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Abstract
Identifying relevant mediators responsible for the pathogenesis during sepsis may lead to finding
novel diagnostic and therapeutic targets. Recent studies indicate programmed cell death receptor
(PD)-1 plays a significant role in the development of immune suppression associated with sepsis.
Here we determine if B7-H1, the primary ligand of PD-1, contributes to the pathogenesis of
sepsis. We report that B7-H1 is up-regulated extensively on various immune cells during sepsis
and B7-H1 gene deficiency protects mice from the lethality of sepsis. In terms of the histological
development of multiple organ damage and inflammatory cytokine levels in circulation or at
infectious site, B7-H1 deficient mice showed a remarkable reduction in these indices when
compared with wild type (WT) mice. However, B7-H1 gene deficient mice did not exhibit a lower
bacterial burden when compared to WT mice, although they recruited more macrophages and
neutrophils into infectious site. In addition, we found that, during sepsis, while there were no
marked differences affecting ex vivo macrophage cytokine productive capacity between PD-1 and
B7-H1 gene deficient mice; preservation of ex vivo macrophage phagocytic function was only
seen in septic PD-1 knockout mouse cells. Finally, higher percentage B7-H1+ neutrophils in
peripheral blood correlated not only with higher levels of pro- and anti-inflammatory cytokines/
chemokines (CCL2, IL-6, CXCL2, KC, TNF-α, and IL-10), but with lethal outcome as well.
Together, these results indicate B7-H1 contributes to septic morbidity in fashion distinct from
PD-1 and suggest B7-H1 expression on neutrophils could be used as a biomarker of septic
severity.

INTRODUCTION
Sepsis affects more than 750,000 patients annually in the US and remains a leading cause of
death worldwide. It is a major healthcare problem causing significant morbidity, mortality
and costs. In addition, sepsis is likely to remain relevant as its incidence continues to rise
because of an aging population with increasing numbers of patients infected with antibiotic-
resistant organisms, patients with compromised immune systems, and patients who undergo
prolonged, high-risk surgery (1, 2). Currently, there are no specific therapeutic interventions
that are FDA-approved for treatment of sepsis, which implies in part that the
pathophysiology of sepsis, its accompanying systemic inflammatory response syndrome
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(SIRS) and the events that lead to multiple organ failure (MOF) and death are still poorly
understood (3).

Sepsis describes a complex clinical syndrome that develops from the host response to
infectious pathogens. Inflammation arises primarily as a response to infectious challenge.
This immune response to infection must be controlled to ensure it is optimal for defense,
while avoiding the consequences of excessive inflammation, which is often more dangerous
than the original pathogenic insult. A fundamental pathologic feature of sepsis is the failure
to maintain an appropriate balance between excessive and inadequate inflammation (4).
Current evidence supports the concept that sepsis is an overwhelming inflammatory
response triggered by major pathological stimuli, driven and modulated by a multitude of
endogenous mediators activated in cascade, resulting in profound immune suppression (3).
Clinically, the development of an overwhelming inflammatory response, i.e., SIRS, suggests
an inability to regulate and confine the inflammatory response; the results of which are
manifested by septic shock, MOF, and death. However, all the clinical trials of agents during
the past two decades that were designed to block the activity of such likely biochemical
triggers and mediators (such as LPS, TNF-α, IL-1, NO, and coagulation factors) have not
shown a benefit, implying that we don't have adequate knowledge of mechanisms associated
with the development of SIRS and sepsis (5).

The innate immune response is the first-line of host defense that rapidly operates to limit
infection, in which infiltrating leukocytes such as macrophages and neutrophils are essential.
After being triggered, these cells release cytokines, chemokines, and other mediators,
rendering an inflammatory response. During sepsis, these inflammatory components are
pleiotropic, redundant, and interwoven, illustrating a highly sophisticated, non-linear
dynamic system with great variability, connectivity, and cross-regulation. It has been
proposed that excessive generation of these mediators sets the stage for development of
SIRS, MOF and lethality (6). Thus, the negative results of clinical trials and the intrinsic
complexity of innate immunity suggest that targeting a single cytokine or mediator may not
be sufficient to affect the balance between effectiveness and harmfulness of the
inflammatory response during sepsis.

Antigen-independent signals provided by pathways from B7:CD28 family, whether
stimulatory or inhibitory, are critical to a balanced immune response (7). The receptor PD-1
and its ligands, B7-H1 (a.k.a., PD-L1) and B7-DC (a.k.a., PD-L2), members of the B7:CD28
family, have been demonstrated to be widely expressed in tissues/organs and participates in
a large spectrum of immune responses. Most studies on B7-H1/B7-DC:PD-1 pathway has
focused on T cell related immunity. This pathway has been found to exert critical inhibitory
functions in the setting of persistent antigenic stimulation such as chronic viral infections,
tumors, and encountering of self-antigens (8, 9). PD-1 activation contributes directly to T
cell exhaustion and the resulting chronic viral infection as well as tumor aggression (10, 11).
It also controls multiple tolerance checkpoints that prevent autoimmunity (12). However, its
functions during acute microbial infections are much less clear (13). In our own hands, PD-1
has been demonstrated to play a crucial role in regulating the balance between effective
pathogen clearance and by-stander tissue damage by the antimicrobial immune response
(14). It is not clear what the role of B7-H1 and/or B7-DC are to septic immunopathology.

Here we determine if B7-H1 contributes to the pathogenesis of sepsis. The results indicate
that B7-H1 plays a significant role in the development of septic morbidity/mortality, which
appears to associate with the capacity to attenuate the overwhelming inflammatory response
seen during sepsis. In addition, differential B7-H1 expression on neutrophils appears to
correlate with the development of septic mortality.
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MATERIALS AND METHODS
Mice and Cecal ligation and puncture (CLP)

Male C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME). B7-
H1−/− mice (15) were obtained as a generous gift from Dr. Lieping Chen (Yale University,
New Haven, CT) and maintained in our animal facility. PD-1−/− mice (16) were kindly
provided by Dr. Tasuku Honjo (Kyoto University, Kyoto, Japan) via Dr. Megan Sykes
(Massachusetts General Hospital, Transplantation Biology Research Center, Boston, MA)
and maintained in our animal facility. All mice used in this study were male and aged 11 to
13 weeks. All protocols carried out with animals are in accordance with the NIH Guide for
Animal Use and Care and were approved by the animal welfare committee of Rhode Island
Hospital (Providence, RI).

CLP—Mice were anesthetized using Isoflurane, a midline incision (~1 cm) was made below
the diaphragm, exposing the cecum, and then the cecum was ligated distally and punctured
twice with a 22-gauge needle. In the control animals (sham), the cecum was located and
mobilized but was neither ligated nor punctured. The abdominal incision was then closed in
layers with an Ethilon 6.0 suture, and the animals were resuscitated with 1.0 ml lactated
Ringer's solution by subcutaneous injection. Animals were subsequently allowed food and
water ad lib (14).

Flow cytometry
To determine the changes in cell surface expression of B7-H1 on mouse blood leukocytes,
50 μl of whole blood was mixed with staining antibody and Fc blocker followed by an
incubation on ice for 45 min. RBCs were lysed with Ammonium-Chloride-Potassium lysing
buffer and samples were washed and analyzed on a FACSarray flow cytometry (BD
Bioscicence, San Jose, CA). Peritoneal leukocytes and splenocytes were isolated and
assayed as described (14). Fluorochrome conjugated anti-F4/80 (clone BM8), anti-CD115
(clone AFS98), anti-Ly-6G (clone 1A8), anti-NK1.1 (clone PK136), anti-CD3 (clone
145-2C11) and their corresponding isotype controls were purchased from BioLegend (San
Diego, CA). Fluorochrome conjugated anti-CD4 (clone GK1.5), anti-CD8 (clone 53–6.7),
anti-B7-H1 (clone MIH5), anti-B7-DC (clone TY25) antibodies along with the appropriate
isotype controls were purchased from eBioscience (San Diego, CA).

Evaluation of systemic and local bacterial burden
Blood samples were collected and spread on Trypticase Soy Agar with 5% Sheep Blood
(TSA II) agar plate (BD Bioscicence) with dilutions of 1 μl, 10 μl or 100 μl in 100 μl saline
aliquots. Peritoneal lavage fluid was harvested after injecting 2 ml of PBS into the
peritoneum and serially diluted in sterile saline. A 100 μl aliquot of each dilution was spread
on a TSA II blood agar plate. All plates were incubated at 37°C for 24–48h. Colonies were
counted and expressed as CFU/100 μl for blood samples or CFU/ml for peritoneal lavage
samples.

Cytokine and chemokine determinations
Concentrations of murine TNF-α, IL-6, IL-1β, IFN-γ, IL-10, KC, CXCL2, and CCL2 were
measured in cell-free peritoneal lavage fluid, plasma, and cell culture supernatants by using
sandwich ELISA (BioLegend, BD biosciences and R&D systems, Minneapolis, MN).

Peritoneal macrophage isolation and in vitro culture
Peritoneal lavages were performed using 10 ml of PBS. Lavages containing peritoneal
exudate cells from individual mice were processed separately. Cells were pelleted and
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resuspended at a concentration of 106 macrophages/ml in RPMI 1640 containing 10% FCS,
2 mM L-glutamine and 5 μg/ml gentamicin (Life Technologies, Grand Island, NY).
Macrophages were plated in 24-well tissue culture plates at 1 ml/well and incubated at 37°C
in 5% CO2 for 90min. Adhered macrophages were cultured with media only, media
containing LTA (1 μg/ml) (Sigma-Aldrich, St. Louis, MO) or LPS (200 ng/ml) (Sigma-
Aldrich) for 24h. Supernatants from these in vitro cultures were collected and the
concentrations of cytokines were determined by ELISA. Macrophages left in wells were
quantified by a CyQuant proliferation assay kit (Life Technologies) and cytokine
concentrations were adjusted by the ratio of cell numbers.

Phagocytosis assay
Peritoneal leukocytes were plated in 6-well tissue culture plates at 4×106/ml/well and
incubated in complete RPMI 1640 medium at 37 °C. Ninety minutes later, non-adherent
cells were washed off with PBS. Adherent macrophages were then co-cultured with ~ 60 μg
of pHrodo - conjugated E. coli (Life Technologies) in PBS at 37 °C for 1h and then were
washed completely with PBS. Cells were harvested by scraping and detected by flow
cytometry. The percentages of pHrodo positive cells were used as indicators of the capacity
of phagocytosis.

Statistical analysis
For survival studies, the log rank test was used to determine significance. All other data are
shown as the mean ± S.E.M and analyzed with the Mann-Whitney Rank Sum test or
ANOVA on ranks if they were frequency/intensity data. Parametric data was analyzed with
the unpaired Student's t test as indicated. Correlation was determined by Pearson product
moment correlation. A p value <0.05 was considered statistically significant, p values <0.01
and <0.001 are also indicated. Graphs were plotted and statistics assessed using SigmaPlot
& Statistics Software (SYSTAT, Chicago, IL).

RESULTS
The expression of B7-H1 is upregulated on a variety of immune cells during sepsis

B7-H1 is expressed on numerous cell types, including myeloid cells, lymphoid cells, and
many parenchymal cells. It is constitutively expressed in murine myeloid and lymphoid cells
and is upregulated in response to pro-inflammatory cytokines (9). To know how
experimental sepsis affects the expression of B7-H1, we examined the expression of B7-H1
on myeloid and lymphoid cells from peripheral blood (Fig 1A–C), peritoneum (Fig 1D), and
spleen (Fig 1E) at 24hr post CLP surgery. More peripheral blood monocytes express B7-H1
during sepsis (Fig 1A); whereas peripheral blood neutrophils display a polarized expression
pattern of B7-H1, i.e., in some mice, the percentage of B7-H1+ neutrophils increased, while
in others, decreased (Fig 1B, 7B). For NK cells, NKT cells and T cells, it appeared that
almost all these cells constitutively express B7-H1 in naïve, sham control, and septic mice;
and only NKT cells express augmented B7-H1 during sepsis (Fig 1C). B cells did not
express B7-H1. B7-DC was not detected on any of the above cells (data not shown).

At the infectious site, the peritoneum, macrophages and neutrophils are the dominant cell
types (17–19); therefore, the expression of B7-H1 on these two cell types was studied in
more detail. The expression of B7-H1 on both macrophages and neutrophils was enhanced
during sepsis (Fig 1D). Again, as noted above, B7-DC was not expressed on these two cells
from naïve, sham treated or CLP treated mice (data not shown).

With respect to immune cells obtained from spleen, another important tertiary lymphoid
organ (Fig 1E), we found that macrophages expressed elevated levels of B7-H1 during
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septic response, however, neutrophils did not express B7-H1 under any circumstances we
examined here. In addition, the expression of B7-H1 on CD4+ T cells and CD8+ T cells was
upregulated during sepsis.

B7-H1−/− mice are less susceptible to CLP-induced lethality than WT mice and show
reduced organ damage

To establish the role of B7-H1 in a murine model of experimental sepsis, both WT C57BL/
6J (B7-H1+/+) and B7-H1−/− mice were subjected to CLP surgery and mortality was
monitored. We observed that in WT mice, CLP caused mortality of 54% (21 of 39 mice
dead) at 14 days post CLP; while B7-H1−/− mice were markedly protected against CLP-
induced lethality, as their mortality at 14 days post CLP was 32% (20 of 31 mice survived)
(Fig. 2A). These data demonstrate that B7-H1 gene deficiency can protect mice from death
caused by experimental polymicrobial sepsis.

The development of MSOF is believed to contribute to septic mortality (20). To determine
the extent to which B7-H1 gene deficiency could lessen the detrimental effects of sepsis on
various organ systems, we examined the general pathology of several organs following CLP
(Fig. 2B). With respect to gut injury, we observed villus shortening, epithelial cell loss,
mucosal cell sloughing, and mucosal wall thinning in WT mice following CLP. In the
kidney, while evidence of tubular necrosis could be seen, these changes in the jejunum and
kidney were largely absent in septic B7-H1−/− mice. Looking at two lymphoid organs, such
as the spleen and thymus, we have previously documented (14, 21) and again here observed
not only marked disrupted tissue architecture and loss of cellularity, but also substantial
evidence of karyorrhectic/apoptotic cell bodies in septic WT mice. In contrast, septic B7-
H1−/− mouse splenic histology appears relatively normal; and the thymus shows few signs
of karyorrhectic/apoptitic cell bodies, although the loss of lymphocytes was not obviously
prevented. These results show that B7-H1 gene deficiency reduces the pathological damage
seen in multiple organs in response to severe sepsis, which likely improves the survival of
B7-H1−/− mice.

B7-H1 gene deficiency lessens inflammatory response but not bacterial burden in septic
mice

Then, we investigated the effect of B7-H1 gene deficiency on systemic blood inflammatory
cytokine/chemokine levels after CLP. The systemic peripheral blood cytokine profiles of
sham- or CLP-treated WT and B7-H1−/− mice were measured at 24 h after surgery. Sham
surgery did not cause a significant rise in cytokine production. Pro-inflammatory cytokines
(IL-6 and TNF-α) and the anti-inflammatory cytokine (IL-10) were markedly higher in
septic WT mice than in septic B7-H1−/− mice. Two chemokines, CXCL2 (a.k.a., MIP-2) and
CCL2 (a.k.a., MCP-1), were significantly lower in septic B7-H1−/− mice than that in septic
WT mice (Fig. 3A). Similar to the systemic blood cytokine profile, expression of local
peritoneal lavage inflammatory cytokines (TNF-α, IL-6, and IL-10) and chemokines
(CXCL2 and CCL2) was attenuated in septic B7-H1−/− mice when compared to septic WT
mice. There was no difference between WT and B7-H1−/− mice for IFN-γ production during
sepsis; nevertheless, CLP surgery only induced a small amount of IFN-γ in both mouse
strains (Fig. 3A, B). Overall, these results indicate that the inflammatory response to sepsis
in B7-H1 deficient mice is less vigorous than that in WT mice. Subsequently, the effect of
B7-H1 gene deficiency on bacterial burden was evaluated. Surprisingly, at 24 h post CLP,
we observed that WT and B7-H1−/− mice had similar bacterial burden in both systemic
circulation and infectious site (Fig 3C).
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B7-H1 gene deficiency promotes recruitment of macrophages and neutrophils into the
infectious site of peritoneum

Macrophages and neutrophils are prominent bacteria-killing cells and constitute major cell
populations in peritoneum at 24 h when mice are subjected to CLP surgery. Inasmuch, we
examined whether B7-H1 gene deficiency affected macrophage and neutrophil recruitment
to peritoneum. As shown in Fig 4A, sham and CLP treated WT mice recruited similar
numbers of leukocytes, while CLP treated B7-H1−/− mice recruited more leukocytes than
WT mice did; therefore, B7-H1 gene deficiency appears to promote sepsis induced
leukocyte recruitment. In addition, in WT mice that were subjected to sham surgery, there
were more macrophages than neutrophils in peritoneum at 24 h post surgery; otherwise,
CLP treated mice manifested the opposite, more neutrophils than macrophages, which
results in a significantly decreased macrophage:neutrophil ratio. However, this
macrophage:neutrophil ratio shift was not affected by B7-H1 deficiency (Fig 4B). Looking
at the neutrophil recruitment in WT mice, sepsis did not promote their recruitment into
peritoneum in increasing numbers (Fig 4C), although there was a trend toward a frequency
increase (Fig 4D). Alternatively, B7-H1 gene deficiency did enhance sepsis induced
neutrophil recruitment, both in number (Fig 4C) and in percentage (Fig 4D). Further, B7-H1
gene deficiency also enabled more macrophages to be recruited to the site of infection (Fig
4E, F). There were more macrophages present in the septic B7-H1 gene deficient mice's
peritoneum than in either sham treated B7-H1−/− mice or septic WT mice's peritoneum (Fig
4E). While the proportion of macrophages in peritoneum decreased sharply during sepsis;
B7-H1 gene deficiency lessens this decline since more macrophages were recruited than in
the WT mice (Fig 4F). Together, B7-H1 gene deficiency appears to promote the recruitment
of macrophages and neutrophils into the site of infection in response to CLP-induced sepsis.

B7-H1 gene deficiency partially reverses mouse macrophages' altered cytokine productive
capacity, but does not restore their ability to engulf bacteria during sepsis

Severe sepsis often associates with the development of monocyte/macrophage dysfunction
(14, 22), which is characterized by reduced, even diminished ability to phagocytose bacteria
and to produce cytokines ex vivo. Conversely, the production of certain anti-inflammatory
cytokines, including IL-10 is enhanced in monocytes/macrophages isolated from septic
patients and mice. Thus, whether B7-H1 gene deficiency affects these dysfunctional
developments during sepsis was assessed. As shown in Fig 5A, peritoneal macrophages
from septic WT mice produced less TNF-α, IL-6, CCL2 and greater amount of IL-10 than
macrophages from sham control WT mice did. The reduced capacity to produce TNF-α and
CCL2 was not restored by either B7-H1 or PD-1 gene deficiency. Both B7-H1 and PD-1
gene deficiency partially reversed the changes of IL-6 and IL-10 production, however, only
the effect on IL-10 production was statistically significant. There was no difference between
B7-H1 and PD-1 gene deficiency on affecting the septic mouse macrophages' ability to
produce cytokines mentioned above.

The capacity of peritoneal macrophages to phagocytose bacteria plummets during sepsis in
WT mice (Fig 5B, C) (14). This decline appears to be only slightly (but not significantly)
altered in B7-H1 gene deficient mice; while peritoneal macrophages from PD-1 gene
deficiency septic mice retained their ability to phagocytose, resulting in a significantly
higher phagocytic ability for peritoneal macrophages derived from PD-1 gene deficient
septic mice as compared to that from septic WT mice (Fig 5C). These results show that B7-
H1 does not contribute to reserving the diminished capacity of peritoneal macrophages to
phagocytose bacteria during sepsis, but partially reserves their altered ability to produce
cytokines.
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B7-H1 gene deficiency does not affect sepsis-induced upregulation of PD-1 expression on
macrophages

We have demonstrated that PD-1 expression on macrophages is upregulated in response to
CLP and this upregulation plays an important role in the development of macrophage
dysfunction (14). In light of the well established notion that B7-H1 is the most important
ligand for inducing PD-1 signaling (8) and the results mentioned above, it becomes
important to determine whether B7-H1 gene deficiency affects the development of
macrophage dysfunction in septic mice through regulating the expression of PD-1. As
shown in Fig 6, both peripheral monocytes (A) and peritoneal macrophages (B) express
higher frequency and increased intensity of PD-1 expression during sepsis; however, these
changes were not affected by B7-H1 gene deficiency. Thus, the upregulation of PD-1 on
macrophages during sepsis is independent of the presence of B7-H1 gene product.

High expression of B7-H1 on neutrophils associates with worse outcome/reduced survival
of sepsis

While initial examination of peripheral blood neutrophils in septic mice showed great
variation (a trend towards an increase that was not significant) in the frequency of B7-H1+

cells (Fig 1B), we subsequently observed that peripheral blood neutrophils displayed a
polarized expression pattern of B7-H1 during sepsis (Fig 7A, B). In some mice, the
percentage of B7-H1+ neutrophils increased (Fig 7A box a, B upper chart), while in others,
it decreased (Fig 7A box b, B lower chart). This was also not the case with any other cell
populations we examined in this study. To evaluate significance of these two sub-
populations we attempted to assess whether the neutrophil expression of B7-H1 was
associated with the outcomes of septic mice. To do this, the cheek puncture technique was
adopted to obtain a small amount of peripheral blood without having to kill the mouse as
done for the other experiments. B7-H1 expression by peripheral blood neutrophils was
assessed 24 h after CLP surgery and the survival of these mice was then observed for 14
days. As shown in Fig 7C, we found that neutrophils from mice that went on to succumb to
the morbid effects of sepsis consistently expressed a markedly higher level B7-H1 than
neutrophils from mice that subsequently survived.

Elevated circulating inflammatory cytokine levels are correlated with upregulated B7-H1
expression on neutrophils during sepsis

Inflammatory cytokines are implicated to be major contributors of the pathophysiology of
sepsis. To determine whether the expression of B7-H1 on peripheral neutrophils was
associated with the intensity of inflammatory response, the correlation between the
frequency of B7-H1+ peripheral blood neutrophils and the circulating levels of IL-10, IFN-γ,
IL-1β, TNF-α, CXCL2, CCL2, KC, and IL-6 was analyzed. As shown in Fig 8, except for
IFN-γ, a significant correlation appears to exist between the rising levels of any of the other
cytokines/chemokines with the increasing expression of B7-H1 on neutrophils. It is
noteworthy that IL-6 and CCL2 exhibited the strongest correlation with the increasing B7-
H1 expression on neutrophils. Collectively, the increased frequency of B7-H1+ neutrophils
in circulation is correlated not only with the systemic blood cytokines/chemokines level, but
the outcome as well.

DISCUSSION
B7-H1:PD-1 pathway has been implicated in controlling antigenic/T cell tolerance,
autoimmunity, and immune responses to a number of, largely viral, infectious diseases (8).
We have demonstrated that PD-1 played a pivotal role in the innate immune response of
sepsis (14). Here we report on some of our initial studies looking at the role of B7-H1 in the
immune response of this acute polymicrobial infection. B7-H1 is one of the most widely
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expressed molecules among the B7:CD28 family members (9). It is expressed on
hematopoietic, endothelial as well as epithelial cells and is upregulated in response to
inflammatory cytokines (11), suggesting B7-H1 may have a role in inflammatory response.

In our study here we initially detected the changes in B7-H1 expression on myeloid and
lymphoid cells in response to polymicrobial septic challenge. The expression of B7-H1 was
upregulated on monocytes and NKT cells from peripheral blood, on macrophages and
neutrophils from infectious site, the peritoneum, and on macrophages and T cells from the
spleen, a tertiary lymphoid bed. Almost 100% of peripheral NK cells and T cells express
B7-H1; and the expression was virtually unchanged in response to septic challenge. Notably,
the expression of B7-H1 on peripheral blood neutrophils was not consistently upregulated in
all mice; there was also a tendency of declined neutrophil B7-H1+ frequency in some septic
mice. This enhanced expression of B7-H1 on myeloid and lymphoid cells suggests that B7-
H1 may participate in both the innate and adaptive immune response to sepsis. However,
more convincing evidence to supporting B7-H1's role in sepsis comes from the observation
that B7-H1 gene deficiency significantly reduced the CLP induced mortality. In agreement
with this protective effect, the pathological damage that is typically seen in jejunum, kidney,
spleen and thymus (23–25) was largely absent; and the levels of pro- and anti-inflammatory
cytokines and chemokines in circulation as well as at the infectious site were profoundly
reduced. Nevertheless, unlike what we have seen in PD-1−/− mice, the bacterial burden in
septic WT and B7-H1−/− mice were similar, both in blood and in peritoneal fluid, indicating
that the protective effect of B7-H1 gene deficiency was not dependent on clearing bacteria
more efficiently. Although it is believed that failure to remove the invading pathogens
would initiate hyperactive pro-inflammatory responses/SIRS (26), the above data suggest
that B7-H1 gene deficiency may down regulate the inflammatory response irrespective of
the microbial stimulation. The results also support a role for SIRS in the pathophysiology of
sepsis and implying that B7-H1:PD-1 pathway plays an important role in the development of
inflammatory response.

To further explore how B7-H1 participates in regulating the inflammatory response to septic
challenge, we chose to look at how B7-H1 gene deficiency affects the migration of
macrophages and neutrophils into the infectious site. Here we found that B7-H1 gene
deficiency actually enhanced the recruitment of macrophages and neutrophils into the
peritoneum of CLP mice. This is not totally surprising since mice deficient in these
inhibitory molecules usually have greater numbers of leukocytes than WT mice have, which
serves as source for more recruitable cells (7). Nonetheless, this increase of professional
phagocytes in the peritoneum did not improve bacterial clearance, suggesting that cell
functions, other than phagocytosis, may be more relevant. It has been demonstrated by
others and us that there is a significant reduction in the ex vivo production of inflammatory
cytokines (including IL-1β, IL-6 and TNF-α) by monocytes/macrophages from patients and
mice with sepsis. Conversely, the production of certain anti-inflammatory cytokines,
including IL-10, is enhanced (14, 22). We found that B7-H1 gene deficiency partially
reversed this alteration. Notably, macrophages from septic B7-H1−/− mice produced less
IL-10 than macrophages from septic WT mice did. In addition, upon the stimulation with
LPS, they essentially secreted the same amount of IL-10 as the macrophages from derived
sham control mice. Similar changes were observed in PD-1−/− mice (14). On the other hand,
B7-H1 gene deficiency did not reverse the diminished phagocytic capacity seen in the WT
CLP mice, while PD-1 gene deficiency did (14). This difference might explain why bacterial
burden in B7-H1−/− and PD-1−/− CLP mice are so distinct. Since upregulated PD-1
expression is associated with the development of various leukocyte dysfunctions and B7-H1
is the primary ligand for stimulating PD-1 ligation/signaling (9), we thought it was
important to investigate whether B7-H1 gene deficiency affected the upregulation of PD-1
on macrophages during sepsis that we had previously reported (14). In this respect we found
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there were no differences in the sepsis-induced upregulation of PD-1 expression between
macrophages derived from WT as opposed to B7-H1−/− mice, indicating that the regulation
of macrophage expression of PD-1 appears to be independent from the presence of B7-H1.
From above observations, the expression of B7-H1 appears to be an essential element in the
innate immune response during sepsis; and the similarity in B7-H1−/− and PD-1−/− mice
may reside in their impact on the inflammatory response. Indeed, B7-H1 seems to be less
involved in the regulation of dysfunctional macrophages, e.g., sepsis-induced phagocytic
capacity decline, than PD-1. Together, it is suggested that B7-H1 and PD-1 affect different
aspects of innate immunity, which possibly relate to their diverse expression patterns,
different functional characters (B7-H1 activation vs. PD-1 signaling), and/or other
ligand:receptor interactions (e.g., B7-H1: B7-1) (9). Also, the impact of B7-H1 gene
deficiency may include actions mediated through immune: non-immune cells (27). We have
recently reported that the increased expression of B7-H1 on mouse liver sinusoidal
endothelial cell contributes to the development of liver injury following the onset of
experimental sepsis (28).

PD-1 has been well established as an exhaustion marker of T cells relative to chronic viral
infection (10, 29, 30) and also been suggested as a potential marker of myeloid cell
dysfunction in acute bacterial infection (14). An increased B7-H1 expression on
hematopoietic and non-hematopoietic cells during immune responses has been demonstrated
to deliver inhibitory signals to activated T cells that expressed PD-1. It has also been
reported that inflammatory stimulants, such as pro-inflammatory cytokines, can elevate the
B7-H1 expression by myeloid and lymphoid cells (31). In this respect, we noticed a
distinctive expression pattern for B7-H1 on peripheral neutrophils during sepsis, i.e., where
some mice had more B7-H1 expressing neutrophils while others had less B7-H1 expressing
neutrophils when compared with non septic (Sham) mice. This phenomenon made us
speculate that this divergence in expression might be related with outcomes (survival) of
sepsis. Interestingly, we confirm that the emergence of a high B7-H1 expressing neutrophil
population in peripheral blood correlates with unfavorable outcome (death). Moreover, we
observed a correlation between the higher percentage B7-H1+ expression on neutrophils and
higher levels of circulating inflammatory cytokines, notably IL-10, IL-1β, CXCL2, CCL2,
and IL-6. It has been well documented that levels of pro-inflammatory cytokines IL-6, IL-8,
and CCL2, as well as the immunosuppressive cytokine IL-10 are higher in those patients
with fatal outcome (32–38). Thus, this observation further supports that an increased
frequency of B7-H1 expression might be used as an indicator to predict lethal outcome of
sepsis. The nature or changing biological function of these cells in sepsis remains to be
explored.

The B7-H1:PD-1 pathway has been demonstrated to play a critical role in regulating the
delicate balance between protective immunity and tolerance (27). While the role of this
pathway in adaptive immunity during chronic infections and cancer is well established, its
functions in innate immunity during acute bacterial/fungal infections are much less clear.
The increasing knowledge of the complexity of activation of innate immune response
ensures that it is tightly regulated and finely tuned. Early studies suggest that the B7-
H1:PD-1 pathway was important in limiting the developing effector T cell responses and in
maintaining a state of antigenic tolerance so as to curb by-stander tissue damage. However,
in view of recent studies, the role of this pathway during acute infections appears to be more
complex (8–10). In agreement with this, here we demonstrate the pivotal role of B7-H1 in
the inflammatory response during acute polymicrobial sepsis, in that B7-H1 gene deficiency
effectively decreased the production of inflammatory cytokines/chemokines, thus, reducing
tissue damage and mortality. Along with our former finding that PD-1 gene deficiency has
similar effects on these aspects, we conclude that B7-H1:PD-1 pathway may be a key
mediator in inflammatory response during acute polymicrobial infection. Therefore, it is

Huang et al. Page 9

J Immunol. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



possible in the setting of sepsis that undesirable inflammatory responses that lead to SIRS as
well as to organ damage could be manipulated through intervening B7-H1:PD-1 pathway.
On the other hand, identification of patients at increased risk of death is clearly important in
severe sepsis. In this respect, while the coexistence of several clinical scores for sepsis
(SOFA, SAPS II, SAPS III, and LOD) reflects the fact that none of them produces enough
accuracy to predict outcome with a good sensitivity and specificity (39), it has been
suggested that concomitant evaluation of multiple cytokines or proposed mediators of the
pathological processes leading to sepsis may give us a better predictive insight (33). The
correlation of elevated frequency of B7-H1+ neutrophils with higher inflammatory cytokine
levels and increased risk of septic death not only supports the role of B7-H1 as a mediator in
the inflammatory axis, but also suggests B7-H1 might be such a candidate molecule for
predicting the risk of death, possibly in combination with injury severity scores and other
circulating diagnostic molecules.

In conclusion, these findings extend our understanding of the implications of B7-H1:PD-1
ligation, from their regulatory role in maintaining antigenic tolerance, autoimmunity,
tumorgenesis, chronic viral diseases, to having roles as mediators in the innate inflammatory
response generated in response to a septic insult. Along with our previous report of PD-1's
role in macrophage dysfunction during sepsis, both B7-H1 and PD-1 might impact
inflammation through affecting innate immune cell functions. Since all of the clinical trials
designed to neutralize single inflammatory cytokines, thus far, have failed, some have
suggested that normalization of a number of components of the inflammatory cytokine
storm through surface receptors in a “global” fashion might represent a potential alternative
approach to improve overall prognosis (40). To this end, our observations may assist in the
design of appropriate therapeutic interventions for treatment of sepsis.
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Figure 1. The expression of B7-H1 in myeloid and lymphoid cells is augmented by sepsis
(A) The percentage of B7-H1+ monocytes increases in peripheral blood during sepsis. B7-
H1 expression on peripheral monocytes (gated as CD115+Ly-6G−) was determined by flow
cytometry (n = 12 for sham, n = 15 for CLP, pooled from three experiments). p value as
shown by Mann-Whitney test, CLP vs. sham treated WT mice. (B) The percentage of B7-
H1+ peripheral neutrophils either increases or decreases during sepsis. Peripheral neutrophils
are defined as CD115−Ly-6G+ cells (n = 6 for sham, n = 12 for CLP, pooled from two
experiments). (C) Peripheral NKT cells express augmented B7-H1 during sepsis, while
peripheral NK cells and T cells do not. Representative histograms of B7-H1 expression on
NK (gated as NK1.1+CD3−), T (gated as NK1.1−CD3+), and NKT (gated as NK1.1+CD3+)
cells from three experiments. (D) Macrophages and neutrophils from infectious sites express
augmented B7-H1. Representative histograms of B7-H1 expression on peritoneal
macrophages (gated as F4/80+Ly-6G−) and neutrophils (gated as F4/80−Ly-6G+) from two
experiments. (E) Spleen macrophages and T cells from septic mice express higher levels of
B7-H1 than that from non-septic mice. Representative histograms of B7-H1 expression on
splenic macrophages (gated as F4/80+Ly-6G−), CD4+T cells (gated as CD3+CD4+), and
CD8+T cells (gated as CD3+CD8+) from two experiments. (C – E) B7-H1 expression (black
lines) is overlayed on isotype control (gray filled).
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Figure 2. B7-H1 gene deficiency protects mice from sepsis-induced lethality, and reduces organ
damage
(A) B7-H1−/− mice are resistant to CLP induced leathlity as compared with WT mice. WT
(n = 39) and B7-H1−/− mice (n = 31) were subjected to CLP, and survival was monitored for
14 days. *, p < 0.05, WT vs B7-H1−/− mice by log-rank test. (B) B7-H1−/− mice show less
histological evidence of tissue destruction than WT mice do during severe sepsis. B7-H1−/−

mice and WT were subjected to CLP surgery or sham control surgery. Mice were euthanized
40 h after surgery. Tissues were stained with hematoxylin and eosin. Original magnification:
× 200 for jejunum, × 400 for kidney, spleen and thymus. (jejunum) Black arrow and
arrowheads point to examples of villus shortening and mucosal wall thinning in WT septic
mice, respectively, while B7-H1−/− septic mice do not show this pathology. (kidney) Normal
kidney from WT-sham group shows cortex with the glomerulus (G). Black arrow and
arrowheads indicate acute tubular necrosis and congested glomerulus (G), respectively, in a
kidney from a WT septic mouse. Kidney from B7-H1−/− septic mice showes rare tubular
necrosis and much less congestion. (spleen & thymus) Black arrows illustrate areas of
kayrorrhectic, pyknotic, apoptotic cell bodies, which are absent in B7-H1−/− septic mice.
Data are representative of 4–8 mice per group.
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Figure 3. B7-H1 gene deficiency lessens inflammatory responses but not bacterial burden
B7-H1−/− mice manifest significantly lower systemical (A) and local (B) levels of
inflammatory cytokines at 24 h post-CLP than WT mice do. The graphs depict data (mean ±
s.e.m of S: sham n=7–8 sham, P: CLP n=13) pooled from three independent experiments
(N.D., not detected). p value as shown by Mann-Whitney test. (C) B7-H1−/− mice have
almost equal bacterial burden to WT mice have after CLP. Levels of aerobic bacteria are
expressed as CFU per 100 μl for blood and CFU per ml for peritoneal lavage. The graphs
depict data pooled from three independent studies showing similar results. (n = 12–13) The
horizontal bar indicates the median for each group.
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Figure 4. B7-H1 gene deficiency enhances neutrophils and macrophages recruitment into
infectious site
(A) B7-H1 deficiency increases total leukocytes recruitment during sepsis. (B)
Macrophage:neutrophil ratio in peritoneum decreases during sepsis, which is not affected by
B7-H1 gene deficiency. (C–D) Septic B7-H1 deficient mice recruit more neutrophils (gated
as F4/80−Ly-6G+) into peritoneum than septic WT mice do, in numbers (C) and in
percentage (D). (E–F) Septic B7-H1 gene deficient mice recruit more macrophages (gated as
F4/80+Ly-6G−) into peritoneum than septic WT mice do, in numbers (E) and percentage (F).
The graphs depict data pooled from four independent experiments (sham n = 7 – 8, CLP n =
10). p value from Mann-Whitney test.
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Figure 5. B7-H1 gene deficiency partially prevents macrophages from developing sepsis induced
dysfunction
(A) Peritoneal macrophages from septic B7-H1−/− mice or PD-1−/− mice produce lower
IL-10 when compared with peritoneal macrophages from septic WT mice. Peritoneal
macrophages from sham (S) or CLP (P) surgery treated WT, B7-H1−/− or PD-1−/− mice
were stimulated with LTA or LPS; the cell supernatant was collected and secreted cytokines
were measured by ELISA. *, p < 0.05, CLP treated vs sham treated mice; #, p < 0.05, gene
deficiency mice vs WT mice by Mann-Whitney test. The graphs depict data (mean ± s.e.m)
pooled from four independent experiments (sham n = 8 – 10, CLP n = 10 – 12). (B–C) B7-
H1 deficiency does not prevent peritoneal macrophages from phagocytic ability diminishing.
(B) Representative flow chart of phagocytosis analysis of peritoneal macrophages from WT,
B7-H1−/− or PD-1−/− mice. Peritoneal macrophages were enriched by adhering to plastic
plate and then fed with pHrodo - conjugated E. coli. The phagocytic capacity was measured
by frequency of pHrodo fluorescence positive cells (M1). (C) Quantitative analysis of
phagocytosis. Each group includes 4 – 10 mice pooled from three experiments. Outliers are
shown at 5th/95th percentiles. p value as shown by Mann-Whitney test.
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Figure 6. B7-H1 gene deficiency does not affect the upregulation of PD-1 expression on
macrophages during sepsis
(A) The expression of PD-1 on peripheral monocytes from sham or CLP WT/ B7-H1−/−

mice (n = 5 for sham, n = 7 for CLP pooled from two experiments). (B) The expression of
PD-1 on peritoneal macrophages from sham/CLP WT/B7-H1−/− mice (n = 10 for sham, n =
13 for CLP pooled from three experiments). p value as shown by Mann-Whitney test.
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Figure 7. Higher percentage of B7-H1+ peripheral blood neutrophils is correlated with lethal
outcomes in CLP induced sepsis
(A) The expression of B7-H1 on peripheral neutrophils either increases (box a) or decreases
(box b) during sepsis. Peripheral neutrophils are defined as CD115−Ly-6G+ cells. (B)
Representative flow chart (gated on CD115−Ly-6G+) of increased (upper) or decreased
(lower) B7-H1 expression on neutrophils. (C) The percentage of B7-H1 expressing
peripheral neutrophils from non-survived mice is significantly higher than that from
survived mice. At 24 hours post CLP treatment, small amount of blood was obtained by
cheek puncture and used for measure the expression. Then, mice survival was monitored for
14 days. p < 0.001 for survivors vs non-survivors by Mann-Whitney test (n = 41 pooled
from 4 experiments). Mice that didn't survived 24 hours were not included.
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Figure 8. Higher percentage of B7-H1+ peripheral blood neutrophils is correlated with higher
levels of inflammatory cytokines
The correlation between peripheral neutrophils' B7-H1 expression frequency and systemic
inflammatory cytokines levels was assessed. At 24 hours post CLP treatment, mice were
sacrificed and bled. The expressions of B7-H1 on peripheral neutrophils were determined by
flow cytometry. The levels of IL-10, IFN-γ, IL-1β, TNF-α, CXCL2, CCL2, KC, and IL-6 in
plasma were measured by ELISA. The graphs depict data pooled from four experiments (n =
20) and correlation was assessed by Pearson product moment correlation analysis
(significance is marked as **, p < 0.01 or ***, p < 0.001). Every dot represents data from
one mouse. Correlation cofactor (CC) is shown.
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