatment utilizing absolute numbers. All data shown are
representative of at least two independent experiments to ensure results. The authors declare
that all data supporting the findings of this study are available within the paper and its
supplementary material.

Combined TCR and TLR Activation increase Organ Injury and Mortality

Five treatment cohorts of C57BI/6 mice were studied post-intervention: control isotype
antibody treatment (Iso), anti-CD3e T cell activating antibody treatment (CD3), low dose
LPS (60ug) + isotype antibody treatment (LPSLo0), high dose LPS (600ug) + isotype
antibody treatment (LPSHi), and anti-CD3 + LPSLo treatment (CD3LPSLo0). Use of these
groups allowed us to assess the contributions of TLR4 (LPSLo, LPSHi) and TCR activation
(CD3) individually or in combination (CD3LPSLo0). The combination of CD3 and LPSHi
was uniformly fatal at a very early timepoint.

Ten-day survival curves are depicted in Fig. 1A. As in previous reports, all mice in the Iso,
CD3 and LPSLo cohorts survived (5, 22). Mortality at 48 hrs. was 55% in the LPSHi group
and 70% in the CD3LPSLo group; CD3LPSLo had some continued attrition with a final
mortality of 80%.

While it is known that LPS challenge disrupts organ function, the effects of T cell
activation on the response to LPS has not been defined. Therefore, we examined general
and organ-specific outcomes in our five cohorts. At 24 hrs. following intervention, systemic
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abnormalities including hypothermia (Fig. 1B), metabolic acidosis (Fig. 1C), hyperkalemia
(Fig. 1D), and hypocalcemia (Fig. 1E) were noted only in the CD3LPSLo group.

Hepatic dysfunction is most often quantified using serum transaminase and bilirubin
levels. Alanine aminotransferase (ALT) was elevated in the LPSHi group. In contrast,
bilirubin was elevated in the CD3LPSLo group (Fig. 1F). Hyperbilirubinemia may reflect
impaired transport across hepatocytes, a process that is modulated by the sodium/bile
acid cotransporter (NTCP, SCL10ala) and the organic anion transporter protein 1 (OATP,
SCLO1al). We have previously demonstrated that decreased expression of the mMRNA
encoding these two proteins is a sensitive measure of hepatic dysfunction following CLP
(23, 24). Expression of both transporters was lower in LPSHi and CD3LPSLo than in the
other groups (Fig. 1G).

Serum creatinine and blood urea nitrogen (BUN) levels, used to indicate renal dysfunction,
were significantly higher than Iso controls in the CD3LPSLo cohort (Fig. 1H). In addition,
renal blood flow and renal artery diameter were greater in both the LPSHi and CD3LPSLo
groups than in the other groups, with the most profound difference in the latter. (Fig. 11).
These differences are consistent with observations following CLP (25).

Finally, measures of cardiac function were similar in Iso, CD3, and LPSLo mice. However,
stroke volume, fractional shortening and ejection fraction were lower in both LPSHi and
CD3LPSLo mice than in the other groups. These abnormalities were more pronounced in
CD3LPSLo animals (Fig. 1J).

In sum, while both the LPSHi and CD3LPSLo groups developed organ dysfunction,
abnormalities were more pronounced in the CD3LPSLo cohort.

Interaction with TCR is TLR4-specific and involves both CD4 and CD8 T cells

To determine if other TLR agonists other than TLR4 interacted with TCR activation,
additional cohorts were challenged with agonists for TLR9 (CpG DNA) and TLR3
(polyinosinic:polycytidylic acid, Polyl:C) at dosing consider equivalent to LPSLo in
conjunction with anti-CD3e administration (19). None of the animals subjected to these
interventions died. Thus, only the combination of TCR and TLR4 activation was sufficient
to cause fatalities (Supp. Fig. 1A). Administration of the combination of anti-CD3e and low
dose LPS to CD4~/~ (B6.12952-CD4!MIMak/j) and CD8™/~ (B6.12952-CD8aMIMak/3) mice
resulted in mortality equivalent to that seen in similarly-treated wild types (Supp. Fig. 1B).
High dose LPS treatment caused equivalent mortality in TCRab™~ (B6.129S-TcratmMom/j)
mice as seen in wild types (Supp. Fig. 1C). No fatalities occurred following CD3LPSLo
treatment of C3H/HeJ mice, which are resistant to LPS challenge due to a mutation in the
TLR4 receptor (Supp. Fig. 1D).

TCR Activation Alters the Immunologic Response to Endotoxemia

While both LPSHi and CD3LPSLo groups developed significant pathology, the
immunologic pathways activated by each challenge may differ. Therefore, we examined
serum cytokine and chemokine levels in each group 24 hrs. following intervention (Fig. 2).
All values from different treatment groups are presented as the fraction of the highest value.
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A common set of cytokines (IL6, KC, RANTES, MCP1, MIP1a, MIP2, and M-CSF) were
elevated in both the LPSHi and CD3LPSLo groups. Conversely, TNFa., IL23 (1L12p40),
G-CSF, IL10 and IL1p, all more commonly associated with innate immune responses,
were elevated in the LPSHi cohort only, while elevations in IFN+y, 1L12p70, IL17, MIP1p,
GM-CSF, IL3, and Leukemia inhibitory factor, possibly reflecting T cell activation, were
confined to the CD3LPSLo cohort.

TCR Activation Increases the Classical Dendritic Cell Response to Endotoxemia

Because LPS stimulates innate immune activation through TLR signaling, we assessed
splenic innate cell numbers 24 hrs. following challenge. Neutrophils were generally
unaffected by LPS treatment; the number of neutrophils was only elevated in the CD3 group
(Fig. 3A). Numbers of classical dendritic cells (cDCs, CD11c*/MHCII*) were lower in the
CD3, LPSLo and LPSHi groups than in the Iso group but were similar to the Iso group in the
CD3LPSLo group (Fig. 3B). The total numbers of splenic myeloid (CD11b*) cells (Supp.
Fig. 2A) and monocyte derived dendritic cells (MoDCs, CD11b*/MHCII*, Supp. Fig. 2B)
were not significantly different in any of the five groups studied.

TLR agonists increase dendritic cell expression of antigen presentation molecules (e.g.
MHC class I and class I1) and costimulatory receptors (CD40, CD80, CD86). MHC class

| expression on ¢cDCs and MoDCs was higher than Iso in all groups (Fig. 3C). In contrast,
MHC class 11 expression on cDCs and MoDCs was only significantly higher than Iso in the
CD3LPSLo cohort (Fig. 3D). We also examined levels of the T cell costimulatory receptors
CD86, CD80, and CD40. CD86 levels on cDCs were higher than Iso in both the LPSHi and
CD3LPSLo cohorts (Fig. 3E). CD80 expression on cDCs and MoDCs was higher than 1so
in the LPSLo, LPSHi and CD3LPSLo groups; expression in cDCs was highest the LPSHi
cohort (Fig. 3F). In contrast, CD40 expression on cDCs and MoDCs was higher than 1so in
the CD3, LPSLo, LPSHi and CD3LPSLo groups, and was highest in the CD3LPSLo cohort
(Fig. 3G). In summary, co-ligand signaling in the LPSHi cohort was dominated by MHCI,
CD86 and CD80, while MHCII, MHCI, CD86 and CD40 signaling predominated in the
CD3LPSLo cohort. These findings indicate that T cell activation altered the innate response
via alteration of antigen presentation and co-stimulation, which in turn fed back to alter T
cell responses.

Previous reports have shown that cDCs are a major source of IL12p70 during immune
responses. Activation of the 1L12 receptor promotes transcription of IFNy from T cells

or other sources. This process then promotes further IL12p70 production by innate cells
(26-28). Serum IL12p70 was elevated in the CD3LPSLo group (Fig. 2). To examine one
possible source, we isolated splenic cells from each group and determined the number of
IL12p70* cDCs present. Immediately ex vivo, without further stimulation, IL12p70* cDCs
were rare in the Iso, CD3, LPSLo, and LPSHi cohorts. In contrast, the number of 1L12p70*
cDCs per spleen was higher in the CD3LPSLo cohort. This finding suggests that T cell
activation, prompted by anti-CD3e administration, contributed to IL12p70 production by
activated cDCs (Fig. 3H).
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T Cell Responses are Increased by Concurrent LPS Activation

In addition to elevation in IL12p70, high serum levels of IFN-y were noted in the
CD3LPSLo cohort (Fig. 2). T cells are one potential source of IFN+y; production is driven
by 1L12p70 produced by activated cDCs (Fig. 3) (29, 30). Our data showed that 1L12p70
expression was most profound in the CD3LPSLo cohort, suggesting that both the TCR

and TLR4 pathways participated. To further characterize the effect of interactions between
cDCsand T cells on IL12p70 and IFNy production, we isolated both splenic T cells and
total splenic cells (including T cells) from untreated mice. These cells were simultaneously
stimulated with anti-CD3e and LPS. Activation of T cells, as indicated by CD69 expression,
was less pronounced on isolated T cells than in the T cells exposed to the entire splenic
cell population (Fig. 4A, Supp. Fig. 3A). These findings indicate that T cell activation in
response to CD3LPSLo is dependent on T cell interactions with another splenic cell type,
presumably an APC.

In vivo assessment demonstrated that the numbers of splenic CD8 T cells in all treatment
cohorts were lower than in the Iso cohort. The difference was most pronounced in the

CD3 group (Fig. 4B). In contrast, the numbers of CD4 T cells were lower in the CD3 and
LPSHi cohorts than in the 1so cohort; CD4 T cell numbers were not altered in the LPSLo or
CD3LPSLo groups (Supp. Fig. 3B).

Overall, the number and percentage of activated (CD69 +) CD4 and CD8 splenic T cells
was lower in the Iso group than in all other cohorts. The total number and the percentage of
activated cells was highest in the CD3LPSLo cohort (Fig. 4C, Supp. Fig. 3C, 3D). Further,
activation strength (CD69 MFI) of both CD8 and CD4 T cells was higher in the CD3LPSLo
cohort than in all other groups, indicating that T cells in these groups received stronger
induced activation signals (Fig. 4D, Supp. Fig. 3E). Thus, while there were fewer T cells in
the CD3LPSLo cohort than in the Iso cohort, the total number of activated T cells, and the
signal strength that induced activation, was higher in the CD3LPSLo group. (Fig. 4C, 4D
and Supp. Fig. 3D, 3E).

T cell activation leads to proliferation, gain of effector functionality, and cytokine
production. Expression of Ki67, a marker of active proliferation, was higher in the CD3
cohort than in the Iso cohort (Fig. 4E, Supp. Fig. 3F). In comparison, proliferation was lower
than Iso in the LPSHi cohort. Ki67 expression in the CD3LPSLo group was higher than in
the LPSHi group but was not different than in the Iso cohort (Fig. 4E, Supp. Fig. 3F). More
activated (granzyme B*) effector CD8 T cells were present in the CD3LPSLo group than in
the Iso group (Fig. 4F, Supp. Fig. 3G). Granzyme B* CD4 T cells were noted in both the
CD3 and the CD3LPSLo groups (Fig. 4F, Supp. Fig. 3G).

We noted previously that serum levels of IFN-y and 1L12p70 were elevated in the
CD3LPSLo groups (Fig. 2, 3). Both CD4 and CD8 T cells are known to produce IFN-y
(26, 31). Therefore, we examined cytokine production by these cells in the five cohorts of
mice. Ex vivo unstimulated production of IFNy in the LPSLo, LPSHi and Iso cohorts was
negligible. In contrast, IFNy was produced by 3.5% of CD8 T cells and 3.4% of CD4 T
cells in the CD3LPSLo group and in 7.2% of CD4 and 5.1% of CD8 T cells in the CD3
group. (Fig. 4G, Supp. Fig. 3H). However, the number of both CD4 and CD8 T cells in
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the CD3LPSLo group was higher than in the CD3 group (Fig. 4B, Supp. Fig. 3B). Thus,

a greater number of splenic T cells in the CD3LPSLo group produced IFN+y than in the
CD3 group (Fig. 4G, Supp. Fig. 3H). Flow cytometric plots of granzyme B and IFNy
demonstrated that a statistically significant proportion of activated CD8 T cells gained both
cytokine production and cytolytic functionality in response to CD3LPSLo (Fig. 4H). CD4 T
cells demonstrated a similar gain in effector function (Supp. Fig. 31).

LPS Prevents Checkpoint Inhibition of the T cell Response to Activation

Programmed cell death protein 1 (PD1) is expressed during T cell activation and, when
engaged with its ligands PDL1 or PDL2, is a “checkpoint inhibitor” that protects against
an inappropriate feed-forward activation cascade. PD1 is recognized as a marker of T cell
exhaustion when T cells are exposed to chronic activation, but its expression on effector

T cells is also a marker of acute activation. During acute priming to foreign antigen, PD1
limits overactivation. Further, PD1 limits aberrant activation of self-reactive T cells by
raising the activation threshold. IFNy is a negative regulator of PD1 (32). The expression
of PD1 by T cells was examined in our five cohorts of mice. As noted, T cell activation in
the CD3 group was less robust than that observed in CD3LPSLo cohort (Fig. 4D, Supp. Fig.
3E). TCR activation without LPS-mediated upregulation of activation signals (e.g., CD40,
CDB86, MHCI, MHCII) on APCs (Fig. 3) could fail to fully activate T cells. Therefore,

we compared T cell PD1 and CD69 expression in the CD3 and CD3LPSLo cohorts. The
percentage of cells expressing both PD1 and CD69 was higher than Iso in CD8* and CD4*
T cells from the CD3 cohort but not from that observed in the CD3LPSLo cohort (Fig. 5A,
Supp. Fig. 3K). The results were similar when the number of cells expressing both CD69
and PD1 was examined (Fig. 5B, Supp. Fig. 3K). In contrast, the number of PD1~CD69*
splenic CD4 and CD8 T cells in CD3LPSLo mice was significantly higher than what was
observed in all other groups (Fig. 5C, Supp. Fig. 3K, flow cytometric plots shown in Fig.
5D and Supp. Fig. 3k). These data indicate that LPS modulates PD1 expression on T cells,
likely effecting checkpoint inhibition during T cell activation in the CD3LPSLo cohort.

TNFa, IFNy and IL12p40 contribute to Mortality in CD3LPSLo Mice and Organ Dysfunction
can be alleviated by IFNy blockade

We have shown that both 1L12p70 and IFN-y production are elevated in CD3LPSLo (Fig.
2). To assess their contribution to mortality and organ function, we treated mice in the
CD3LPSLo cohort with monoclonal blocking antibodies to IFN-y or to the 1L12p40 subunit
of IL12p70. Findings were compared to the effects of these antibodies on LPSHi mice.
Because TNFa blockade in LPSHi is known to decrease mortality (as in Fig. 6A), anti-
TNFa effects served as controls. Figure 6A demonstrates that, relative to untreated animals,
TNFa blockade improved survival in both the LPSHi and CD3LPSLo groups. Mortality

in LPSHi mice was not affected by IFNvy blockade, while survival was substantially

higher in the treated CD3LPSLo group than in untreated controls. IL12p70 blockade in the
LPSHi mice was almost uniformly fatal. Survival of CD3LPSLo mice was higher following
IL12p70 blockade than in untreated animals; the difference was similar to that observed
following IFN-y blockade. In CD3LPSLo mice, anti-IFNvy treatment reversed acidosis (Fig.
6B), serum potassium (Fig. 6C), and calcium levels (Fig. 6D), and values for indices of
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hepatic, renal and cardiac function. Following IFN-y treatment these indices could not be
distinguished from those observed in the Iso cohort (Fig. 6E-G).

T Cell Activation in CD3LPSLo Mice is Mediated by IFNy, IL12p40 and TNFa

Improved survival and reduced organ dysfunction following treatment with antibodies
blocking either IFNy or 1L12p70 suggest that these cytokines modulate observed changes

in T cell responses. Therefore, we examined T cells following antibody administration in
the CD3LPSLo group. The number of activated (CD69*) CD4 and CD8 T cells was lower

in CD3LPSLo mice treated with individual blockade of IFNy, IL12p40 or TNFa (Fig. 7A,
Supp. Fig. 4A) than in untreated mice. Similarly, the number of proliferating (Ki67*) T cells
was lower following blockade than in untreated animals (Fig. 7B, Supp. Fig. 4B). While the
total number of activated CD69™ T cells was lower in antibody-treated CD3LPSLo mice, the
strength of activation in CD69* T cells was similar in untreated and treated animals (Supp.
Fig. 4C). Thus, T cells were still being activated, but at a lower frequency. In addition, the
number of splenic IFNy* CD4 and CD8 T cells was lower following blockade of IFNvy,
IL12p40 or TNFa (Fig. 7C, Supp. Fig. 4D). Blockade of IFNy, 1L12p40 or TNFa was also
associated with a lower total number of activated (CD69%) PD1~ CD4 and CD8 T cells than
in untreated mice (Fig.7D, Supp. Fig. 4E). Blockade of IFN+y, IL12p40 or TNFa did not
affect the number of granzyme B* cytolytic CD8 T cells (Fig. 7E) but was associated with a
significantly lower number of splenic cytolytic, (granzyme B*) CD4 T cells than observed in
untreated mice (Fig. 7F).

IFNy, IL12p40 or TNFa Cytokine Blockade Attenuates Dendritic Cell MHCIl and CD40
Upregulation

Cytotoxic CD4 T cells are generated by strong CD4 T cell/APC interactions (33). Therefore
the lower number of cytotoxic CD4 T cells noted following blockade of IFNvy, IL12p40 or
TNFa (Fig. 7F) might reflect an effect on CD4 T cell/APC interactions. Levels of the T cell
co-ligand CD40 on splenic cDCs were lower following IFN-y, 1L12p40 and TNFa blockade
than in untreated mice (Fig. 7G). MHCII expression was also significantly lower on splenic
cDCs from treated mice than in untreated animals (Fig. 7H).

Discussion

The studies detailed here demonstrate that T cell activation via the TCR pathway intensified
the adverse effects of TLR4 immunopathology. Specifically, the combination of TCR and
TLR4 pathway activation induced organ dysfunction and mortality equivalent to that seen
following a 10-fold greater dose of LPS alone. Importantly, while adverse outcomes were
similar in CD3LPSLo and LPSHi mice, the pathways involved differed. Thus, T cell
responses modulate the response to severe inflammation.

LPS challenge is frequently used to model inflammation-induced organ dysfunction and
mortality. While some direct effects of LPS on cellular pathways may lead to organ
dysfunction, the contribution of other pathways, in particular those involving elements
of the adaptive immune system, to cellular dysfunction has not been well-described.
Laboratory mice lack a well-developed T cell memory compartment (3, 4). Therefore,
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murine models of inflammatory disease may not appropriately reflect the role played by
adaptive immunity (3, 4). Our recent work showed that induced adaptive immune memory
altered the magnitude of organ dysfunction following cecal ligation and puncture (CLP)

(1, 34). The experiments described here identify one potential mechanism. These studies
indicate that the combination of TCR- and TLR4-mediated effects on T cell and dendritic
cell interactions altered the response to LPS-induced inflammation and cellular dysfunction.
Specifically, TCR-mediated activation of the IFNy/IL12p70 axis amplified the effects of
TLR4 activation on the innate immune response, which in turn, lowered the threshold for T
cell responses through alteration of PD1-mediated checkpoint inhibition. Other investigators
have noted that IFN-y from T cells and/or other sources drives an 1L12p70-mediated
feedforward activation loop (26-28). 1L12p70 is known to promote cDC/T cell interactions
through MHC class Il and CDA40, further driving T cell activation via stabilization of
MHC/TCR complexes (29, 30). It is logical to postulate that similar processes are involved
in the responses observed in the CD3LPSLo cohort.

The induction of cytotoxic CD4 T cells is particularly interesting. These cells recognize
APCs (e.g., dendritic cells, monocytes and B cells) via interaction between MHC class

Il and CD4/TCR and efficiently eliminate APCs via perforin and granzyme B-mediated
activation of the caspase-8 apoptosis pathway (35-39). Cytotoxic CD4 T cells have been
associated with responses to severe inflammatory infections such as Dengue Fever and
influenza (33, 36, 38, 39). Future studies will be required to investigate the contribution of
these cells in eliminating activated APCs with elevated MHCII levels in our CD3LPSLo
cohort (Fig. 3B). A cytotoxic CD4 T cell-mediated pruning of dendritic cells might
contribute to sepsis-associated immunosuppression.

Our study does have limitations. We studied only the LPS/TLR4 pathway because it has
been well-characterized and is a known component of inflammatory responses in humans.
We did not see similar responses to TLR9 (ligand - CpG) or TLR3 (ligand - Polyl:C). Our
findings are consistent with known effects of TLR4 ligands on dendritic cell maturation and
IL12p70 expression (27). However, many other pathways may contribute to inflammatory
responses. In addition, our use of an anti-CD3e activating antibody creates an artificial
(albeit highly efficient and well-controlled) T cell activation state that may not be reflective
of the response to “real-world” challenges. The functional immune synapse formed between
TCRs on T cells and the Fcy receptor on APCs by the 145-2C11 anti-CD3e antibody

is likely stronger but briefer than most physiologic insults. Importantly, Fcy ligation in
isolation, present in the Iso cohort, did not elicit any of the effects observed with TCR
activation by anti-CD3e. Similarly, high-dose LPS is likely a more profound inflammatory
insult than that observed in nature. Future studies should address the higher complexity that
likely characterizes both murine and in human infections.

In summary, we have identified T cell activation as an important modifying factor in the
innate immune response to LPS, an inflammatory stimulus. Our data demonstrate that
cDCI/T cell interactions can trigger an IFN+y/IL12p70 - mediated feedforward loop that
overcomes the checkpoint inhibition and is associated with a CD4 cytolytic response. These
processes contribute to morbidity and mortality in our model, suggesting the need for study
in detrimental inflammation-associated responses in patients.
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The findings in this and our previous studies indicate that T cell activation modulates innate
immunity in ways that have not been accounted for when simplified, reductionist murine
systems are used to model complex human disorders such as sepsis. A fuller understanding
of complex immune networks may improve our understanding of clinical diseases. These
insights may, in turn, allow us to more effectively apply animal models and translational
studies to improve clinical outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effectsof T cell Receptor Activation on L PS-induced Survival and Organ Injury.
Five treatment groups of C57BI/6 mice were studied: Iso - control isotype antibody

treatment (50pg), CD3 - anti-CD3e T cell activating antibody treatment (clone 145-2C11,
50ug), LPSLo - low dose LPS (60ug) + isotype antibody treatment, LPSHi - high dose LPS
(600ug) + isotype antibody treatment, CD3LPSLo - CD3 + LPSLo treatment. Animals were
either observed until demise (or for up to ten days) or were studied at 24 hrs. following
treatment. Data as mean + standard deviation. * = p<0.05 compared to Iso # = p<0.05
LPSHi vs. CD3LPSLo. Spearman’s Log-rank test for FiglA; all other data examined using
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one-way ANOVA with Dunnett correction for multiple comparisons. Figures representative
of at least two independent experiments.

A. Ten-day Survival following challenge. N=5-11/group.

B. Rectal temperature (°C). N=3/group.

C. Serum pH. N=4-6/group.

D. Serum potassium level (mmol/L) N=4-6/group.

E. Serum ionized calcium level (mmol/L). N=4-6/group.

F. Serum levels of alanine aminotransferase (U/L) and total bilirubin (umol/L). N=3-7/
group.

G. Relative hepatic abundance of mMRNA encoding Sodium/Bile Acid Cotransporter
(SCL10ala, Left) and Organic Anion Transporter (SCLO1al, Right). AACT values of each
sample normalized to GAPDH to account for loading, mean value for abundance of control
specimen arbitrarily set at unity. Shown as Log10. N=3-4/group.

H. Left: Serum Creatinine (mg/dL). Right: Blood urea nitrogen (BUN, mg/dL). N=4-6/
group.

I. Left: Renal blood flow (mL/min). Right: Renal artery diameter (mm). N=4-6/group.

J. Echocardiographic Parameters. Left — Stroke Volume (uL), Left Middle - Cardiac Output
(mL/min), Right Middle - Fractional Shortening (%), Right — Ejection Fraction (%)). N=3/
group.
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Figure 2. Effectsof T cell Receptor Activation on the Serum Cytokine Responseto LPS.
Abbreviations for the five treatment groups of C57BI/6 mice as detailed in Fig. 1. Data

obtained 24 hrs. following treatment. Serum cytokines determined using multiplex ELISA,
confirmed using individual ELISAs. Data shown as percent cytokine levels above or below
serum levels in Iso cohort. Significance (p<0.05 ) relative to Iso determined using one-way
ANOVA with Dunnett correction for multiple comparisons on absolute values. LPSHi -
cytokines that were significantly different than Iso cohort in response to 600ug of LPS.
CD3LPSLo - cytokines that were significantly different than Iso cohort in response to

anti-CD3e T cell activating antibody (50ug) + 60ug LPS.
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Figure 3. Effectsof T cell Receptor Activation on the Splenic Innate Immune Responseto L PS.
Abbreviations for the five treatment groups of C57BI/6 mice as detailed in Fig. 1.

Data obtained 24 hrs. post treatment. Gating: Neutrophils: FSC/SSC, singlets, Live,
CD11b*/Ly6G™; also Ly6Cint; Classical Dendritic Cells: FSC/SSC, singlets, Live, CD11c*/
CD11b*~, CD11c*/MHCII*, MHCI, MHCII, CD86, CD80, CD40, IL12p40. Monocyte-
derived Dendritic Cells (MoDCs): FSC/SSC, singlets, Live, CD11¢™/CD11b*, CD11b*/
Ly6G~, CD11b*/MHCII*, MHCI, MHCII, CD86, CD80, CD40. Full gating strategy shown
in Supp. Fig. 5B. Data as mean * standard deviation. Significance determined using one-way
ANOVA with Dunnett correction for multiple comparisons. * = p<0.05 relative to Iso,

# = p<0.05 LPSHi vs. CD3LPSLo. Figures representative of at least two independent
experiments.

A. Number of neutrophils obtained from the spleen. N=6/group.

B. Number of classical dendritic cells obtained from the spleen. N=6/group.

C. MHCI MFI for ¢cDCs and MoDCs. N=3/group.

D. MHCII MFI for ¢cDCs and MoDCs. N=3/group.

E. CD86 MFI for cDCs and MoDCs. N=3/group.

F. CD80 MFI for cDCs and MoDCs. N=3/group.

G. CD40 MFI for cDCs and MoDCs. N=3/group.

H. Number of splenic classical dendritic cells producing 1L12p40 ex vivo without
stimulation. N=6/group.
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Figure 4. Effectsof T cell Receptor Activation on the Splenic T cell Immune Responseto LPS.
Splenic cells were obtained from C57BI/6 mice and T cells were isolated by negative

selection column separation. Cells were stimulated /n vitro with specific stimuli and
analyzed by flow cytometry. Abbreviations for the five treatment groups of C57BI/6

mice as detailed in Fig. 1. Animals were studied at 24 hrs. following treatment. Gating:
FSC/SSC, singlets, Live, CD90/CD4, CD90/CD8, CD69, Ki67, Granzyme B, IFNy. Full
gating strategy shown in Supp. Fig. 5A. Data as mean + standard deviation. Significance
determined using one-way ANOVA with Dunnett correction for multiple comparisons. * =
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p<0.05 relative to Iso # = p<0.05 LPSHi vs. CD3LPSLo. Figures representative of at least
two independent experiments.

A. Percent CD69* of CD8 T cells following /n vitro stimulation of total splenic cells or
isolated T cells. N=4/group.

B. Number of CD8 T cells obtained from the spleen. N=6/group.

C. Number of CD69* CD8 T cells obtained from the spleen. N=6/group.

D. CD69 MFI for splenic CD69* CD8 T cells. N=3/group.

E. Number of Ki67* CD8 T cells obtained from the spleen. N=6/group.

F. Number of Granzyme B* CD8 (Right) and CD4 (Left) T cells obtained from the spleen.
N=6/group.

G. Percent (Left) and total (Right) CD8 T cells spontaneously producing IFNy ex vivo
without stimulation. Cells treated with Brefeldin A for four hours prior to intracellular
cytokine staining. N=6-10/group.

H. Flow cytometric plots following treatment showing IFNy/Granzyme B in CD8 T cells.
Numbers represent average percentage of 3—4 replicates.
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Figure5. Effectsof LPSon Splenic T cell Checkpoint Induction in Responseto T cell Receptor

Activation.

Abbreviations for the five treatment groups of C57BI/6 mice as detailed in Fig. 1. Animals
were studied at 24 hrs. following treatment. Gating: FSC/SSC, singlets, Live, CD90/CD4,
CD90/CD8, CD69/PD1. Full gating strategy shown in Supp. Fig. 5(A). Data as mean £

standard deviation.
* = Significance determined using one-way ANOVA with Dunnett correction for
multiple comparisons. p<0.05 relative to Iso # = p<0.05 LPSHi vs. CD3LPSLo. Figures
representative of at least two independent experiments.

A. Percent of splenic CD69* CD8 T cells expressing PD1. N=3/group.

B. Number of PD1*CD69* CD8 T cells obtained from the spleen. N=3/group.
C. Number of PD1"CD69* CD8 T cells obtained from the spleen. N=3/group
D. Flow cytometric plots following treatment showing CD69/PD1 in CD8 T cells. Numbers

represent average percentage of 3—4 replicates.
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Figure 6. Effects of Cytokine Blockade on TCR modulated L PS-Induced Organ Injury.
Iso, CD3LPSLo, or LPSHi mice treated with blocking antibodies to IFNy (XMG1.2,

0.5mg), TNFa (XT3.11, 1mg) or I1L12p40 (C17.8, 1mg) on day 1 of challenge and every

3 days following. Mice studied for 10-day survival or 24 hrs. following treatment. Data as
mean + standard deviation. Statistically significant differences in survival determined using
Spearman’s Log-rank test. Significance for other studies determined using one-way ANOVA
with Dunnett correction for multiple comparisons. * = p<0.05 relative to CD3LPSLo. .
Figures representative of at least two independent experiments.

A. Ten-day Survival following challenge with CD3LPSLo (Left) or LPSHi (Right). N=5-11/
group.

B. Serum pH (N=4-6/group).

C. Serum potassium level (mmol/L). N=4-6/group.

D. Serum ionized calcium level (mmol/L). N=4-6/group.
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E. Relative hepatic abundance of mMRNA encoding Sodium/Bile Acid Cotransporter
(SCL10ala, Left) and Organic Anion Transporter (SCLO1al, Right). AACT values of each
sample normalized to GAPDH to account for loading, mean value for abundance of control
specimen arbitrarily set at unity. Shown as Log10. N= 3-4/group.

F. Left - Serum Creatinine (mg/dL), Left Middle - blood urea nitrogen (BUN, mg/dL), Right
Middle - renal blood flow (mL/min), Right - renal artery diameter (mm). N=4-6/group.

G. Cardiac Function Parameters as assessed by echocardiography under isoflurane
anesthesia. Left — Stroke Volume (uL), Left Middle - Cardiac Output — mL/min, Right
Middle - Fractional Shortening (%), Right — Ejection Fraction (%). N=3/group.
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Figure 7. Effects of Cytokine Blockade on the T cell and Innate Immune Responseto TCR
modulated L PS Challenge.

Iso, CD3LPSLo, or LPSHi mice treated with blocking antibodies to IFN-y, TNFa or
IL12p40 as per previous figure on day 1 of challenge and every 3 days following. Mice
studied 24 hrs. following treatment. Gating: T cells: FSC/SSC, singlets, Live, CD90/CD4,
CD90/CD8, CD69, Ki67, Granzyme B, PD1. Classical Dendritic Cells: FSC/SSC, singlets,
Live, CD11c*/CD11b*~, CD11c*/MHCII*, MHCII, CD40. Data as mean + standard
deviation, full gating strategy shown in Supp. Fig. 5B and 6. Significance determined using
one-way ANOVA with Dunnett correction for multiple comparisons; * = p<0.05 relative to
CD3LPSLo. Figures representative of at least two independent experiments.

A. Number of CD69* CD8 T cells obtained from the spleen. N=3-4/group.

B. Number of Ki67* CD8 T cells obtained from the spleen. N=3-4/group.

C. Total splenic CD8 T cells producing IFN+y ex vivo without stimulation. Cells treated with
Brefeldin A for four hours prior to intracellular cytokine staining. N=3-4/group.

D. Number of PD1~CD69* CD8 T cells obtained from the spleen. N=3-4/group.

E. Number of Granzyme B* CD8 T cells obtained from the spleen. N=3-4/group.

F. Number of Granzyme B* CD4 T cells obtained from the spleen. N=3-4/group.

G. CD40 MFI for cDCs. N=6/group.

H. MHCII MFI for cDCs and MoDCs. N=6/group.
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