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Abstract

Sepsis following hemorrhagic shock is a common clinical condition, in which innate immune
system suffers from severe suppression. B and T lymphocyte attenuator (BTLA) is an immune-
regulatory co-inhibitory receptor expressed not only on adaptive, but also on innate immune cells.
Our previous data showed that BTLA gene deficient mice were protected from septic mortality
when compared with wild type control C57BL/6 mice. Here we extended our study by treating
C57BL/6 mice with an anti-BTLA monoclonal antibody (clone 6A6; reported to have the ability
to neutralize or agonize/potentiate BTLA signaling) in a mouse model of hemorrhagic shock
(Hem) followed by sepsis induced by cecal ligation and puncture (CLP); positing initially that if
BTLA engagement was neutralized, like gene deficiency, an anti-BTLA mAb would have the
similar effects on the inflammatory response/morbidity in these mice after such insults. Here we
report that BTLA expression is elevated on innate immune cells after Hem/CLP. However, anti-
BTLA antibody treatment increased cytokine (TNF-a, IL-12, IL-10)/ chemokine (KC, MIP-2,
MCP-1) levels and inflammatory cells (neutrophils, macrophages, dendritic cells) recruitment in
the peritoneal cavity, which in turn aggravated organ injury and elevated these animals’ mortality
in Hem/CLP. When compared to the protective effects of our previous study using BTLA gene
deficient mice in a model of lethal septic challenge, we further confirmed BTLA’s contribution to
enhanced innate cell recruitment, elevated IL-10 levels and reduced survival, and that engagement
of antibody with BTLA potentiates/exacerbates the pathophysiology in Hem/sepsis.
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Introduction

Hemorrhagic shock (Hem) is commonly present in patients that suffered from trauma,
complex surgery, gastrointestinal bleeding, obstetrical bleeding, etc. It leads to a severe
deterioration of pro inflammatory cytokine response from macrophages, monocytes and
dendritic cells, which is associated with an increased susceptibility to bacterial infections (1
4). The resulting sepsis following hemorrhage is responsible for 60% of the deaths in
surgical intensive care units (5). Sepsis is a leading cause of death among critically ill
patients and responsible for more than 250,000 deaths in the United States annually (6).
Complex immune reactions during sepsis can be conceptualized as an occurrence of a pro-
inflammatory along with a concomitant anti-inflammatory response. This persistent anti-
inflammatory response is believed to contribute to the profound state of immune paralysis
and late septic death (7, 8). With respect to mortality from severe sepsis, suppression of
various aspects of the innate immune response has been implicated, including exaggerated
anti-inflammatory cytokine production, deficient pro-inflammatory cytokine release
capacity, poor pathogen killing, as well as decreased neutrophil apoptosis, etc. (7, 9, 10).
Inasmuch, modulation of innate immunosuppression might be a potential therapeutic target
of Hem and sepsis (8).

In the past few years, the co-inhibitory molecule family has peaked some investigator’s
interests as potential therapeutic targets against sepsis. Huang et al. (11) found that
programmed cell death receptor-1 (PD-1) expression by macrophages plays a pathologic
role in altering microbial clearance as well as the innate inflammatory response to sepsis. In
addition, anti-PD-1 antibody could reverse immune dysfunction and improve survival during
sepsis (12). Inoue et al. (13) demonstrated that anti- Cytotoxic T-lymphocyte antigen 4
(CTLA-4) blocking antibody decreased sepsis-induced apoptosis and immunosuppression,
and that anti-CTLA-4 antibody treatment could improve septic survival.

B and T lymphocyte attenuator (BTLA), a third co-inhibitory receptor, which shares some
general molecular similarities to PD-1 and CTLA-4, is found not only to be expressed on B
and T lymphocytes, but also on innate inmmunocytes, including monocytes, macrophages
and dendritic cells, etc (14). In its cytoplasmic domain, there is one growth factor receptor-
bound protein 2 (Grb-2) association motif related to pro survival function, and two immuno-
receptor tyrosine-based inhibition motifs (ITIMs), enabling BTLA to exhibit a largely
inhibitory function (15, 16). Considering BTLA’s capacity to interact with the co-
stimulatory molecule herpes virus entry mediator (HVEM) (15), which is widely expressed
on hematopoietic and non-hematopoietic cells and interacts with four other molecules.
HVEM-BTLA engagement not only induces BTLA-mediated phosphatase-dependent
inhibitory signaling, but also HYEM-mediated NF-«xB activation (important for the
induction of pro-inflammatory and cell survival genes) (17). Thus, BTLA is part of a
bidirectional signaling complex that balances activation and inhibition during the immune
response (18, 19).

Recent studies from our laboratory (20) found that increased BTLA expression contributed
to the pathological changes in mice with polymicrobial peritonitis induced-sepsis. BTLA
gene deficient mice displayed decreased leukocyte numbers recruited to the peritoneum,
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decreased 1L-10 levels, inhibited neutrophil activation, enhanced bacterial clearance, as well
as a reduction in septic mortality and morbidity when compared to wild type (WT) mice.
Moreover, a prior study showed that BTLA gene knock out (KO) mice had an increased
expression of HVEM on specific leukocyte subpopulations in experimental malaria (21).
Therefore, whether the differences between BTLA KO and WT mice that underwent sepsis
were caused by BTLA’s function alone or cooperatively in vivo with HVEM, and/or if there
is functional redundancy between each molecule, is still not clear. Taken together, this
suggests that BTLA has an important impact in sepsis; however, the role of BTLA in
pathophysiologic changes in Hem followed by sepsis is not well studied.

Here we investigated the role of BTLA in a mouse model of Hem followed by cecal ligation
and puncture (CLP)-induced sepsis using an anti-BTLA monoclonal antibody (clone 6A6),
which has been reported to have both aspects of a neutralizing/blocking and an agonistic/
potentiating agent for BTLA mediated action/ signaling (22, 23). We initially set out to test
the hypothesis that by blocking BTLA signaling, we would reduce the extent of immune
response/organ injury/morbidity and mortality seen following the dual insults of Hem
followed by CLP (based on data (22) suggesting that anti-BTLA monoclonal [6A6] antibody
was a true ‘blocking [signaling inhibiting] agent”). However, what we observe here is that in
the Hem/CLP model is when treated with the anti-BTLA monoclonal [6A6] antibody at the
dosage of 25 ug/g body weight, there is an increase of immune response/organ injury/
morbidity and mortality, supporting the alternate hypothesis that anti-BTLA monoclonal
[6A6] antibody agonizes/potentiates BTLA actions.

Materials and methods

Mice

C57BL/6 male mice, 20-25 g body weight, ages 8-12 weeks, were obtained from Jackson
Laboratory (Bar Harbor, ME) and used in all experiments following housing (7-10 days) in
RI Hospital’s Aldrich building Central Research Facilities (12 h light/12 h dark). All
protocols carried out with animals (between 8AM-11AM; no prior fasting) were done
according to NIH Guide for Animal Use and Care, and were approved by the Lifespan-
Rhode Island Hospital Institutional animal care and use committee (AWC# 0110-13).

Hemorrhagic shock (Hem)

Non-lethal, fixed-pressure hemorrhagic shock was produced as previously described (24)
(25) (26). In brief, following randomization to either Sham group or Hem group, mice were
anesthetized using isoflurane. Catheters were inserted into both femoral arteries and the
wound sites were bathed in lidocaine/bupivacaine during the entire procedure. Blood
pressure was continuously monitored through one catheter. When fully awake, the mice
were bled from the other catheter to a mean blood pressure of 35+ 5mmHg, and kept stable
for 90 minutes. Immediately following Hem, mice were resuscitated with Ringers lactate at
4 times drawn blood volume (drawn blood volume was about 0.8ml-1.2ml per mouse; thus,
the Ringers lactate used was between 3.2-4.8ml per mouse in total). The resuscitation speed
was set at 12 ml/h. For antibody treatment, mice received 2ml Ringers first, followed by
6A6 or 1gG at a dose of 25ug/g body weight (27) in 100 ul of saline, then the rest of the
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Ringers lactate resuscitant as needed. After resuscitation, arteries were ligated, catheters
removed, sutured closed and the mice allowed to recover (e.g., righting & re-acquisition of
mobility prior to returning them to the vivarium). Sham mice only had their bilateral femoral
arteries ligated, but no blood was drawn.

Sepsis model induced by cecal ligation and puncture (CLP)

Polymicrobial sepsis (CLP) was produced as previously described (24) (25) (26). In brief, 24
hours post Hem (or sham Hem), mice were anesthetized with isoflurane and a midline
incision was made in the abdomen. The cecum was isolated and ligated at a point
approximately 1 cm from the cecal tip, punctured twice with a 22-gauge needle, then gently
squeezed to extrude a small amount of feces from the perforation sites. In the sham CLP
mice, the cecum was exposed but neither ligated nor punctured. Then the cecum was placed
back into the peritoneal cavity and the incision was sutured closed in 2 layers. Mice were
resuscitated with 1ml Ringers lactate by subcutaneous injection and, following recovery
returned to the vivarium.

Antibody treatment

Mice received anti-BTLA antibody clone 6A6 (BioXcell, West Lebanon, NH) during Hem
resuscitation, and intra-peritoneally right after CLP, 25ug/g body weight per administration.
Hamster 1gG (BioXcell) was administered as an isotype control. This was done since the
model used here produces both a period of leukocyte/ non-immune cell “‘priming’ by
exposure to hemorrhagic shock, followed by a “trigger” insult in the form of CLP that
precipitates the development of acute lung injury along with other forms of multiple organ
injury (24) (25) (26), we wanted to block the contributions of both events in our study.

Survival study

Both 6A6 and hamster 1gG treated mice (n=15/group) were subjected to the combined
insults of Hem/CLP, and were observed for 10 days for survival. Log-Rank statistical
analysis was used to determine if a statistically significant difference in septic mortality was
evident between the two groups (20).

Sample collection

At 24 hours post CLP (which was 48 hours after the mice were initially subjected Hem or
Sham Hem), mice were euthanized with a CO, overdose. Blood was collected in a
heparinized syringe via cardiac puncture and centrifuged to obtain plasma.

Peritoneal lavage was performed by injecting 2ml sterile PBS into the peritoneum for ex
vivo cytokine analysis or to determine the bacterial burden, respectively. In a subsequent set
of animals, peritoneal lavage 2X 5ml was done to obtain peritoneal cells to use for the
establishment of adherent macrophage cultures as we have previously described in our
laboratory (11). For assessment of ex vivo cytokine productive capacity, adherent cell
cultures were stimulated for 20 hours with 10 ng LPS/ml, the cell supernatants were
harvested/clarified, and retained at —80°C until assay for mouse TNF-a, IL-6, IL-10 or
MIP-2 by commercial ELISA kits as we have previously described (11).
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Bronchoalveolar lavage fluid was collected to assess protein concentration as an index of
lung injury as described by Lomas-Neira et al (26). The trachea was exposed via a midline
incision and cannulated with a sterile polypropylene 21-gauge catheter. The lungs were
lavaged with 0.6 ml of saline twice. Protein concentration in lavage fluid was assessed. The
lung, liver, spleen and kidney were also harvested for Western blot. The ileum and lung
were harvested for histological staining or Western blot analysis (20, 26).

Cell culture studies

In an attempt to gain some insight into the nature of 6A6’s effect (establish that it was
biologically functional) on myeloid cells, we cultured 1x106/well RAW 264.7 cells
(obtained from ATCC [Manassas, VA] and maintained according to their directions) with
IgG or 6A6 at a dose of 100 pg/ml for 2 hours followed by LPS stimulation at a dose of 10
ng/ml for 6 hours more. Cells were then harvested, cell lysates produced, protein
concentration determined, and stored at —80°C until processing for phosphorylated SHP-1
and SHP-2 expression by Western Blot analysis (28).

Western blot

Protein samples were boiled, separated on 16% denaturing polyacrylamide gels and
transferred to Polyvinylidene fluoride membranes (Novex, San Diego, CA). Membranes
were incubated with BTLA antibody (T-12), p-SHP-1 or p-SHP-2 antibodies(Santa Cruz
Biotechnology, Inc., Dallas, TX) at a concentration of 1:500 overnight and subsequently
with donkey anti-goat 1gG-HRP (Santa Cruz Biotechnology). After washing, proteins were
visualized by enhances chemiluminescence and densitometrically assessed by Alpha-
Innotech image analyzer (San Leandro, CA) (28).

Flow cytometry

All the antibodies used for flow cytometric analysis were purchased from eBioscience (San
Diego, CA). BTLA expression on innate cells was determined with Phycoerythrin (PE) -
labeled anti-BTLA (clone 6F7), Allophyocyanin (APC)-labeled anti-F4/80 (clone 8M8), -
CD115 (clone AFS98), or -CD11c (clone N418). Cell populations in the peritoneal lavage
were determined with PE-labeled anti-F4/80 (clone BM8), -CD11c (clone N418), or -Gr-1
(clone RB6-8C5). FACSATrray flow cytometer (BD Bioscience, San Jose, CA ) and FlowJo
software (Tree Star, Ashland, OR) were used for analysis (20).

Measurement of cytokines

Concentrations of tumor necrosis factor-a(TNF-a), interleukin(IL)-6, IL-1p, IL-12, I1L-10,
keratinocyte chemoattractant (KC), macrophage inflammatory protein-2 (MIP-2), and
monocyte chemotactic protein-1(MCP-1) from the peritoneal fluid and plasma were
assessed via ELISA according to manufacturer’s protocols (BD Bioscience) (20).

Measurement of bacterial burden

Blood samples and peritoneal lavage fluid were serially diluted in sterile PBS. A 100ul
aliquot of each dilution was spread on a tryptic soy blood agar plate (Hardy Diagnostics,
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Santa Maria, CA). All plates were incubated at 37 °C for 24-48 hours. Colonies were
counted and expressed as CFU/100ul samples (11).

Cell apoptosis

Peritoneal leukocytes were stained with APC-labeled Annexin V/propidium iodide (PI)
(eBioscience) according to the manufacturer’s guidelines. Briefly, 1*10 cells were washed
once in PBS, then once in binding buffer, resuspended in 100 pl of binding buffer with 5 pl
of Annexin V and incubated for 10-15 minutes at room temperature. Cells were washed in
binding buffer, resuspended in 200 pl of binding buffer containing 5 ul of Propidium lodide
Staining Solution and analyzed via flow cytometry (29).

Measurement of serum creatine and alanine aminotransferase (ALT)

Serum creatine was assayed by QuantiChrom™ Creatine Assay Kit (DICT-500, BioAssay
systems, Hayward, CA), and serum ALT was assayed by Alanine Aminotransferase Kit
(Biotron Diagnostics Inc, Hemet, CA) following the manufacturer’s instructions (30, 31).

Statistics

Results are expressed as Mean + SEM. Statistical significance of the results presented were
determined by one-way ANOVA (for multiple comparison)with Bonferroni post hoc test,
unpaired two-tailed Student’s t-test (for normal distribution data), Mann-Whitney (for
nonparametric data) or log-rank test (for survival study) where appropriate. Statistical
software used was GraphPad Prism 5 (La Jolla, CA, USA). P < 0.05 was used as a cutoff for
significance.

Results

BTLA expression on innate immune cells is elevated at the site of infection (peritoneum)
after Hem/CLP

Since BTLA was reported to be expressed on monocytes/macrophages and dendritic cells
during experimental sepsis (20), we first examined innate inflammatory cell populations for
changes in BTLA expression during hemorrhagic shock followed by sepsis. We found that
24 hours after Hem/CLP, BTLA expression was elevated significantly on peritoneal F4/80+
cells (macrophages) and CD11c* cells (dendritic cells) (Fig. 1A), while it was markedly
decreased on blood CD115* (monocytes) and CD11c* cells (Fig. 1B), when compared to
sham surgery mice. We also found that BTLA expression increased in ileum, kidney, lung,
liver, and spleen tissues via Western blot analysis (Fig. 1C). Together, this indicates that
BTLA might play roles not only at the site of infection, but also in the systemic
inflammatory responses that develop following the sequential challenges of Hem and sepsis.

Anti-BTLA antibody treatment induces higher chemokine levels and enhanced leukocyte
recruitment to peritoneum after Hem/CLP, but has no effect on the development of
increased innate immune cell apoptosis

Previous studies (20) have determined that BTLA KO mice exhibited a decreased capacity
to recruit innate cells to the peritoneum following CLP. Here we assessed the cell numbers
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of innate inflammatory cells recruited to the peritoneum following Hem/CLP, theorizing that
engagement of BTLA blocking antibody, like gene deficient KO mice, would have a similar
affect in cell recruitment in the peritoneum. We found that an increased number of total
leukocytes recruited to the peritoneum after Hem/CLP when compared to sham/sham mice
(Fig. 2A). Interestingly, there is a further increase in leukocyte recruitment in Hem/CLP
mice treated with 6A6 monoclonal antibody (Fig. 2A), irrespective of whether they were
neutrophils, macrophages or dendritic cells when compared to 1gG treated Hem/CLP mice
(Fig. 2B).

To determine the extent that this increased cell recruitment was due to altered chemotactic
gradient, we assessed chemokine levels in the peritoneum and plasma. We found that
chemokine, including KC, MIP-2, and MCP-1, levels were all elevated significantly in the
peritoneal lavage fluid from the 6A6 monoclonal antibody treated when compared to IgG
treated group 24 hours after Hem/CLP (Fig. 2C). In peripheral blood, although there was not
a statistically significant increase in KC and MCP-1 levels, MIP-2 levels were found to be
significantly increased in the 6A6 monoclonal antibody treatment group when compared to
IgG treated Hem/CLP group (Fig. 2D).

Since changes in leukocyte cell numbers in septic mice have been reported to be affected by
the induction of co-inhibitory molecule PD-1 (11), we also attempted to determine if the
frequency of apoptosis in total peritoneal leukocytes and in peritoneal macrophages was
affected by BTLA. We found that there was no significant difference between 6A6
monoclonal antibody vs. IgG treated Hem/CLP mice (Fig. 2E), suggesting that BTLA
ligation did not change the rate of leukocytes undergoing apoptosis in Hem/CLP mice.
Therefore, the increased number of local leukocytes seen is likely due to elevated
chemokine levels during recruitment.

Anti-BTLA antibody treatment leads to higher cytokine levels in peritoneal cavity after

Hem/CLP

Cytokine levels are important indices of inflammation. Kobayashi et al. (27) showed that
BTLA expression inhibited pro-inflammatory cytokine production by bone marrow derived
macrophages and dendritic cells in a LPS-induced endotoxemia model. However, in the
CLP mouse model (20) while BTLA gene deficiency decreased IL-10 levels, it had no effect
on pro-inflammatory cytokine levels. Inasmuch, we attempted to determine the extent to
which anti-BTLA monoclonal antibody (6A6) treatment affected cytokine production. We
found that Hem/CLP induced an increase in all cytokines (TNF-a, IL-6, IL-18, IL-10 and
IL-12) we tested when compared to sham/sham mice 24 hours after surgery. However, pro-
inflammatory cytokines, TNF-a and IL-12, as well as anti-inflammatory cytokine IL-10
levels elevated significantly, and there were trends for an increase in IL-6 and I1L-18 levels
as well in the peritoneal lavage fluid from 6 A6 monoclonal antibody treated group when
compared to 1gG treated Hem/CLP mice (Fig. 3A). Similarly, in peripheral blood, trends
toward an increase in TNF-a, IL-6, IL-12, IL-10 levels were found in treatment groups
when compared to 1gG treated Hem/CLP groups (Fig. 3B). This indicates that 6A6
monoclonal antibody treatment promotes local as well as systemic inflammatory responses.
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Anti-BTLA antibody treatment increases LPS-induced cytokine and chemokine production
capability of peritoneal macrophages after Hem/CLP

Cytokines and chemokines are produced by many kinds of cells and are maintained by
various regulatory factors. To determine whether 6A6 monoclonal antibody treatment would
alter innate immune cells’ cytokine and chemokine production ex vivo, we collected
peritoneal macrophages from mice that had received either 6A6 monoclonal antibody or IgG
treatment 24 hours after HEM/CLP. The macrophages were cultured in 6-well plates,
stimulated with LPS (10 ng/ml) for 20 hours, and the supernatant was collected for ELISA.
We found that peritoneal macrophages in 6A6 monoclonal antibody treated group had the
capability of producing higher levels of TNF-a and MIP-2 compared to the IgG treated
group (Fig. 4), suggesting that anti-BTLA antibody treatment was having a potentiating
effect on innate cells through activation of the cytokine pathway.

Of note to the extent that 6A6 monoclonal antibody anti-BTLA treatment was altering
macrophage intracellular signaling (altering BTLA-mediated SHP-1 and/or SHP-2
phosphorylation/activation) (15, 16), we noted that pre-treatment of the LPS stimulated
mouse cell line, RAW 264.7, with 6A6 activated SHP-1 and SHP-2 phosphorylation as
compared to 1gG control (see supplemental, Fig. 1).

Effects of anti-BTLA antibody treatment on bacterial burden after Hem/CLP

Pro inflammatory mediators and increased pro-inflammatory cytokine levels seem to be
helpful for bacterial clearance (32—-34). However, BTLA gene expression has been shown to
be detrimental in the clearance of L. monocytogenes and Plasmodium, suggesting a role for
BTLA in inhibiting innate phagocytic cell function (21, 35). To this end, we attempted to
determine whether anti-BTLA antibody treatment could alter the bacterial burden in Hem/
CLP. While there was a decrease in local peritoneal bacterial burden in the 6A6 monoclonal
antibody treated group as compared with 1gG group, the finding was not statistically
significant (Fig. 5). No changes in bacterial burden were noted in the peripheral blood
between the 6A6 antibody and 1gG treated Hem/CLP groups.

Effects of anti-BTLA antibody treatment on morbidity and mortality following Hem/CLP in

mice

Multiple organ dysfunction is the main cause of death in patients with severe sepsis (36).
Here we assessed some indices of target organ injuries and survival of 6A6 or 1gG treatment
after Hem/CLP. There was increased protein concentrations in broncho-alveolar lavage fluid
(which was supported by increased septal wall thickening and increased cellularity
[Supplemental Figure 2]) and serum creatine levels (Fig. 6B), which are indices of lung and
kidney injury, respectively, as well as villus blunting and widening (via histological H&E
staining, Fig. 6A [or switch 6A and 6B panels]) — an indicator of ileum injury, in 6A6
monoclonal antibody treated group when compared to IgG treated group. In addition, we
observed that there was a rising trend in serum glutamic-pyruvic transaminase (GPT) levels
(Fig. 6 B), which is an index of liver injury. Finally, anti-BTLA antibody treatment
significantly decreased survival when compared to IgG treated mice after Hem/CLP (Fig.
6C).
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Discussion

Although a few studies have examined the potential role of BTLA in sepsis, published
studies have shown that it appears to be important in both the innate and adaptive immune
response to septic insult (20). BTLA gene deficient mice showed significantly improved
septic survival and BTLA may have a role as a potential biomarker as well as a mediator of
sepsis-induced immunosuppression in septic patients (37). However, much remains to be
understood about BTLA’s molecular mechanism(s) of action in sepsis. Since BTLA’s ligand
HVEM has another four receptors/ligands, the interactions among them can not only affect
each other (14), but this complex interactive network potentially brings difficulties to the
understanding of what BTLA’s role is. Inasmuch; in this study, we chose a blocking and/or
agonistic anti-BTLA antibody (6A6) treatment (22, 23) in a Hem/CLP model to compare
with BTLA KO mice in a septic CLP model (20), and to further clarify BTLA’s patho-
physiological role in Hem/CLP.

We initially observed that BTLA expression changed in different compartments in distinct
ways after Hem/CLP compared to sham animals. At the site of infection (the peritoneum),
BTLA expression was significantly increased on innate immune cells, while systemically,
the percentage of BTLA positive monocytes and dendritic cells notably decreased. This
could indicate that BTLA expression on innate immunocytes may be related to their
evolving functions at the inflammatory site following Hem/CLP. Interestingly, BTLA
expression in major organs was up-regulated and associated with organ injury after Hem/
CLP. This is consistent with our previous study (20) where we observed that organ injury
was reduced in BTLA gene deficient mice when compared to WT mice after sepsis alone.
This suggests that BTLA not only plays a role in the local response to infection, but also has
effects on the systemic reaction in the combination of hemorrhagic shock and septic insults.

With respect to inflammatory cell recruitment, we found a significant increase not only in
the total number of leukocytes, but also throughout the neutrophil, macrophage and dendritic
cell subpopulations, respectively. This is also consistent with the impaired innate cell
recruitment reported in septic BTLA gene deficient mice (20). Inasmuch, we feel that BTLA
engagement appears to affect inflammatory cell recruitment directly, independent from
HVEM signaling. With respect to this increased BTLA-mediated leukocyte recruitment, we
found higher chemokine levels, including KC, MIP-2, MCP-1 in mice treated with the
BTLA-antibody. Unfortunately, it is undetermined whether the increase in cell numbers
leads to additional chemokine production, or if higher chemokine levels served to recruit
more inflammatory cells, or whether there might be some other explanation. Since
engagement of BTLA induces ITIMs to recruit SHP-1 or SHP-2 (and as supported by our in
vitro RAW 264.7 cell line assessment documenting 6A6 antibody-induced activation of both
phosphorylated SHP-1 and SHP-2 [see supplemental data]), which can effect cell
chemotaxis and motility (38, 39), further investigation is needed to determine the role of
BTLA signaling in enhanced cell recruitment and its relation to the activation of SHP-1 or
SHP-2.

As mentioned previously, there is a Grb-2 related motif in BTLA’s intracellular domain,
which is relevant to its pro-survival function. BTLA activity has been shown to have a role
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in sustaining CD4* T cell survival under the conditions of chronic stimulation in a non-
irradiated parental-into-F1 graft-versus-host disease model (18). BTLA ligation was also
reported to inhibit apoptosis in macrophages infected with hepatitis virus 3 in a mouse
model (40). In our study, we found that there was no significant difference in the frequency
of cell apoptosis between 6A6 monoclonal antibody and 1gG treated Hem/CLP mice. This
indicates that BTLA engagement does not change innate leukocyte apoptosis in a
hemorrhage plus bacterial infection model and therefore, the increased number of local
leukocytes was not related to changes in cell apoptosis or increased cell survival in any
particular subpopulations. Whether there are other possible reasons for the cell number
changes, like cell emigration to lymph nodes, or other mechanisms, needs further
investigation. This, however, is presently outside the scope of this study.

We reported an increase in TNF-a and IL-12 in the peritoneum in the 6A6 treated group.
There is no excitatory/ITAM motif in BTLA so far as we know, and an earlier study had
demonstrated an inhibitory function of 6A6 (as an agonistic antibody) on LPS-induced pro-
inflammatory cytokine production via cultured innate immunocytes (27). However, in
contrast to these previous reported results (27) our data showed that 6A6 treatment enhanced
cytoine/chemokine production in an ex-vivo LPS stimulation assay. One possible
explanation may be related to the increase in pro-inflammatory cell numbers, although we
are not sure about the cytokine production capability of single cell. We noted in our previous
study that the decrease of local immunocytes did not change pro-inflammatory cytokine
levels between WT and BTLA gene deficient mice after CLP (20). Hence, the cytokine
levels seen in vivo could be the result of changes in cell number and cytokine production
capability of single cells. Secondly, a prior study (21) showed that malaria infected BTLA
KO mice also had an increased expression of HVEM on their leukocytes. Thus, the effects
we have seen here may, in part, be a result of increased HVEM:LIGHT interaction, which
can increase proinflammatory signaling (41). To address this concern, future studies are
needed to determine how increased expression of HVEM is regulated after 6A6 monoclonal
antibody treatment during Hem/CLP. Finally, the differences in results between the
Kobayashi study (27) and ours could be attributed to the differences between a LPS-induced
toxemia model vs. the Hem/CLP model used in this study.

As for the anti-inflammatory cytokine IL-10, we found that treatment with anti-BTLA
antibody led to higher IL-10 levels at the site of infection, which is consistent with the lower
IL-10 level in septic BTLA gene deficient mice (20). The data provided here confirmed that
BTLA expression affects IL-10 induction. BTLA has been shown to inhibit CD4* T cell
polarization into Th1 cells (42). However, further studies are needed to evaluate whether
BTLA also effects macrophage polarization in Hem/CLP mice.

Recently, BTLA has been shown to be detrimental in the clearance of L. monocytogenes
and Plasmodium, suggesting a role for BTLA in inhibiting innate phagocytic cell activity
(21, 35). In a polymicrobial sepsis model, BTLA gene deficient mice were significantly
protected from the CLP-induced rise in bacterial burden in the peritoneum as compared with
WT mice (20). In this study with 6A6 monoclonal antibody administration, we also
observed a decrease in bacterial burden in the peritoneum. Besides BTLA, there are many
other factors which may influence the final bacterial burden in these animals. For example,
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we did not study the change in lymphocyte function with or without 6A6 treatment in the 2-
hit model, as these cell populations have had significant numbers of BTLA positive cells
that could affect the removal of pathogens; nor did we examine the impact of neutrophil
expression of HVEM, which may also be involved in the process of bacterial clearance.

Finally, here we report 6A6 monoclonal antibody administration increased septic mortality
and led to an increase in organ injury. While BTLA gene deficient mice were protected from
kidney injury and septic mortality (20), our data suggests that anti-BTLA monoclonal
antibody [6A6] contributes to acute septic morbidity and mortality. In this study, elevated
cytokine levels proved to be a double-edged sword. Although increased levels can help the
host to activate cells to eliminate bacteria, they also hold the potential to damage organs and
surrounding tissues.

Collectively, the data we present here shows that anti-BTLA 6A6 monoclonal antibody
treatment leads to increased cytokine/chemokine production, increased innate immunocyte
recruitment into the peritoneum, enhanced peritoneal macrophage phagocytic capacity,
increased organ injury, and decreased survival. Through the comparison with the data from
BTLA gene deficient mice, we further confirmed BTLA’s contribution in enhancing innate
cell recruitment, elevated 1L-10 levels, and that BTLA’s engagement serves to exacerbate
the pathophysiology of Hem/CLP. Nonetheless, we recognize BTLA protein abrogation as
created by gene deficiency in KO mice may produce distinct effects to that seen in BTLA
binding/ ligation that would be encountered in antibody treated mice. However, more
extensive studies examining the effects of 6A6 binding are needed to too truly clarify its
actions on BTLA.

In closing, while we initially set out to test the hypothesis that by “blocking” BTLA
signaling we should have reduced the extent of immune responses/organ injury/morbidity
and mortality seen following the dual insults of Hem followed by CLP (based on the data
from Lepenies (22) and Crawford (23), suggesting that anti-BTLA monoclonal [6A6]
antibody was a true ‘blocking [signaling inhibiting] agent’), our results showed the contrary.
What we report here is that in this model,treatment with the anti-BTLA monoclonal [6A6]
antibody at a dose of 25ug/g body weight actually appears to support the alternate
hypothesis that 6A6 antibody agonizes/potentiates BTLA’s actions by demonstrating a
negative effect of BTLA signaling on shock/sepsis induced morbidity/mortality after Hem/
CLP. While the duration and durability of anti-BTLA monoclonal [6A6] antibody’s
agonistic activity need to be further vetted at different dosages and with alter timing of this
antibody’s delivery following insult, this documents some of the challenges that can be
encountered in trying to take advantage of BTLA as a potential therapeutic target.
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Figure 1. The changes of BTLA expression 24 hours after Hem/CLP
(A) BTLA expression elevated on F4/80+ and CD11c+ cells in peritoneal cavity. N=5-9/

group. (B) BTLA expression decreased on CD115+ and CD11c+ cells in blood. N=5-9/
group. (C) BTLA expression increased in ileum, kidney, lung, liver and spleen tissues. The
data are provided as the mean+SEM, and significant difference between groups is indicated
as *P<0.05 by unpaired two-tailed Student’s t-test.
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Figure 2. Anti-BTL A antibody treatment contributesto higher chemokine levelsand enhanced
leukocyte recruitment to peritoneum after Hem/CL P, but has no effect on peritoneal cell
apoptosis 24 hours after Hem/CLP

Total peritoneal leukocyte (A.), macrophage (F4/80) dendritic cell(CD11c) and neutrophil
(Grl) numbers elevated in 6A6 treated group compared to IgG treated group (B.) (N=7 in
H/C group, N=4 in Sham/sham group). *P<0.05, by Mann-Whitney (for nonparametric
data). Chemokine (KC, MIP-2, MCP-1) levels were elevated significantly in peritoneal
lavage fluid (C.) and for MIP-2 in the blood (serum) (D.) 24hs after Hem/CLP in 6A6
treated group compared to 1gG treated group. No significant difference in cell apoptosis was
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observed in peritoneal leukocytes (N=7/group) (E.). The data are provided as the mean
+SEM, and significant difference between groups is indicated as *P<0.05, by Bonferroni’s
post hoc-test following one-way ANOVA.
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Figure 3. Anti-BTL A antibody treatment leadsto higher cytokinelevelsin the peritoneum and
blood 24 hours after Hem/CLP

Cytokine (TNF-a, IL-12, and IL-10) levels elevated significantly in peritoneal lavage fluid
24hs after Hem/CLP in 6A6 treated group compared to 1gG treated group (A.). 6A6
treatment led to a trend of increase in TNF-a, IL-12, IL-10 and MCP-1 levels in serum (B.).
All cytokines/chemokines were low or non-detected in sham mice. N=7-12 in H/C group,
N=4 in Sham/sham group. The data are provided as the mean+SEM, and significant
difference between groups is indicated as *P<0.05, by Bonferroni’s post-test following one-
way ANOVA.
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F_igure4. Effects of anti-BTL A antibody on cytokine/chemokine production in macrophages ex
VIVO

Peritoneal macrophages taken from 6A6 or 1gG treated mice 24 hours after Hem/CLP were
collected and stimulated with 10 ng LPS for 20 hours and cultured supernatants were
analyzed by ELISA. When compared to IgG treatment, anti- BTLA antibody treatment
increases the cytokine and chemokine production capability of peritoneal macrophages
stimulated with LPS after Hem/CLP. N=3-5/group. The data are provided as the mean
+SEM, and significant difference between groups is indicated as *P<0.05 by unpaired two-
tailed Student’s t-test.
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Figure5. Effects of anti-BTL A antibody treatment on the bacterial burden 24 hour s after
Hem/CLP

6A6 treatment led to a decreasing trend in peritoneum bacterial burden (N=11/group), but no
change in blood (N=8/group). The data are provided as the mean+SEM, unpaired two-tailed
Student’s t-test (for normal distribution data).
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Figure 6. Anti-BTLA antibody treatment aggravated organsinjury (24 hours) and increased

mortality of Hem/CLP mice

(A) Blunting and widening villus was observed in ileum with 6A6 treatment. (B) BALF
protein concentration and serum creatine levels elevated significantly, but there is no change
in serum ALT level (N=8 in H/C group, N=6 in Sham/sham group). The data are provided
as the mean+SEM, and significant difference between groups is indicated as *P<0.05, by
Bonferroni’s post-test following one-way ANOVA. (C) 6A6 treatment significantly

increased the mortality of Hem/CLP mice (N=15/group). *P<0.05, Log-rank test.
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