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Complement 5a receptor-mediated neutrophil dysfunction
Is associated with a poor outcome in sepsis

Ruonan Xu'?, Fang Lin**, Chunmei Bao>*, Huihuang Huangz, Chengcheng Ji%, Siyu Wangl, Lei Jin',
Lijian Sun?, Ke Li’, Zheng Zhang' and Fu-Sheng Wang'

Complement 5a (C5a) has been implicated in the pathogenesis of sepsis by inducing the functional impairment of
neutrophils; however, the utility of C5a receptors (C5aRs; C5aR and C5L2) as biomarkers for the management of sepsis is
uncertain. This study investigated the dynamic expression of C5aR and C5L2 on neutrophils and their effects on
neutrophil function. We found that sepsis patients displayed low expression levels of C5aR and C5L2 on neutrophils
compared to healthy and systemic inflammatory response syndrome (SIRS) subjects, and this expression pattern was
correlated with disease severity. Additionally, the expression levels of C5aR and C5L2 were associated with the survival of
sepsis patients. In vitro, the addition of C5a significantly reduced C5aR and C5L2 expression levels and IL-8 production
in neutrophils from sepsis patients. Those findings suggest that the reduced expression of C5aRs was associated with the
functional impairment of neutrophils and a poor prognosis for sepsis patients. Overall, these findings may help establish
C5aRs expression levels as early markers to predict the severity of sepsis.
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INTRODUCTION

Sepsis, defined as a systemic inflammatory response to infection,
is generally associated with evidence of organ dysfunction,
including tissue hypoperfusion and hypoxia, lactic acidosis, oli-
guria or altered cerebral function."” Despite prompt treatment
with antibiotics, the provision of adequate fluid resuscitation
and technological support of organ function, approximately
20%-50% of patients with sepsis die in intensive care units
(ICU).” The high mortality and lack of effective therapies can
be traced to an incomplete understanding of the inflammatory
pathogenesis of sepsis and organ dysfunction. Thus, studies of
the cellular pathogenesis of sepsis could provide a better under-
standing of this complex syndrome and aid in identifying more
effective therapies.

The innate immune system is the first line of defense against
initial environmental challenges and injury. However, over-
activation of the innate immune response and the complement
system are generally associated with the excessive inflammatory

response that characterizes sepsis. Regardless of the initial site
of infection, both animal models and human sepsis show acti-
vated neutrophil sequestration in the expansive capillary net-
works of the internal organs, such as the liver and lung, where
they mediate damage and organ dysfunction.*” Notably, the
complex interactions between the neutrophils and complement
system result in a poor outcome in sepsis patients. Complement
activation causes harm by generating complement protein split
products. Complement 5a (C5a), one of the most potent inflam-
matory peptides, functions by binding to the high-affinity C5a
receptors (C5aRs; C5aR and C5L2). The interaction of C5a with
C5aRs leads to pleiotropic effects, including the release of cyto-
kines and chemokines, and the recruitment of inflammatory
cells. Generally, C5aR and C5L2 are independent, and the putat-
ive ‘default’ receptor, C5L2, has an important role in balancing
the biological effects of C5a.° However, the role of C5L2 in
inflammatory responses is controversial,”® its elucidation will
require further investigation. In sepsis, it has been reported that
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excessive systemic C5a levels were associated with exhaustion of
the granulocytic response.” Additionally, the blockade of C5a or
C5aR has been associated with attenuated coagulopathy, preser-
vation of thymic function, rescue of lymphocytes from apoptosis
and reduced levels of bacteremia in experimental sepsis.'’ This
compelling evidence has highlighted the C5a and C5aRs inter-
action as a pivotal factor in the worsening of sepsis. However,
whether and how dynamic changes of C5aR and C5L2 express-
ion occur in neutrophils, and their correlation with disease out-
come in sepsis patients remains to be elucidated.

This study focused on the dynamics of C5aRs expression in
sepsis patients and the crosstalk between C5a and C5aRs on
neutrophil function. These results highlight the role of C5a and
C5aRs in predicting the outcome of sepsis.

MATERIALS AND METHODS

Patients and study design

Health controls and patients with systemic inflammatory res-
ponse syndrome (SIRS) or sepsis were consecutively enrolled
from 2012 to 2013. The study protocol was approved by the
ethics committee of 302 Hospital and written informed con-
sent was obtained from each subject. We enrolled 34 patients
with sepsis, 19 patients with SIRS and 18 healthy subjects as
controls in the study. The criteria for SIRS, severe sepsis and
septic shock were defined by the criteria of the American
College of Chest Physicians and the Society of Critical Care
Medicine (ACCP/SCCM).!" In brief, SIRS was diagnosed if
two or more of the following criteria were met: a temperature
greater than 38 °C or less than 36 °C, a heart rate greater than 90
beats/min in the absence of a pacemaker, a respiratory rate
greater than 20 times per minute or a PaCO, less than 4.3 kPa
(32 mmHg), a white blood cell count of greater than 12 10%/1
or less than 4X10°/1, or >10% immature band forms. The SIRS
patients enrolled in our study had no signs of infection from the
first day after elective surgery, and SIRS patients who developed
into sepsis were excluded in the follow-up period. Severe sepsis
was defined as sepsis with at least one organ failure. Septic
shock was defined as sepsis with a blood pressure less than
90 mmHg, despite fluid resuscitation and requiring vasopres-
sor therapy. Both severe sepsis and septic shock were recorded
as sepsis, as described elsewhere.'” The exclusion criteria
included age less than 18 years, pregnancy, malignancy, infec-
tion with HIV and the receipt of immunosuppressive therapy.
Blood samples were obtained within 12 hours upon admitted
to the ICU, the following data were recorded for each patient:
age, sex, severity of the underlying medical condition, a sepsis-
related organ failure assessment (SOFA) score, reasons for
admission into the ICU, principal diagnosis, vital signs, respir-
atory parameters, routine blood tests and microbiological cul-
ture results. Survival or death was assessed during a follow-up
period of up to 28 days. Blood was obtained at day 0, day 5 and
when a patient left the ICU (death or survival).

Flow cytometry
All of the fluorescein-conjugated antibodies were provided by
BD Bioscience (San Jose, CA, USA), except for FITC-conjugated
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anti-human CD66b antibody (Abcam, Cambridge, UK), APC-
conjugated anti-human C5aR (CD88) antibody (R&D Systems,
Minneapolis, MN, USA) and PE-conjugated anti-C5L2 (Bio-
legend, San Diego CA, USA). For C5aR and C5L2 staining, fresh
heparinized peripheral blood (100 pl) was incubated with C5aR
and C5L2 antibodies, corresponding isotype controls were
added according to the manufacturer’s instructions, and
CD66b positivity defined granulocytes in the whole blood. For
detection the C5aR and C5L2 expression on neutrophils in res-
ponse to C5a in vitro, fresh heparinized peripheral blood (100 pl)
was incubated with C5a (10-100 nM; Sigma-Aldrich, St Louis,
MO, USA) for 15-30 min. Antibodies or isotype control anti-
bodies were added to the 100 pl whole blood for 15 min at room
temperature. The blood was lysed and analyzed by a Calibur
flow cytometer. For intracellular IL-8 staining, fresh heparinized
peripheral blood (1 ml) was incubated with C5a (100 nM) for
4.5 h, golgistop (BD PharMingen, San Diego, CA, USA) was
added at the same time of incubation. The blood was then lysed,
permeabilized and stained with APC-conjugated anti-human
IL-8 antibody (eBioscience, San Diego, CA, USA), or an isotype
control. The cells were analyzed using a Calibur flow cytometer
and CELLQuest software.

Statistical analyses

Data analysis was performed with SPSS version 13.0 software
(SPAA Inc., Chicago, IL, USA) and data were expressed as
means=*standard deviation. Statistically significant differences
between two groups were determined by the Mann—Whitney
non-parametric U test. Comparisons of data from the same
individual were performed using the Wilcoxon matched-pairs
t-test. Correlation analyses were determined by the Spearman
rank correlation test. Values of P<<0.05 were considered as
statistically significant differences. Receiver-operating char-
acteristic curve analysis provides a standardized appreciation
of the accuracy of a marker for predicting an event at the ICU
during follow-up. This statistic allows for the comparison of
the accuracy of different prognostic scores within a population.
A receiver-operating characteristic curve represents a plot of
sensitivity against ‘1-specificity’.

RESULTS

Population characteristics

The clinical characteristics of the subjects are shown in Table 1.
Eighteen healthy subjects, nineteen patients with SIRS and
thirty-four patients with sepsis were enrolled in our study.
The gender and age of both the SIRS and sepsis patients were
comparable to the healthy control (HC) subjects. Notably,
patients with sepsis had higher SOFA scores and more infec-
tions than the SIRS patients, including lung (20 patients,
58.8%), abdomen (11 patients, 32.3%) and urinary tract (3
patients, 8.8%) infections. Pathogen culture included Gram-
negative bacteria (18 patients, 52.9%), Gram-positive bacteria
(7 patients, 20.5%), fungi (2 patients, 5.9%) and negative cul-
ture (7 patients, 20.7%). The 28-day mortality rate of the sepsis
patients was 52.9%.



Table 1 Clinical characteristics of enrolled subjects
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HC SIRS Sepsis P
Numbers 18 19 34
Age (years) 35+10 53+17 49+14 0.12
Sex (male/female) 10/8 11/8 18/16 0.93
SOFA score — 3.5x1.9 10.7%+4.1 <0.01
Site of infection
Lung — — 20 (58.8%) —
Abdomen — — 11 (32.3%) —
Urinary tract — — 3(8.9%) —
Pathogen culture —
Gram™ bacterial — — 18 (52.9%) —
Gram™ bacterial — — 7 (20.5%) —
Fungi — — 2 (5.9%) —
Negative culture — — 7 (20.7%) —
WBC (x10%/1) — 14.4+3.2 159+59 0.57
Mechanical ventilation (n) 3 12 0.13
Renal replacement therapy (n) — 1 8 0.17
Mortality (survival/non-survival) — 0% (0/19) 52.9% (16/18) <0.01

Abbreviations: HC, healthy control; SIRS, systemic inflammatory response syndrome; SOFA, sepsis-related organ failure assessment; WBC, white

blood cell.
Data are shown as number (%) or mean=s.d.

Decreased C5aR and C5L2 expression levels on neutrophils
are associated with the severity of sepsis

We first quantitatively measured the C5aR and C5L2 express-
ion levels on blood neutrophils in the subjects. The percentage
of neutrophils at admission was significantly higher in SIRS
and sepsis patients compared to HC subjects. Additionally,
sepsis patients displayed higher percentages of neutrophils
than SIRS patients (Figure la). Further analysis indicated that
the mean fluorescence intensity (MFI) of C5aR expression on
neutrophils was higher in SIRS patients compared to that in
sepsis patients (Figure 1b and ¢). No difference in the percent-
age of C5aR expression was found between the HC controls and
sepsis patients (data not shown). Meanwhile, the percentage of
C5L2-expressing neutrophils (Figure 1d and e) and the MFI of
C5L2 (Figure 1f) were both significantly reduced in sepsis
patients. We also found that C5L2 expression on neutrophils
from the fluid of pleural effusion and ascites was lower than on
peripheral neutrophils (n=10, Figure 1g).

C5aR and C5L2 expression on neutrophils were significantly
negatively correlated with SOFA scores at the day of sepsis
diagnosis (Figure 2a—c). Furthermore, C5aR and C5L2 express-
ion levels on neutrophils at admission significantly stratified
sepsis patients into survival and non-survival groups (Figure 2d
and e). In receiver-operating characteristic curve analysis, we
found the expression of C5aR and C5L2 can be served as bio-
markers for predicting survival of septic patients. The AUC of
C5aR MFI was 0.710 (95% confidence intervals: 0.528-0.892),
the specificity and sensitivity were 75.1% and 67.7%, respect-
ively, when using 379.8 as a cutoff point (Figure 3a). The AUC
of C5L2 percentage was 0.724 (95% confidence intervals: 0.55—
0.898), the specificity and sensitivity were 81.3% and 61.1%
respectively, when using 72.7 as a cutoff point (Figure 3b). The

AUC of C5L2 MFI was 0.771 (95% confidence intervals: 0.612—
0.93), the specificity and sensitivity were 87.5% and 61.1%
respectively, when using 379.8 as a cutoff point (Figure 3c).

We also longitudinally measured C5aR and C5L2 expression
on neutrophils at admission and on the recovery day when
sepsis had improved to SIRS or better. These sepsis patients
showed significant increases in C5aR and C5L2 expression
levels as they recovered from the disease (Figure 4). These data
indicated that the C5aR and C5L2 expression levels on neutro-
phils were significantly decreased in sepsis; the reduction was
further associated with the severity of sepsis.

Exposure of neutrophils to C5a reduced C5aR and C5L2
expression levels in vitro

To further explore the mechanism whereby the expression levels of
C5aR and C512 on neutrophils were reduced, we evaluated the
effect of C5a on C5aR and C5L2 expression on neutrophils.
Peripheral neutrophils were exposed to 10 or 100 nM C5a, and
then cells were evaluated for their expression of C5aRs. As shown
in Figure 5, there was a reduction in C5aR and C5L2 expression
levels on neutrophils when exposed to C5a compared to the con-
trols. Notably, 100 nM C5a stimulation induced a more significant
reduction in C5aR and C5L2 expression levels than 10 nM C5a.

C5a induced less IL-8 production by neutrophils in sepsis
patients

Although the total levels of pro-inflammatory mediators, includ-
ing IL-8, increased during sepsis (data not shown), the cytokine
secretion ability of neutrophils from different patient groups was
not known. As shown in Figure 6a, neutrophils displayed differ-
ential capacities to produce IL-8 upon stimulation by C5a.
Further analysis indicated that neutrophils from sepsis patients
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Figure 1 The expression of C5aR and C5L2 on neutrophils in sepsis patients. (a) The percentages of neutrophils, defined as CD66b-positive
leukocytes in HC, SIRS and sepsis patients. (b) Representative dotplots show the expression of C5aR on CD66b-positive cells in patients and health
controls. (¢) The pooled data of the MFI of C5aR expression on CD66b-positive cells in HC, SIRS and sepsis patients. (d) Representative dotplots
show the expression of C5L2 on CD66b-positive cells in patients and health controls. (e) The pooled data of the percentage of C5L2 expression in
HC, SIRS and sepsis patients. (f) The pooled data of the MFI of C5L2 expression in HC, SIRS and sepsis patients. (g) Differential expression of C5L2
on CD66b-positive cells in blood and fluid from sepsis patients. Each dot represents an individual. * P<0.05; **P<0.01. C5aR, complement 5a
receptor; HC, healthy control; MFI, mean fluorescence intensity; SIRS, systemic inflammatory response syndrome.

exhibited a relatively poor ability to secrete IL-8 in response to
C5a in vitro, when compared to healthy controls or SIRS patients.

DISCUSSION

Neutrophil dysfunction has been previously reported in

This finding indicated that C5a-mediated IL-8 production by patients with severe sepsis.'” This finding indicated the global
impairment of immune functions and that it was correlated

neutrophils was impaired in sepsis patients.
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Figure 2 Reductions in CbaR and C5L2 expression are positively associated with the severity of sepsis. (a—¢) The CbaR and C5L2 levels were
correlated with the SOFA score of septic patients. (d and e) The C5aR and C5L2 levels were associated with mortality in septic patients. Each circle
represents an individual. * P<0.05; **P<0.01. ChaR, complement 5a receptor; SOFA, sepsis-related organ failure assessment.
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with poor outcomes in these patients. However, the mechan-
isms underlying this phenomenon in sepsis and whether it is
only restricted to sepsis or is related to disease severity had
remained unknown. Here, our findings indicated that C5a
might mediate neutrophil dysfunction through interactions
with C5aRs, which was also found to be associated with a poor
outcome in severe sepsis.

Previously, changes in C5aR expression levels were associated
with a poor prognosis during sepsis,'*'> which indicated the
C5aR expression on neutrophils and the presence of circulating
form of C5aR in serum were important markers for sepsis
patients. However, the coordinated expression of C5aR and
C5L2 and their association with disease progression were not
detected in patients with sepsis. Our data provided five pieces of
evidence to support an association between the reduction of
C5aRs levels and sepsis progression. First, the expression levels
of C5aR and C5L2 were obviously reduced in sepsis patients
when compared to SIRS patients and HC subjects; notably,
the reduced expression of C5L2 in the fluid of pleural effusions
and ascites from sepsis patients was more obvious than in peri-
pheral blood, which might indicate that in the locus of infection
the change of C5L2 was more significant. Second, there was a
significant negative correlation between the expression of C5aRs

on neutrophils and SOFA score. Third, high levels of C5aR and
C5L2 expression on neutrophils were associated with the sur-
vival of sepsis patients, whereas low levels of C5aR and C5L2 on
neutrophils were found to predict high mortality in sepsis
patients. Fourth, the expression levels of C5aR and C5L2 were
significantly increased as sepsis improved in a long-term follow-
up. Fifth, the MFI of C5aR, the percentage of C5L2 and the MFI
of C5L2 showed similar sensitivities and specificities to predict
survival of sepsis. These data suggest that the expression of
C5aRs on neutrophils may serve as prognostic markers for pre-
dicting the outcome of sepsis.

The mechanisms underlying C5aRs downregulation remain
unclear. Previous in vitro experiments suggested that the bind-
ing of C5a could lead to the reduced surface expression of
C5aR, which rendering cells resistant to subsequent challenges
with C5a.'® Here, we showed that C5a rapidly induced the
internalization of C5aR and C5L2 within human neutrophils.
Interestingly, the plasma concentration of C5a was not signifi-
cantly changed in patients with sepsis in our study (data not
shown), which most likely reflects increased C5a consumption
during the inflammatory response.

C5a functions by binding to its receptors, C5aR and C5L2.
The reduction in C5aRs expression levels might correlate with
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Figure 4 The dynamics of C5aR and C5L2 expression on neutrophils in patients at various phases of disease. (a) The increased C5aR expression
on CD66b-positive cells was correlated with improvement in sepsis patients. (b and ¢) The increased C5L2 expression on CD66b-positive cells was
correlated with improvement in sepsis patients. Each circle represents an individual. * P<0.05; **P<0.01. CbaR, complement 5a receptor.
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exposed to Cha in vitro. Data indicate the means and standard deviations. **P<<0.01. C5aR, complement ba receptor.

the loss of innate immune function in neutrophils. However, in
different animal models, the functions of C5aR and C5L2 are
controversial.'””'® Thus, changes in the expression levels of
C5aRs need to be linked with disease status. Under physio-
logical conditions, relatively low levels of C5a may accelerate
the priming of neutrophils and monocytes, and also activate
endothelial cells, supporting efficient natural immune responses
in the case of infections."” Excessive C5a production, how-
ever, may induce neutrophil dysfunction, including abnormal

chemotaxis, reactive oxygen species production and phagocyt-
osis.”**' Our study supported a model in which C5a induces
impaired IL-8 production by neutrophils. This phenomenon
might be associated with ‘sepsis-like’ immune paralysis.”> In
sepsis, the downregulation of HLA-DR expression and the
reduction of TNF-o levels have been identified,”>and dysfunc-
tion of neutrophils was also reported to be associated with
acquisition of nosocomial infection,** which further indicated
the immune status of sepsis patients. Indeed, future studies
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Figure 6 Neutrophils from septic patients exhibit a reduced ability to produce IL-8 when exposed to Cha. (a) Representative dot plots show the co-
expression of CD66b and IL-8 in neutrophils in vitro. (b) The pooled data of IL-8 expression on CD66b-positive cells in HC, SIRS and sepsis patients
when exposed to Cba. **P<0.01. Cba, complement ba.
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should aim to elucidate the mechanism underlying C5a-induced
immune paralysis.

CONCLUSIONS

In summary, our results show that sepsis is associated with the
dysfunction of neutrophils, which is mediated by C5a. Per-
sistent reductions of C5aR and C5L2 levels on neutrophils were
associated with a poor outcome in sepsis. Interventions to alter
the levels either C5a or C5aRs might improve survival during
sepsis.
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