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Editorial on the Research Topic
The Role of Complement in Microbial Infections

Complement plays a major role in immune defense against all different types of pathogens, namely
bacteria, viruses, fungi, and parasites. All these pathogens try to evade complement attack by
numerous mechanisms. The 14 articles of this themed collection highlight the latest advances
regarding this complement-pathogen relationship. A theme, which is found frequently is the
binding of complement regulator proteins on the surface of pathogens to avoid complement-
mediated destruction. A major regulator is hereby factor H (fH), which is recruited from fluid
phase. The group of Marc Thilo Figge provided a sophisticated mathematical model, which allows
quantifying fH mediated discrimination to self vs. non-self in fluid phase and steady state (Tille et
al.). This dynamic model may be used to not only define critical fH concentrations on the surface of
pathogens, but also to model interactions of fH mutants and their effect under pathophysiological
conditions (Tille et al.).

Kristensen et al. from Copenhagen, Denmark show in a prospective, observational study that
different complement factors and complement activation products could be potential prognostic
markers for necrotizing soft-tissue infection (NSTI), a life-threatening condition whose early
diagnosis is mandatory for successful outcome. The authors found that both complement lectin and
classical pathway were depleted during NSTI due to complement activation and that complement
could be a good predictor of mortality in patients with NSTI, being a promising novel prognostic
tool for the disease (Kristensen et al.).

Three contributions focus on bacteria. The first by Rottgerding and Kraiczy from Frankfurt,
Germany, is summarizing immune evasion strategies of relapsing fever spirochetes. Relapsing fever,
a neglected arthropod-borne disease, is caused by a number of diverse human pathogenic Borrelia
species which all inactivate complement by recruiting distinct regulatory proteins, e.g., C1 esterase
inhibitor (C1-INH), C4b-binding protein (C4BP), factor H (FH), FH-like protein-1 (FHL-1), and
factor H-related proteins FHR-1 and FHR-2, or by binding to individual complement components
(Rottgerding and Kraiczy).

The second paper by the group of Lourdes Isaac, Sao Paolo, Brazil, is focusing on the role of
properdin in immune defense against Leptospira biflexa. Properdin (P) is a positive regulatory
protein of the complement alternative pathway (AP), recently been implicated to directly bind
to the surface of certain pathogens regardless of the presence of C3bBb (Martinez et al.). In that
paper the authors demonstrate direct binding of P to saprophytic Leptospira. Most importantly, this
microorganism survives in P-depleted human serum while the addition of purified P to P-depleted
human serum decreases the number of viable leptospires (Martinez et al.).
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The third paper from the group of Jeane Eliete Laguila
Visentainer from Maringa, Brazil assesses the association of
MBL2 exon 1 polymorphisms with multibacillary leprosy (Tiyo
et al.). Mannose-binding lectin (MBL), a recognition protein of
the lectin pathway, plays a major role in innate anti-microbial
immunity. Different variants on exon 1 of the gene coding for
MBL (MBL2) influence MBL serum level. In a case-control study
including 350 leprosy patients from Southern Brazil, the authors
found an association of MBL2 B variant with a higher risk for
development of multibacillary (MB) leprosy. In addition, the
TGG and CAG haplotypes presented an increased susceptibility
to develop leprosy in general and MB disease, in women, which
was not observed in the male population (Tiyo et al.).

Four contributions deal with viruses. The first two by the
group of Posch et al.,, Innsbruck, Austria; in Bermejo-Jambrina
et al. they investigated the effect of complement opsonization of
HIV-1, which has been shown to enhance infection of dendritic
cells (DCs) while enhancing anti-viral immune response.
Here they further deciphered the underlying mechanisms by
studying the individual role of complement receptors CR3 and
CR4. THP-1 cells knocked-out for CD11b (CR3) and CDll1c
(CR4) were generated using the CRISPR-Cas9 technology and
differentiated into THP1-DCs. Evidence is provided for distinct
and opposite roles of CR3 and CR4, the latter playing a major
role in the inflammatory and anti-viral responses triggered by
complement-opsonized HIV (Bermejo-Jambrina et al.). The role
of complement receptors was summarized in an additional
contribution of this group (Posch et al.) focusing on HIV and
DCs. This comprehensive review discussed recent finding and
gave a summary of the high potential of DCs primed with
complement-opsonized HIV to initiates efficient antiviral and
cytotoxic anti-HIV immunity (Posch et al.).

The second review, which focuses on complement-virus
interactions was provided by the group of John Bernet Johnson,
Thiruvananthapuram, India and addressed the interaction of
complement with RNA viruses from a more general point
of view (Kumar et al). The authors discussed all aspects
of complement RNA virus interactions from complement
activation, to interactions of opsonized RNA viruses with
complement receptors and mechanisms to escape from
complement-mediated lysis (Kumar et al.).

Malekshahi et al. from Innsbruck, Austria provided evidence
that the envelope (E) protein of Zika virus directly bind to
proteins of the terminal pathway of complement and interferes
with the formation of the membrane-attack complex (MAC).
The authors showed that both NS1 and the E proteins work
synergistically to protect the virus by limiting MAC formation
and thus reducing complement-mediated damage (Malekshahi
etal.).

Two contributions focus on fungi. Deshmukh et al. from
Innsbruck, Austria, investigated the interaction of Aspergillus-
derived galactosaminogalactan (GAG) with platelets and the
subsequent complement activation. This effect was exclusively
induced by GAG from A. fumigatus and not observed with other
Aspergillus species or several Mucorales tested. The induction of

C3a and C5a, pro-inflammatory cytokines and the detection of
C5b-C9 complexes on platelets might contribute to the reduced
number of these cells and this might provide an explanation for
the excessive inflammation, thrombocytopenia, and thrombosis
observed in infected patients (Deshmukh et al.). The group of
Cornelia Speth, Innsbruck, Austria added a further paper to the
Research Topic focusing on new aspects on the interaction of
Candida and complement (Harpf et al.). Beside reviewing several
escape mechanisms from the activated complement system by C.
albicans, recent findings on the interplay between non-albicans
C.-species such as C. auris were highlighted (Harpf et al.).

Parasites were the final group of pathogens, which were
addressed by three contributions. The group of Jorg Kohl,
Liibeck, Germany, investigated the role of C5a/C5aR1 axis
activation for early immune responses in a mouse model of
Toxoplasma gondii (T. gondii) infection. C5ar1-/- mice suffered
from more severe disease progression, which was associated
with reduced concentrations of IL-12, IL-27, and IFN-y in
serum (Briukhovetska et al.). This resulted not only in decreased
frequency of IFN-y+ NK cells in the spleen, but also reduced
IL12 production by splenic DCs, which is important for IFN-
y production and subsequent iNOS expression in the brain to
control acute T. gondii infection (Briukhovetska et al.).

Among the virulence factors of Trypanosoma cruzi (T. cruzi)
with a capacity to inhibit complement activation is T. cruzi
calreticulin (TcCalr). Ramirez-Toloza et al., Santiago, Chile, and
colleagues reviewed the mechanisms by which TcCalr blocks
either, the classical or lectin pathway. In addition, they addressed
recent findings indicating that TcCalr inhibits angiogenesis,
promotes wound healing and reduces tumor growth. As other
parasites express Calr, too, the detailed understanding of the role
of this virulence factor may provide new strategies to develop
anti-parasite therapies and prophylaxis (Ramirez-Toloza et al.).

The manuscript presented by Shao et al. adds a piece of
interesting data on the modulation of complement activation
by a helminth parasite. The authors showed that a calreticulin
protein secreted by Trichinella spiralis, TsSCRT, interacts with
human complement Clq through its S-domain inhibiting Clq-
mediated complement activation (1). Furthermore, TsCRT-S was
able to inhibit neutrophil activation as well as formation of ROS
and neutrophil NETs in vitro. The authors suggest a potential
therapeutic effect of TSCRT-S in the treatment of Clq/immune
complex-related autoimmune and inflammatory diseases (1).

In summary, all published articles provide new exciting data
of complement-pathogen interactions and help to elucidate
additional pieces of the fascinating jigsaw.
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Aim: We assessed whether different complement factors and complement activation
products were associated with poor outcome in patients with necrotizing soft-tissue
infection (NSTI).

Methods: We conducted a prospective, observational study in an intensive care unit
where treatment of NSTI is centralized at a national level. In 135 NSTI patients and 65
control patients, admission levels of MASP-1, MASP-2, MASP-3, C4, C3, complement
activation products C4c, C3bc, and terminal complement complex (TCC) were assessed.

Results: The 90-day mortality was 23%. In a Cox regression model adjusted for sex, and
SAPS Il, a higher than median MASP-1 (HR 0.378, Cl 95% [0.164-0.872], p = 0.0226)
and C4 (HR 0.162, 95% CI [0.060-0.438], p = 0.0003), C4c/C4 ratio (HR 2.290 95%
Cl [1.078-4.867], p = 0.0312), C3bc (HR 2.664 95% CI [1.195-5.938], p = 0.0166),
and C3bc/C3 ratio (HR 4.041 95% CI [1.673-9.758], p = 0.0019) were associated
with 90-day mortality, while MASP-2, C4c, C3, and TCC were not. C4 had the highest
ROC-AUC (0.748, [95% CI 0.649-0.847]), which was comparable to the AUC for SOFA
score (0.753, [95% CI 0.649-0.857]), and SAPS Il (0.862 [95% CI 0.795-0.929]).

Conclusion: |In adjusted analyses, high admission levels of the C4c¢/C4 ratio, C3bc, and
the C3bc/C3 ratio were significantly associated with a higher risk of death after 90 days
while high admission levels of MASP-1 and C4 were associated with lower risk. In this
cohort, these variables are better predictors of mortality in NSTI than C-reactive protein
and Procalcitonin. C4’s ability to predict mortality was comparable to the well-established
scoring systems SAPS score Il and SOFA on day 1.

Keywords: necrotizing fasciitis, soft tissue infection, sepsis, amputation, survival complement activation, immune
system
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Kristensen et al.

Complement Activation in Necrotizing Soft-Tissue Infections

INTRODUCTION

Necrotizing soft-tissue infections (NSTIs) are infections with a
necrotizing component involving any or all layers of the soft
tissue compartment (1). They are rapidly progressive and can
lead to sepsis, multisystem organ failure, and in 8-49% death (2).
Surgical removal of all necrotic tissue is essential for survival and
time to surgery an important determinant for the outcome (3-6).
Yet it is common for patients to have additional areas of necrosis,
and therefore require multiple operations with serial exploration
and debridement until the infection is controlled (7). In 16% of
patients, amputation is necessary (5).

If we had reliable tools to identify the patients requiring
extensive surgery and discriminate them from the low-risk
patients, we could improve survival rates, and avoid the extensive
surgery in low-risk patients that currently leads to functional
limitations in 30% of patients (8).

It is reasonable to look for such biomarkers in the complement
system. Complement plays a crucial role in the microbial defense
by mediating opsonization, sequestration, and lysis of pathogens
(9), bridges the innate and adaptive system (10), and is activated
by apoptotic and necrotic tissue (11). Uncontrolled complement
activation is part of the hyperinflammatory response seen in
sepsis and sepsis-related coagulopathy (12).

The complement system is divided into three converging
proteolytic cascades; the classical, the lectin, and the alternative
pathways. We have previously investigated the use of the lectin
pathway initiator molecules and kinetic complement analyses as
prognostic markers in NSTT patients (13), suggesting that pattern
recognition molecules of the lectin pathway play an important
role in these patients. Here, we further investigate the levels the
lectin pathway associated enzymes MASP-1, MASP-2, MASP-3,
the down-stream components C4, C3, the complement activation
products C4c, C3bc, and the fluid phase analog of the terminal
C5b-9 complement complex (TCC) in NSTT patients and a group
of non-infected control patients.

MATERIALS AND METHODS
Study Design and Setting

This prospective, observational study was conducted from
February 2013 to March 2015 at the Copenhagen University
Hospital (Rigshospitalet) where the national treatment of NSTI
has been centralized. This is a substudy of the European INFECT
project (ClinicalTrials.gov Identifier: NCT01790698).

Patients were screened at arrival to Rigshospitalet. Inclusion
criteria were: (1) NSTI based on surgical findings with necrosis
engaging any layers of the soft tissue compartments and (2) age
> 18 years. Patients were excluded if the NSTT diagnosis could not
be confirmed during surgery.

Abbreviations: AUC, area under the curve; CI, confidence interval; CRP, C-
reactive protein; ELISA, enzyme-linked immunosorbent assays; HR, hazard ratio;
IQR, interquartile range; NSTI, necrotizing soft-tissue infection; P, p-value; PRMs,
pattern recognition molecules; ROC, Receiver Operating Characteristics; SAPS 1I,
Simplified Acute Physiology Score II; SOFA, Sequential Organ Failure Assessment;
suPAR, soluble urokinase plasminogen activator receptor; TCC, terminal C5b-9
complement complex.

Control patients were eligible for inclusion if they were: (1)
undergoing elective orthopedic surgery at Rigshospitalet; and
(2) were aged >18 years. Patients with ongoing infection or
inflammatory conditions were excluded.

Data Collection

We obtained clinical data from electronic records on age, sex,
body mass index, chronic disease (diabetes, liver cirrhosis,
chronic kidney disease, cardiovascular disease, chronic
obstructive, pulmonary disease, peripheral vascular disease,
immune deficiency, malignancy, rheumatoid disease), primary
site of infection, microorganism, biochemistry, treatment,
and the intensive care unit scoring systems; Simplified Acute
Physiology Score II (SAPS II) and Sequential Organ Failure
Assessment (SOFA) score day 1. SOFA score was altered as the
Glasgow Coma Scale score was omitted. Vital status and time
of death, if relevant, were extracted from the hospital database
linked to the Danish Civil Registration System. The decision to
amputate was based on the surgeon’s evaluation. No protocol for
amputation was used.

Standard blood analyses including platelet count, creatinine,
leucocyte count, and C-reactive protein (CRP) levels were
performed at the Department of Clinical Biochemistry,
Rigshospitalet, as part of routine analyses, whereas sodium,
potassium, hemoglobin, lactate, pH, base excess, pOa,
and pCO, were measured using an ABL 725 (Radiometer,
Copenhagen, Denmark).

Upon admission, blood was drawn from an arterial line or
central venous catheter into 9-mL vacuum tubes containing
EDTA. For the control group, venous blood samples were drawn
preoperatively. The samples were immediately put on ice until
plasma was seperated from whole blood by centrifugation (within
40 min) at 2,400 G for 10 min and subsequently stored at —80°C.

MASPs, C4c, C3bc, and TCC were measured in the samples
by Enzyme-linked Immunosorbent assays (ELISAs). MASP-1
and MASP-2 plasma levels were measured using commercial
ELISA kits (MASP-1: USCN Life Sciences; catalog#: SEB895Hu,
MASP-2: HycultBiotech Catalog #: HK326-02), as recommended
by the manufacturer. Plasma levels of MASP-3, C4c, C3bc,
and TCC were measured using previously described in house
sandwich ELISAs (14-17). Total plasma concentrations of C4
and C3 were measured using an automated turbidimetric
protein analyzer according to the manufacturers instructions
(SPAPLUS®, the Binding Site group LDT, Birmingham, UK).

Outcome Measures

Our primary analysis was the association between complement
parameters measured upon admission, 90-day mortality, and
disease severity. We compared patients with septic shock vs.
patients without, amputated vs. non-amputated patients and
survivors vs. non-survivors. Septic shock was defined according
to the criteria of Bone et al. (18). Amputation was defined as any
amputation of a limb or penis.

Secondarily, we dichotomized every complement parameter
by its median and investigated for associations with 90-day
mortality. Patients were followed from inclusion until death, loss
to follow up or March 2015, whichever came first.
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Statistical Analyses

The significance level was set at 0.05. Kolmogorov-Smirnov and
Shapiro-Wilk normality tests were performed for all variables.
Due to non-parametric distribution, continuous data were
reported as median (IQR) and compared by the Kruskal-Wallis
test. For ad-hoc pairwise analyses, we used Dunn’s test. For
categorical data, we reported absolute numbers, with proportions
in parentheses, and used Pearson’s chi-square test or Fisher’s
exact test for comparisons.

The prognostic value of the complement parameters for
90-day-mortality was investigated using Cox regression. For
multivariate analysis, the first model was adjusted for sex and
SAPS 1I, the second for age, sex, chronic disease (yes/no), and
SAPS II. Data from the Cox analyses were presented as hazard
ratios (HR) with 95 % confidence intervals (95% CI). The
proportional hazard assumption was met for all parameters in
our regression models. We were unable to calculate SAPS II in
five patients due to missing data. These patients were excluded
from the multivariate analysis. Receiver operating characteristic
(ROC) curves with area under the curve (AUC) were reported for
the complement parameters for 90-day mortality. Nine patients
were excluded from the ROC analyses due to missing SAPS II,
pH, base excess, or lactate. Statistical analyses were performed
using SAS 9.4 (SAS Institute Inc., Cary, NC).

RESULTS

We included 135 NSTI patients (Figure1l) and 65 control
patients, matched for age and sex. Ninety-six patients (71%)
had septic shock, amputation was undertaken in 27 cases (20%),
and 31 patients (23%) died within 90 days. Table 1 displays
differences in the clinical data between surviving and non-
surviving patients.

Complement Levels and NSTI Severity
MASP-1, C4, C4c, C3, decreased gradually, and C3bc/C3
levels increased gradually from controls to survivors, and from
survivors to non-survivors, with significant differences both
overall (Kruskal Wallis, p < 0.0003, p < 0.0001, p < 0.0001, p
< 0.0001, and p < 0.0001, respectively), and between all groups
as revealed by the ad-hoc test (Table 2). MASP-2 levels differed
significantly between the groups (Kruskal Wallis, p = 0.0025).
The ad-hoc analysis revealed that MASP-2 was significantly lower
in non-survivors compared to survivors and controls but did
not differ between controls and survivors. MASP-3 and TCC
differed significantly between the groups (Kruskal Wallis, p <
0.0001). The ad-hoc test showed significantly lower MASP-3 and
higher TCC levels in surviving and non-surviving patients when
compared to controls resulting in an overall difference between
the groups (Kruskal Wallis, p < 0.0001).

Table 3 displays the differences in the complement parameters
across control patients and NSTI patients with and without septic
shock. The median MASP-1 and C4c levels differed significantly
between the groups (Kruskal Wallis, p = 0.0017 and p < 0.0001),
and the ad-hoc analyses revealed significantly lower levels in
shock patients compared to controls. There was a significant

Patients with suspected

No blood samples taken

NSTI n=3
n= 165 (100%) (2%)
Excluded

Patients Included
n= 162 (98%)

!

Patients with NSTI
n =135 (83%)

! '

Septic Shock
n =96 (71%)

! '

n=27(17%)
Diagnosis not verified by
surgeon

No sepsis, n= 15 (38%)
—(Sepsis, n=4 (10%)
Severe sepsis, n=20 (51%)

Non-shock
n=39 (29%)

90-day 90-day
mortality mortality
n=22 (23%) n=9 (23%)

FIGURE 1 | Flowchart of patient inclusion. NSTI, necrotizing soft-tissue
infection. The figure is adapted from Figure 1 in Hansen et al. (19).

difference in median MASP-2 level between controls, non-shock
and shock patients (Kruskal Wallis, p = 0.0390), but with no
differences in the pairwise ad-hoc analyses. The levels of MASP-
3, C4, and C3bc/C3 differed significantly between the groups
(Kruskal Wallis, p < 0.0001, p < 0.0001, and p = 0.0002,
respectively), with ad-hoc analyses showing significantly lower
levels in non-shock and shock patients compared with controls.
The C3 levels decreased gradually, from controls to non-shock,
and from non-shock to septic shock with significant differences
both overall (Kruskal Wallis, p < 0.0001), and between all groups
as revealed by the ad-hoc test. Similarly, the median TCC levels
increased gradually from the control patients to non-shock and
non-shock to shock patients with significant differences both
overall (Kruskal Wallis, p < 0.0001), and between all groups as
revealed by ad-hoc analyses.

Admission levels of C4, C4c, and C3 were lower in patients
who underwent amputation vs. non-amputated (p = 0.0081,
0.0066, 0.0464, respectively; Supplementary Table 1).

Survival Analysis

Univariate Analysis

The univariate models revealed that an increase in age, SOFA
score, and SAPS II were associated with a higher hazard of
death before 90-days. Chronic disease and amputation were not
associated with mortality (Supplementary Table 2). Regarding
the complement parameters, significant associations with 90-day
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TABLE 1 | Clinical data in survivors and non-surviving necrotizing soft-tissue infection patients.

Variable Total NSTI patients (N = 135) Survivors (N = 104) Non-survivors (N = 31) p-value
Age, years 61.0 [62.0-69.0] 61.0 [60.0-67.5] 67.0 [568.0-70.0] 0.0693
Sex, male 84 (62.2) 63 (60.6) 21(67.7) 0.4702
Body mass index, kg/m?2 26.1[23.5-31.1] 25.6 [23.4-30.9] 27.8 [24.8-33.6] 0.0660
Active smoker 40 (29.6) 34 (32.7) 6 (19.4) 0.3023
High alcohol consumption®® 19 (19.6) 17 (22.4) 2(9.5) 0.1892

Chronic disease 86 (63.7) 63 (60.6) 23 (74.2) 0.1664
Cardiovascular disease 58 (43.0) 41 (39.4) 17 (54.8) 0.1281

Chronic obstructive pulmonary disease 14 (10.4) 9(8.7) 5(16.1) 0.2308
Chronic kidney disease 12 (8.9) 6 (5.8) 6(19.4) 0.0197
Diabetes 30 (22.2) 20 (19.2) 10 (32.3) 0.1257
Immune deficiency/AIDS 3(2.2) 3(2.9) 0(0.0) 1.0000F
Liver cirrhosis 5(3.7) 3(2.9) 2 (6.5) 0.3236F
Malignancy 15 (11.1) 12 (11.5) 3(9.7) 0.7723
Peripheral vascular disease 20 (14.8) 13 (12.5) 7 (22.6) 0.1655
Rheumatoid disease 10 (7.4) 8 (7.7) 2 (6.5) 0.8169
Hemoglobin, mmol/L, lowest value 2.2 [1.2-4.5] 1.9[1.2-3.2 4.3[1.6-14.5] 0.0017
Na*t, mmol/L, lowest value 5.7 [4.9-6.5] 5.8 [5.0-6.6] 5.2 [4.3-6.1] 0.0216
K*, mmol/L, lowest value 136.0 [132.0-138.0] 136.0 [132.0-138.0] 135.0 [131.0-139.0] 0.9979
Glucose, mmol/L, highest value 4.3[4.0-4.9] 4.3 [4.0-4.6] 4.8 [3.8-5.5] 0.0617
Creatinine wmol/l, highest valug® 8.3[7.1-11.5] 8.3 [7.1-11.5] 8.2 [6.7-14.5] 0.8856
pOs, kPa, from lowest PaO,/FiO- ratio® 119.0 [77.0-205.0] 101.0 [72.0-166.0] 216.0 [128.0-262.0] 0.0003
pH, lowest value 13.7 [10.9-19.6] 13.2[10.9-18.6] 14.0[9.4-22.3] 0.8351

Base excess, mmol/L, lowest value® 7.3[7.2-7.4] 7.3[7.2-7.4] 7.2[7.1-7.3] 0.0014
Lactate, mmol/L, highest value —5.5[-9.4--1.8] —4.8 [-7.7-—1.6] —10.2 [-13.9--5.1] 0.0003
Steroid treatment? 16 (11.9) 9(8.7) 7 (23.9) 0.0825F
Immunosupressing drugs? 12 (9.0) 10 (9.6) 2(6.7) 1.0000F
Ventilator treatment 122 (90.4) 91 (87.5) 31 (100.0) 0.0384F
Renal replacement therapy 34 (25.2) 18 (17.3) 16 (51.6) 0.0001

Amputation 27 (20.0) 18 (17.3) 9(29.0) 0.1520
Septic shock® 96 (71.1) 74 (71.2) 22 (71.0) 0.9840
SAPS I 45.0 [35.0-52.0] 40.5 [32.0-48.5] 59.0 [48.0-76.0] <0.0001
SOFA score day 12 7.0[4.0-9.0] 7.0[4.0-9.0] 10.0 [8.0-12.0] <0.0001
Primary site of infection

Head/neck 21 (15.6) 16 (15.4) 5(16.1) 0.9200
Chest 5(3.7) 3(2.9) 2 (6.5) 0.3236F
Abdomen 11(8.1) 8(7.7) 3(9.7) 0.7229
Genitals/Perineum 36 (26.7) 31(29.8) 5(16.1) 0.1306
Upper extremity 15 (11.1) 14 (13.5) 13.2) 0.1115
Lower extremity 47 (34.8) 32 (30.8) 15 (48.4) 0.0707
Microbiology

Positive tissue or blood cultures 102 (75.6) 78 (75.0) 24 (77.4) 0.7832

Polymicrobial infection® 57 (65.9) 43 (55.1) 14 (58.3) 0.7821

Staphylococcus aureus?® 17 (16.7) 13 (16.7) 4 (16.7) 1.0000F
Group A Streptococcus? 36 (35.3) 32 (41.0) 4(16.7) 0.0290
Gram negative rods? 27 (26.5) 18 (28.1) 9(37.5) 0.1613
Obligate anaerobes?® 32 (31.4) 24 (30.8) 8(33.3) 0.8129
Other bacteria® 21 (20.6) 15(19.2) 6 (25.0) 0.5410F

Values presented as Median [IQR] or N (column %) with Fisher’s Exact-test (F) or Pearson’s chi-square test.

@Data not available for all subjects. Missing values: Body mass index (n = 5): High alcohol consumption (n = 38), creatinine (n = 4), pO» (n = 10), pH (n = 5), base excess (n = 5),
lactate (n = 5), SOFA score (n = 6), steroid treatment (n = 1), Immunosuppresing drugs (n = 1), SAPS Il (n = 5), SOFA score day 1 (n = 6), and positive tissue or blood cultures (n
= 33).

bHigh alcohol consumption: > 14 units of alcohol/week (women); >21 units of alcohol/week (men).

¢Septic shock as defined by sepsis criteria by Bone et al. (18).

SAPS I, Simplified Acute Physiology Score Il; SOFA, Sequential Organ Failure Assessment; NSTI, Necrotizing soft tissue infection.
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TABLE 2 | Complement, leukocytes, and albumin in controls, surviving and non-surviving necrotizing soft-tissue infection patients.

Variable Total (N = 135) Controls (N = 65) NSTI survivors (N = 104) NSTI non-survivors (N = 31) p-value
MASP-1, AU/L 7.6 [6.5-8.9] 8.7 [7.5-10.2]%® 7.8 [6.8-9.0]° 7.0 [5.8-8.0]% 0.0003
MASP-2, AU/L 793.4 [604.1-1121.0] 977.5[623.3-1464.3°  874.5[568.8-1182.5]° 551.9 [404.6-849.4] 0.0025
MASP-3, AU/L 65.4 [47.5-100.5] 109.3 [87.9-130.1]%° 64.3 [46.5-100.1]° 67.6 [66.6-104.8]° <0.0001
C4, g/L8 0.17 [0.14-0.24] 0.24 [0.20-0.31]% 0.19 [0.15-0.26]° 0.13[0.11-0.17]°2 <0.0001
C4c AU/L 134.6 [87.3-199.0] 194.7 [130.9-326.5)% 150.4 [96.2-210.3]° 99.6 [69.8-158.9]° <0.0001
Céc/C49 752.9 [607.1-1165.8] 855.3 [569.8-1391.0] 720.2 [496.5-1163.0] 791.5 [571.3-1250.6] 0.2793
C3, g/L8 0.93[0.75-1.2] 1.2 [1.1-1.4]%® 0.96 [0.79-1.2]°° 0.79 [0.56-0.98]°2 <0.0001
C3bc, AU/L 156.7 [9.2-24.2]14.7 [9.1-22.0] 12.5[9.1-18.4] 15.2[9.0-22.0] 17.7 [9.5-26.4] 0.1091
C3bc/C3¢ 16.5[10.3-27.0] 10.7 [7.7, 14.7]% 14.9[9.8, 21.7]% 24.3[16.5, 40.6]* <0.0001
TCC, AU/L 1.5[1.00-2.6] 0.35 [0.26-0.46]2° 1.5[0.97-2.6]° 1.5[1.1-2.7]° <0.0001
Leukocyte count, x 10/, highest value 16.9[10.4-23.9] 7.2 [6.3-9.3]%® 16.5[11.1-23.1]° 18.3[8.5-27.2]° <0.0001
C-reactive protein, mg/L9 222.0[141.0-298.0] 2.0 [1.00-4.0]%® 224.5 [169.0-306.5]°° 165.0 [83.0-259.0]°2 <0.0001
Albumin, g/L 20.0 [16.0-22.0] 39.0 [36.0-41.0]% 20.0 [16.5-22.5]° 19.0 [16.0-21.0]° <0.0001
Values presented as Median [IQR] with Kruskal-Wallis test. A significance level of 0.0167 was used for pairwise ad-hoc comparisons.

aSignificantly different from NSTI survivors.

bSignificantly different from NSTI non-survivors.

CSignificantly different from controls.

9Data not available for all subjects. Missing values: C4 (n = 4), C4c/C4 (n = 4) C3 (n = 4), C3bc/c3 (n=4), leukocyte count (n = 3), and CRP (n = 4).

NSTI, necrotizing soft-tissue infection.

TABLE 3 | Complement, leukocytes, and albumin in controls and necrotizing soft-tissue infection patients with and without septic shock.

Variable Total (N = 135) Controls (N = 65) Non-shock (N = 39) Septic shock (N = 96) p-value
MASP-1, AU/L 7.6 [6.5-8.9] 8.7 [7.5-10.2]2 8.4[6.8-9.3] 7.4[6.3-8.7]° 0.0017
MASP-2, AU/L 793.4 [504.1-1121.0] 977.5 [623.3-1464.3] 905.1 [651.9-1422.5] 717.3 [487.6-1015.0] 0.0390
MASP-3, AU/L 65.4 [47.5-100.5] 109.3 [87.9-130.1]°2 65.4 [48.4-86.2]° 65.5 [46.5-113.7]° <0.0001
C4, g/L8 0.17 [0.14-0.24] 0.24 [0.20-0.31]@ 0.17 [0.14-0.26]° 0.17 [0.13-0.24]° <0.0001
C4c AU/L 134.6 [87.3-199.0] 194.7 [130.9-326.5 168.2 [106.1-261.4] 125.9 [80.7-188.8]° <0.0001
Céc/C49 752.9 [507.1-1165.8] 855.3 [569.8-1391.0] 958.6 [622.1-1442.3] 671.5 [506.0-1086.0] 0.0828
C3, g/L8 0.93[0.75-1.2] 1.2 [1.1-1.4]= 1.04 [0.82-1.4]°2 0.89 [0.73-1.08]°° <0.0001
C3bc, AU/L 156.7 [9.2-24.2]14.7 [9.1-22.0] 12.5[9.1-18.4] 17.0[9.5-22.4] 15.6 [9.1-24.2] 0.2460
C3bc/C3¢ 16.5[10.3-27.0] 10.7 [7.7,14.7]% 15.2[9.3,23.0]° 16.7 [10.4,27.3]° 0.0002
TCC AU/L 1.5[1.00-2.6] 0.35[0.26-0.46]°2 1.3 [0.68-1.8]°2 1.7 [1.1-2.8]>° <0.0001
Leukocyte count, x 10/1, highest value 16.9 [10.4-23.9] 7.2 6.3-9.3]°2 15.5 [9.7-22.7]° 17.6 [12.3-24.4]° <0.0001
C-reactive protein, mg/L9 222.0[141.0-298.0] 2.0 [1.00-4.0]°2 201.0 [134.0-275.0]° 222.0 [154.0-301.5]° <0.0001
Albumin, g/L 20.0 [16.0-22.0] 39.0 [36.0-41.0]*@ 21.0[18.0-23.0]° 18.5 [15.0-22.0]° <0.0001

Values presented as Median [IQR] with Kruskal-Wallis test. A significance level of 0.0167 was used for pairwise ad-hoc comparisons. Septic shock defined by criteria of Bone et al. (18).

aSignificantly different from Septic Shock.
b Significantly different from controls.
CSignificantly different from non-shock.

9Data not available for all subjects. Missing values: C4 (n = 4), C4c/C4 (n = 4) C3 (n = 4), C3bc/c3 (n = 4), leukocyte count (n = 3), and CRP (n = 4).

mortality were found for MASP-1 (HR 0.372, 95% CI [0.171-
0.808], p = 0.0125), MASP-2 (HR 0.297, 95% CI [0.133-0.666],
p = 0.0032), C4 (HR 0.215, 95% CI [0.088-0.525], p = 0.0007),
Cc (HR 0.371,95% CI [0.171-0.806], p = 0.0123), C3 (HR 0.434,
95% CI [0.204-0.921], p = 0.0297), and C3bc/C3 (HR 3.283, 95%
CI [1.468-7.344], p = 0.0038; Table 4).

Multivariate Analysis
When adjusting the models for sex and SAPS 1II a level above
the median MASP-1 (HR 0.378, CI 95% [0.164-0.872], p =

0.0226) and C4 (HR 0.162, 95% CI [0.060-0.438], p = 0.0003)
remained significantly associated with lower 90-day mortality
(Table 4). Additionally, a level above the median C4c/C4 ratio
(HR 2.290 95% CI [1.078-4.867], p = 0.0312), C3bc (HR 2.664
95% CI [1.195-5.938], p = 0.0166), and C3bc/C3 ratio (HR
4.041 95% CI [1.673-9.758], p = 0.0019) were associated with
an increased mortality. The remaining complement parameters
were not associated with death in the adjusted models.

In a model where we adjusted for age, sex, chronic disease,
and SAPS I, the same complement parameters yielded significant
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TABLE 4 | Cox regression analyses for 90-day mortality.

Unadjusted Adjusted for sex, SAPS Il Adjusted for age, sex, chronic disease,
and SAPS II

Variables grouped by HR 95% CI P-value HR 95% CI P-value HR 95% CI P-value

their medians

MASP-1 <7.63 AU/L 1.000 1.000 1.000 0.0251
>7.63 AU/L 0.372 [0.171-0.808] 0.0125 0.378 [0.164-0.872] 0.0226 0.368 [0.1563-0.882]

MASP-2 <793.36 AU/L 1.000 1.000 1.000 0.0936
>793.36 AU/L 0.297 [0.133-0.666] 0.0032 0.475 [0.202-1.119] 0.0886 0.473 [0.197-1.135]

MASP-3 <65.39 AU/L 1.000 1.000 1.000 0.3232
>65.39 AU/L 1.133 [0.560-2.291] 0.7289 1.497 [0.710-3.157] 0.2896 1.466 [0.686-3.133]

C4 <017 g/L 1.000 1.000 1.000 0.0003
>0.17 g/L 0.215 [0.088-0.525] 0.0007 0.162 [0.060-0.438] 0.0003 0.158 [0.057-0.434]

C4c <134.63 AU/L 1.000 1.000 1.000 0.9072
>134.63 AU/L 0.371 [0.171-0.806] 0.0123 1.033 [0.425-2.508] 0.9437 1.056 [0.424-2.631]

C4c/C4a <752.86 1.000 1.000 1.000 0.0250
>752.86 1.473 [0.722-3.007] 0.2872 2.290 [1.078-4.867] 0.0312 2.543 [1.124-5.755]

C3 <0.93 g/L 1.000 1.000 1.000 0.9437
>0.93g/L 0.434 [0.204-0.921] 0.0297 1.005 [0.429-2.352] 0.9911 1.082 [0.433-2.460]

C3bc <15.67 AU/L 1.000 1.000 1.000 0.0132
>15.67 AU/L 1.657 [0.804-3.414] 0.1708 2.664 [1.195-5.938] 0.0166 2.841 [1.244-6.487]

C3bc/C3  <16.49 1.000 1.000 1.000 0.0017
>16.49 3.283 [1.468-7.344] 0.0038 4.041 [1.673-9.758] 0.0019 4.301 [1.730-10.697]

TCC <1.55 AU/L 1.000 1.000 1.000 0.1236
>1.55 AU/L 0.961 [0.475-1.945] 0.9130 0.564 [0.267-1.192] 0.1338 0.554 [0.261-1.175]

Values are presented as Hazard ratios (HR) with 95% confidence intervals (95% Cl) and p-values. Complement factors are divided according to median values with below median group

as references. SAPS ll, Simplified Acute Physiology Score II.

results (Table 4). Adding amputation as a covariate in our models
did not change our results (data not shown).

Receiver Operating Characteristics (ROC)

Curves
We generated ROC curves for our explanatory variables
predicting 90-day mortality and compared them to the ROC
curves for SAPS II, SOFA score on day 1, and arterial blood
gas values.

The ROC Area Under the Curve (AUC) for MASP-1 (AUC
0.657, [95% CI 0.544-0.770]), MASP-2 (AUC 0.683, [95% CI
0.573-0.793]), C4 (AUC 0.748, [95% CI 0.649-0.847]), C4c
(AUC 0.639, [95% CI 0.526-0.751]), C3 (AUC 0.686, [95% CI
0.577-0.794]), and C3bc/C3 (AUC 0.683, [95% CI 0.570-0.796])
were significantly different from random chance (AUC 0.5) as
illustrated in Figure 2.

The SOFA score had an AUC of 0.753, [95% CI 0.649-0.857],
SAPS II had an AUC of 0.862, [95% CI 0.795-0.929]. The AUCs
for the complement parameters combined with SOFA score or
SAPS II were not significantly different from the AUC of SOFA
or SAPS II alone (data not shown).

For pH the AUC was 0.704 [95% CI 0.589-0.818], for base
excess the AUC was 0.716 [95% CI 0.603-0.829], and for lactate
the AUC was 0.731 [95% CI 0.631-0.831]. The ROC curve for
C4 combined with pH (AUC 0.777 [95% CI 0.674-0.880]) was
significantly different than the ROC curve for pH alone (p =

0.0374). C4 combined with base excess or lactate was not better
than base excess or lactate alone (data not shown).

Microbiology

Out of 135 patients, we could determine a responsible pathogen
in 102 cases (76%). Two or more bacteria were responsible for 57
(56%) of these patients. The most common pathogen was Group
A Streptococcus (GAS) with 36 infected patients (35%) (Table 1),
but only 22 (22%) patients were only infected with GAS.

DISCUSSION

In this prospective, observational study we have shown that
theres a relationship between the degree of complement
activation and NSTT severity. Specifically, the levels of MASP-1,
C4, C4c, C3, were significantly lower and C3bc/C3 significantly
higher in non-survivors, than in survivors, who again differed
significantly from controls. Similarly, the septic shock patients
had significantly lower levels of C3, and higher levels of soluble
TCC in their plasma, than the non-septic patients, who also
differed significantly from the controls.

Interestingly, C4 and its breakdown product C4c both
decreased with increasing severity. We expected an inverse
proportionality between C4 and C4c, as we saw for C3 and its
breakdown product C3bc. A probable explanation for this is a
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FIGURE 2 | Receiver operating characteristic curves for predicting the 90-day mortality in necrotizing soft-tissue infection patients for (A) MASP-1, MASP-2, and
MASP-3. (B) C4, C4c, and C4c/C4. (C) C3, C3bc, and C3bc/C3. (D) Sequential Organ Failure Assessment and score day 1 (SOFA), Simplified Acute Physiology
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shorter half-life for C4c, leading to a faster clearance of C4c than
of C3bc.

Opverall, our findings are in line with studies on septic patients
showing low C4 and C3 in non-survivors (20-22), and low
MASP-1 in patients with disseminated intravascular coagulation
(DIC) due to septic shock (23). This underlines that consumption
of complement is directly linked to the pathophysiology in

the hyperinflammatory reaction in NSTI as well as sepsis
in general.

We have previously examined several complement system
associated pattern recognition molecules (PRMs) such as CRP,
Pentraxin-3, MBL, ficolin-1, ficolin-2, and ficolin-3 as biomarkers
for risk stratification in the same cohort of NSTI patients (13, 19).
In the survival analysis, ficolin-2 was the most promising of
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the above-mentioned PRMs, but the association with mortality
disappeared after adjusting for SAPS II (13). Biomarkers outside
of the complement system such as Procalcitonin and soluble
urokinase plasminogen activator receptor (suPAR) have also been
examined and they were not associated with mortality in the
adjusted analyses (19, 24).

Here, we adjusted for the same covariates as previously and
found above-median admission levels of MASP-1 and C4 to be
independently associated with a lower risk of death before 90-
days, when compared to below or equal to median admission
levels. Above median admission levels of the C4c/C4 ratio,
C3bc, and the C3bc/C3 ratio were independently associated with
increased risk of death before 90-days from admission when
compared to below or equal to median admission levels. These
findings clearly suggest that complement consumption predicts a
poor outcome in NSTT and that the ability to maintain circulating
complement is linked to survival.

There are several, non-exclusive theories explaining the
biological mechanism behind complement consumption in
hyperinflammatory states. One theory is that consumption is a
result of complement deposition in the necrotic and infected
tissue. In addition, the complement protein production is
probably affected in multiple organ failure, and there could
also be a dilution effect with fluid resuscitation, although fluid
resuscitation cannot explain why TCC concentration is higher in
shock or non-survivors.

We lacked statistical power to examine the pathogens in
the NSTT patients, but the MASP-1 findings indicate that the
lectin pathway is involved in the pathophysiology. This is also
supported by our previous findings showing that the NSTI
patients had significantly lower baseline MBL and ficolin levels
than the non-infected controls (13), indicating that the lectin
pathway PRM’s are also consumed in NSTI. To better understand
the role of the classical pathway in NSTT we will have to proceed
with C1q measurements.

If the depleted complement in plasma is reflecting an
overactivation and dysregulation of complement in the infected
and necrotic tissue; complement inhibition could possibly be
beneficial. Complement inhibition has already been shown to
improve survival in a septic baboon model (25). We think our
findings warrant further studies on the use of Cl-inhibitor and
C5 inhibition in animal models.

The well-established clinical SOFA score and SAPS II also
predicted the risk of death in adjusted Cox analyses. Scoring
systems are necessary to monitor the patients over several days,
however, using scoring systems as admission triage can be
problematic as the necessary variables are often available after
at least 24h of admission. At that point, many interventions
have already been made (26). The new SAPS 3, can be
calculated quicker since it uses data available within 1h of ICU
admission (27), but, as Polzik et al. points out; it requires more
variables to calculate, many of which may be missing upon
admission (24). We wanted to compare the ROC curves for our
complement parameters to the ROC curves for SAPS II, SOFA
score on day 1, and the quickly available pH, base excess and
lactate levels.

The prognostic value of MASP-1, MASP-2, C4, C4c, C3,
C3bc/C3, pH, base excess, and lactate were similar to the
prognostic value of SOFA score day 1, but only the AUC for C4,
base excess and lactate had 95% CI’s that overlapped with the
AUC for SAPS II (0.862, [95% CI 0.795-0.929]). C4 had a higher
AUC (0.748, [95% CI 0.649-0.847]) than the arterial gas values.
Additionally, the AUC for C4 and pH combined (AUC 0.777
[95% CI 0.674-0.880]) was significantly higher than the AUC for
pH alone (0.704, [95% CI 0.589-0.818]), further underlining C4’s
potential as a prognostic marker.

To our knowledge, this is the first study to examine
complement parameters in a large, prospective cohort of NSTI
patients. The study includes all NSTI patients transferred to
our tertiary care hospital during the study period, which raises
external validity. Besides, there was no loss to follow up, and
the investigators performing analyses were blinded. Nevertheless,
it is pertinent to mention some limitations of our study.
NSTI patients are a heterogeneous group, and the complement
parameters could be influenced by unknown confounders, as in
other observational studies. Secondly, some patients might have
died, before transfer to our tertiary hospital center, increasing the
risk of selection bias. Fifteen patients (11%), did not fulfill the
sepsis criteria according to Bone et al. which could be a result
of this selection bias but could also be due to the variable time
course to fulminant disease (18). Our controls were sampled
preoperatively, while the NSTI patient’s primary debridement
often happened before transfer to our hospital. This means
that the surgery, in and of itself, could bias the differences we
measure between controls and patients. In addition, the controls
were all elective orthopedic surgery patients. An extremity is
the primary affected site in most NSTI cases but ideally, we
should also have included controls from other surgical specialties.
Lastly, we did not account for varying levels of complement
proteins throughout the study, although the baseline level is most
important for initial risk stratification and triage.

Since MASP-1, C4, the C4c/C4 ratio, C3bc, and the
C3bc/C3 ratio showed great potential as prognostic markers
next steps could be verification in a randomized control trial
investigate differences in mortality, where one study arm uses
complement admission levels to identify high-risk patients and
then investigate for differences in mortality between groups.
It would also be interesting to examine whether complement
levels can discriminate non-necrotizing soft-tissue patients from
NSTI to elucidate whether the complement levels could play a
role diagnostically.

CONCLUSIONS

We have shown that there is a relationship between the
degree of complement activation and NSTI severity suggesting
that consumption of complement is directly linked to the
pathophysiology in NSTI. Additionally, we have shown that
low levels of MASP-1, C4 and high levels of the C4c/C4 ratio,
C3bc and the C3bc/C3 ratio are associated with 90-day mortality
in unadjusted and adjusted survival analyses, establishing these

Frontiers in Immunology | www.frontiersin.org

15

January 2020 | Volume 11 | Article 17


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Kristensen et al.

Complement Activation in Necrotizing Soft-Tissue Infections

markers as better predictors of mortality than the currently used
NSTI biomarkers C-reactive protein and Procalcitonin, at least in
this cohort.

C4’s ability to predict mortality was comparable to the well-
established scoring systems SAPS score IT and SOFA on day 1.
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C5aR1 Activation Drives Early IFN-y
Production to Control Experimental
Toxoplasma gondii Infection
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" Institute for Systemic Inflammation Research, University of Libeck, Libeck, Germany, 2 Division of Immunobiology,
Cincinnati Children’s Hospital and College of Medicine, University of Cincinnati, Cincinnati, OH, United States, ° Institute of
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Toxoplasma gondli (T. gondlii) is a parasite infecting animals and humans. In intermediate
hosts, such as humans or rodents, rapidly replicating tachyzoites drive vigorous innate
and adaptive immune responses resulting in bradyzoites that survive within tissue cysts.
Activation of the innate immune system is critical during the early phase of infection to
limit pathogen growth and to instruct parasite-specific adaptive immunity. In rodents,
dendritic cells (DCs) sense T. gondii through TLR11/12, leading to IL-12 production,
which activates NK cells to produce IFN-y as an essential mechanism for early parasite
control. Further, C3 can bind to T. gondii resulting in limited complement activation.
Here, we determined the role of C5a/C5aR1 axis activation for the early innate immune
response in a mouse model of peritoneal T. gondii infection. We found that C5ar1~/~
animals suffered from significantly higher weight loss, disease severity, mortality, and
parasite burden in the brain than wild type control animals. Severe infection in C5ar1=/~
mice was associated with diminished serum concentrations of IL-12, IL-27, and IFN-
y. Importantly, the serum levels of pro-inflammatory cytokines, including IL-1q, IL-6, and
TNF-a, as well as several CXC and CC chemokines, were decreased in comparison to wt
animals, whereas anti-inflammatory IL-10 was elevated. The defect in IFN-y production
was associated with diminished /fng mMRNA expression in the spleen and the brain,
reduced frequency of IFN-y* NK cells in the spleen, and decreased Nos2 expression
in the brain of C5ar1~/~ mice. Mechanistically, DCs from the spleen of C5ar1=/—
mice produced significantly less IL-12 in response to soluble tachyzoite antigen (STAQ)
stimulation in vivo and in vitro. Our findings suggest a model in which the C5a/C5aR1
axis promotes IL-12 induction in splenic DCs that is critical for IFN-y production from NK
cells and subsequent INOS expression in the brain as a critical mechanism to control
acute T. gondii infection.

Keywords: complement, C5a, C5a receptor 1, Toxoplasma gondii, dendritic cell, NK cell, interferon-gamma,
interleukin-12
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INTRODUCTION

T. gondii is an obligate intracellular apicomplexan parasite
capable of infecting virtually all nucleated animal cells (1).
Typically, infection occurs after ingestion of oocysts or tissue
cysts that release the fast-replicating form of the parasite—the
tachyzoites, which multiply asexually and spread through the
host [reviewed in (2)]. Following successful immune system
activation, the parasite converts into the slowly replicating
bradyzoites and persists asymptomatically as a latent infection
in the central nervous system or muscle tissue in the form of
cysts (2).

As an intracellular parasite, T. gondii drives the induction
of typical Thl immune responses, in which IL-12 and IFN-y
are indispensable to control the infection (3). In mice, immune
recognition of T. gondii occurs through binding of profilin to
the intracellular toll-like receptor (TLR) 11/12 dimers in CD8a™
splenic DCs, which act as a primary source for IL-12 (4-8).
Secreted IL-12, together with TNFa and IL-18, stimulate NK and
T cells to produce IEN-y (9-11). Such IFN-y primes infected
cells to express immunity-related GTPases (IRGs) and inducible
nitric oxide synthase (iNOS, NOS2) as important effector agents
[reviewed in (12)]. Reactive nitrogen species synthesized by iNOS
exert microbicidal activity in macrophages and microglia and are
also essential for the control of T. gondii in the brain during the
chronic stage of infection (13).

In addition to the cellular immune system, the complement
system functions as an essential arm of innate humoral
immunity. Studies performed in the ’80s have shown that
the central complement component C3 can bind to T. gondii
tachyzoites and activate the alternative pathway (AP). However,
alternative pathway activation was shown to be inefficient and
did not lead to parasite lysis. Additional activation of the
classical pathway (CP) increased the formation of the membrane
attack complex (MAC) and the sensitivity of the parasite to
complement-mediated killing (14, 15). A recent report identified
the lectin pathway (LP) in addition to AP activation in T. gondii
type I and II strains (16). The authors further showed that
T. gondii binds the CP and LP regulator C4 binding protein
(C4BP) and the AP regulator Factor H (FH). These complement
regulators inactivated C3b and limited the formation of the MAC.
On the other hand, they found that C3-deficient mice were
more susceptible to i.p. T. gondii infection resulting in higher
mortality than in wt control mice due to uncontrolled parasite
proliferation in several tissues. These findings demonstrate a host
protective role for pathways downstream of C3. C3 is cleaved
into the anaphylatoxin (AT) C3a and the opsonin C3b. C3a
exerts its effector functions through activation of its cognate G
protein-coupled C3a receptor (C3aR) (17) expressed on several
immune cells (18). C3b and its degradation products can either
activate immune cells directly through binding to complement
receptors type 1 (CR1), CR2 or CR3 (19) or serve as the nucleus
to form C5 convertases that cleave C5 into C5a and C5b. C5a
is the second AT that exerts its pleiotropic functions through
binding and activation of its cognate G protein-coupled C5a
receptor 1 (C5aR1, CD88) (20), and C5a receptor 2 (C5aR2,
C5L2, GPR77) (21) both of which are mainly expressed by

immune cells of the myeloid lineage (18, 22, 23). Several
reports have shown that C5aR1 signaling pathways intersect
with TLR signaling in many ways, thereby modulating TLR-
driven immune responses critical for immune sensing and
resistance against several pathogens [reviewed in (24, 25)]. In
this context, C5a/C5aR1 axis controls the development of Thl
immune responses in response to several viruses and intracellular
parasites (26, 27) through autocrine, TLR-driven AT generation
in DCs (28, 29) and subsequent C5aR1 activation resulting in DC
cytokine production (29). Importantly, in the absence of C3aR1
and C5aR1, mouse splenic cells failed to produce IL-12 and IFN-
y in response to STAg (26). Our previous findings suggest that
CD8a" splenic DCs express C5aR1, but neither C3aR nor C5aR2
[reviewed in (30)].

Based on these findings, we hypothesized that C5a generation
during the early T. gondii infection and consecutive activation
of C5aR1 on splenic DCs are critical for early protective innate
immunity. To test this hypothesis, we infected C57BL/6 wt and
C5ar1~/~ mice ip. with cysts of the T. gondii type II strain
ME49 and determined complement activation, susceptibility to
infection, and parasite burden. We also assessed the production
of several pro- and anti-inflammatory cytokines in vivo and
in vitro with a particular emphasis on IL-12 family cytokines
and IFN-y induction as these cytokines play crucial roles in T.
gondii control. Here, we identified a critical role for C5a/C5aR1
axis activation in CD8a™ splenic DCs resulting in IL-12 and
subsequent IFN-y production from NK cells during the first
week after infection, eventually controlling parasite proliferation
and persistence.

MATERIALS AND METHODS

Reagents

Monoclonal antibodies: PE anti-mouse IL-12/23 (p40; clone
C15.6, BD Biosciences Cat# 554479, RRID:AB_395420),
Brilliant Violet 510™ anti-mouse/human CD11b (clone M1/70,
BioLegend Cat# 101245, RRID:AB_2561390), Brilliant Violet
421™ anti-mouse CD8a (clone 53-6.7, BioLegend Cat# 100737,
RRID:AB_10897101), Alexa Fluor® 700 anti-mouse NK-1.1
(clone PK136, BioLegend Cat# 108729, RRID:AB_2074426), PE
anti-mouse IFN-y, eBioscience (clone XMG1.2, Thermo Fisher
Scientific Cat# 12-7311-82, RRID:AB_466193), APC anti-mouse
CDl1lc, eBioscience (clone N418, Thermo Fisher Scientific
Cat# 17-0114-82, RRID:AB_469346), PE anti-mouse CDllc
(clone HL3, BD Biosciences Cat#561044, RRID:AB_2033996),
PerCP-Cy5.5 anti-mouse CD3e, eBioscience (clone 145-2Cl11,
Thermo Fisher Scientific Cat# 45-0031-82, RRID:AB_1107000),
eFluor450 anti-mouse CD3 (clone 17A2, Thermo Fisher
Scientific Cat# 48-0032-82, RRID:AB_1272193), eFluor450
anti-mouse CD19 (clone eBiolD3, Thermo Fisher Scientific
Cat# 48-0193-80, RRID:AB_2637304), APC-Cy7 anti-mouse
Ly6G (clone 1A8, BioLegend Cat# 127623, RRID:AB_10645331).
Cytofix/Cytoperm was from BD Biosciences. Red blood cell
(RBC) lysis buffer was prepared using 155 mM NH*Cl, 10 mM
KHCO3, and 0.1 mM EDTA (all from Sigma-Aldrich, Merck).
DNase I (Fermentas) and the RevertAid First Strand cDNA
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Synthesis Kit for mRNA generation was from Thermo Fisher
Scientific. Primers for real-time RT-PCR were from Eurofins
Genomics, and all other reagents for RT-PCR were from Bio-
Rad. RPMI 1640 medium, Dulbecco’s PBS (DPBS), L-glutamine,
penicillin, and streptomycin were from Life Technologies. BSA
was from Sigma-Aldrich, Merck.

Mice

Wild type C57BL/6 mice were purchased from Janvier Labs
(Le Genest Saint Isle, France). C5arl~/~ (B6.129S4-C5ar1fm1Cge,
MGI:6382541) mice (31) on the C57BL/6 background were
bred and housed under specific pathogen-free conditions in
the animal facilities of the University of Liibeck, Germany,
and Cincinnati Children’s Hospital Medical Center, Cincinnati,
Ohio, USA. NMRI mice were purchased from Charles River
(Stlzfeld, Germany). Animals were used at 8-12 weeks of age.
C57BL/6 control mice and C5ar1~/~ mice were co-housed and
matched by age and sex. Mixed-gender groups were used. All
animal studies were reviewed and approved by local authorities
of the Animal Care and Use Committee (Ministerium fiir
Landwirtschaft, Energiewende, Umwelt und Ldindliche Réiume,
Kiel, Germany) according to permission number V242-7224.122-
39 (36-3/15) and IACUC according to the protocol number
2013-0144 (J. Aliberti, CCHMC, Cincinnati, Ohio, USA).

Parasites and Infection

The STAg was prepared using T. gondii RH tachyzoites kindly
provided by A. Sher (National Institute of Allergy and Infectious
Diseases (NIAID), Bethesda, USA) that were maintained on
the human foreskin fibroblast cell line HS27 (ATCC CRL-1634,
RRID:CVCL_0335) as previously described (32). The T. gondii
type II strain ME49 was kindly provided by D. Schliiter (Otto von
Guericke University Magdeburg, Germany). Tissue cysts were
maintained through passaging in NMRI mice (Charles River)
as described (33) and propagated in C57BL/6 mice 4-8 weeks
before infection. C57BL/6 mice were infected by injection of
50 T. gondii ME49 brain cysts in 200 pl of homogenate/DPBS
intraperitoneally (i.p.). The clinical course, including weight,
disease severity, and survival was monitored daily.

Disease Severity Score

Each mouse was scored daily by two people. The score was
defined as follows: (1) coat, appetite, gait, posture is healthy, the
mouse is alert and usually responds to external stimuli (escape
behavior, reactivity); (2) the mouse is active, but moves slower
than average, back slightly humped, the fur starts to become
dull; (3) score two plus tilted head, ataxia or delayed righting
reflex; (4) the mouse is quiet, alert and responsive, but shows
a strongly hunched posture, coarse fur, reacts with movement
only to external stimulation; (5) the mouse no longer responds
to stimuli and is apathetic, lays on the side (34). Termination
criteria were defined as a score of 5 or a loss of more than 20%
of the initial body weight.

RNA Extraction

For total RNA extraction, the whole organs were homogenized
in RLT buffer (Qiagen) using an Ultra-Turrax™ homogenizer

(IKA) according to the manufacturer’s recommendations.
RNA was extracted on spin columns using AllPrep
DNA/RNA 96 Kit (Qiagen) according to the manufacturer’s
instructions. After extraction, RNA quantity, purity, and
quality were determined by NanoDrop 1000 spectrophotometer
(Thermo Scientific).

Real-Time RT-qPCR

Reverse transcription reaction was performed after DNase
I treatment of the RNA using first-strand ¢cDNA synthesis
kit (Thermo Scientific). Real-time qPCR was done using iQ
SYBR Green Supermix on a CFX96 Real-Time System (Bio-
Rad) using the following primers (Eurofins, Reichenwalde,
Germany): f-actin = 5-GCACCACACCTTCTACAATGAG-
3’ (sense) and 5-AAATAGCACAGCCTGGATAGCAAC-3
(antisense), IFN-y 5-ATGAACGCTACACACTGCATC-3
(sense) and 5'-CCATCCTTTTGCCAGTTCCTC-3' (antisense),
IL12p35  5'-CTGTGCCTTGGTAGCATCTATG-3'  (sense)
and 5-GCAGAGTCTCGCCATTATGATTC-3' (antisense),
IL12p40 5'-CAGAAGCTAACCATCTCCTGG-3' (sense)
and 5-AGTCCAGTCCACCTCTACAAC-3' (antisense),
IL-18 5-TCAAAGTGCCAGTGAACCCCA-3" (sense) and
5'-CACAGCCAGTCCTCTTACTTCA-3' (antisense), iNOS
5-AGCCAAGCCCTCACCTAC-3" (sense) and 5-AATCT
CTGCCTATCCGTC-3' (antisense) primers. The temperature
profile of the quantitative (qQ)PCR was a follows: 95°C for
3min, followed by 40 cycles at 95°C for 5s, 58°C for 5s,
and 72°C for 30s, followed by 30 cycles for 5s with a 1°C
temperature increase starting at 65°C to confirm the expected
PCR products by melting curve analysis. Real-time RT-qPCR
data were analyzed using CFX Manager Software 3.1 (Bio-
Rad). Relative expression was calculated using the AACt
method (35).

Serum Sampling

Blood was obtained from mice through the submandibular
venipuncture and collected in Microtainer tubes (BD) (36).
Tubes were inverted, incubated for 30 min at room temperature
for complete blood clotting, and centrifuged at 12,500 g for 5 min.
Separated serum was stored at —20°C until further analysis.

Determination of Cytokine, Chemokine,

and C5a Serum Concentrations

IL-12p40 and IFN-y were quantified by ELISA using commercial
kits (R&D Systems). IL-12p70 was quantified using the V-
PLEX Proinflammatory Panel 1 (mouse) kit (MSD, Rockville,
USA according to manufacturer’s instructions and measured
using MESO Quick Plex SQ120 device (MSD). IL-1a, IL-6, IL-
10, IL-23, IL-27, TNF-a, and IFN-y were measured using the
bead-based LEGENDplex™ assay (BioLegend) and analyzed on
MACSQuant Analyzer 10 (Miltenyi Biotech). G-CSF, GM-CSEF,
CXCL1 (KC), CCL2 (MCP-1), CCL3 (MIP-1a), CCL4 (MIP-
18), and CCL5 (RANTES) were analyzed using bead-based Bio-
Plex Pro Mouse Cytokine 23-plex Assay (Bio-Rad) according to
manufacturer’s instructions. C5a serum levels were determined as
described (37). All samples were analyzed in duplicate.
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Cell Preparation From the Spleen,

Mesenteric Lymph Nodes, and Peritoneum

Mice were killed under anesthesia by cervical dislocation.
Isolation of cells from the spleen was performed by mechanical
disruption using a 40 wm Nylon cell strainer and the plunger of a
5ml syringe (all BD). The cell strainer was flushed three times,
with 5ml of DPBS. Cells were then incubated with RBC lysis
buffer for 3 min, washed with DPBS, and used for flow cytometry
analysis or DC isolation (22). CD11c" cells were purified
using CD11c MicroBeads, followed by MACS column separation
(Miltenyi Biotech, Gladbach, Germany. Cells were cultured in
complete RPMI 1640 medium (10% FBS, heat-inactivated, 100
unit/ml penicillin, 100 pg/ml streptomycin, 2 mM L-Glutamine)
overnight at 37°C and 5% CO;. Supernatants were collected and
stored at —20°C until cytokine analysis.

Mesenteric lymph nodes were removed and placed into 1.5 ml
reaction tubes containing 1 ml DPBS and placed on ice. To obtain
a single cell suspension, the same procedure as described for
splenic cell isolation was used except that the red blood cell lysis
was omitted.

Peritoneal cells were isolated as described (38). Briefly, a small
incision was made in the outer skin of peritoneum, then the
skin was gently pulled back to expose the inner skin lining of
the peritoneal cavity. Then, 5ml of ice-cold DPBS were injected
into the peritoneal cavity using a 27g needle. The peritoneum
was then gently massaged to release attached cells into the
peritoneal cavity. The cell suspension was carefully aspirated with
the same syringe and transferred into 15ml Falcon tube. The
tube was centrifuged for 5 min at 450 g, 4°C. The supernatant was
discarded and the cell pellet was used for analysis. Cells were kept
on ice between manipulations.

Brain Preparation and T. gondii Cyst

Counting

For the brain preparation, tissue was collected and homogenized
with the addition of ice-cold DPBS in a total volume of 1 ml by
repeated aspiration and ejection from a 5ml Luer-lock syringe
(BD) connected to an 18, 21g and finally a 26 g needle. The
number of cysts was then counted in 10 pl of the homogenate
under the coverslip using x40 magnification.

Flow Cytometry

Intracellular cytokine staining was performed in fixed and
permeabilized cells. For cytokine accumulation, freshly isolated
splenic cells were resuspended in complete RPMI medium with
the addition of Brefeldin A (3 g/ml; eBioscience) without
additional stimulation. The cell suspension was incubated for
2h (5% CO,, 37°C). Then, cells were labeled extracellularly,
fixed and permeabilized using the Cytofix/Cytoperm kit
(BD Biosciences) according to manufacturer’s instruction.
CD11c*tCD8a™ or CD11c¢™CD11b* DCs were incubated with
PE-labeled anti-IL-12/23p40, whereas NK1.17CD3~ NK cells,
NKI1.1TCD3% NKT, CD3"CD8" T cells or CD3tCD8™ T cells
were incubated with PE-labeled anti-IFN-y Abs for 30 min at
4°C, washed and analyzed by BD LSRII flow cytometer. Flow
cytometry data were analyzed using FlowJo 9 software (TreeStar).

Cell debris was excluded from the analysis based on the SSC-
A/FSC-A signal, and doublets were excluded according to the
FSC-A/FSC-H signal ratio.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6 (La
Jolla, California, USA). Normal distribution of data was tested
using the Kolmogorov-Smirnov test. Outliers were excluded from
analysis using ROUT (robust regression and outlier removal)
method with Q = 1%. An unpaired t-test was used to compare
two sets of normally distributed data. Comparison between
multiple groups were done by one-way or two-way ANOVA.
Statistical differences regarding the survival of treatment groups
were calculated using the log-rank Mantel-Cox test. Linear
regression analysis with the Pearson correlation coefficient was
performed to determine the relationship between two cytokines.
A p-value < 0.05 was considered significant (*p < 0.05, **p <
0.01, **p < 0.001).

RESULTS

C5aR1-Deficient Mice Are More
Susceptible to Experimental T. gondii
Infection Than wt Mice

The gut microbiota actively contributes to the innate immune
sensing during oral T. gondii infection through the activation
of several TLRs including TLR2, TLR4, and TLR9 at the site
of invasion (39). Thus, we decided to use an intraperitoneal
infection model that primarily depends on the direct sensing of
parasite-derived antigens by the intracellular TLR11/12 dimers
(40). We infected wt and C5arl1~/~ mice with 50 brain cysts
of the type II T. gondii strain ME49 i.p. and recorded the
weight (Figure 1A), clinical score (Figure 1B), and survival time
(Figure 1C) of these animals for 30 days. At the end of the
experiment, we sacrificed the surviving mice and determined
the parasite load by direct microscopic counting of cysts in
the brain homogenate (Figure 1D). C5arl~/~ mice suffered
from a significantly higher relative weight loss, disease severity
during infection (Figures 1A,B) that was associated with a ~20%
increase in the mortality rate in the C5ar1~/~ group as compared
to control mice (Figure 1C). Further, the number of parasite
cysts in the brain of those C5ar1~/~ animals that survived the
T. gondii infection for 30 days was significantly higher than
that of wt mice (Figure 1D). Together, these data suggest that
parasite-sensing by the complement system and consecutive
Cha generation is critical for the development of appropriate
innate immune responses during the first 30 days after
T. gondii infection.

C5a Serum Concentrations Increase
During the First 5 Days After T. gondii
Infection

In support of this view, previous studies have demonstrated
that C5 is an indispensable part of complement-mediated
T. gondii elimination (14, 15). C5 can be cleaved into the
AT C5a and C5b by canonical and non-canonical pathways
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FIGURE 1 | Impact of C5aR1 activation on weight loss, disease severity, survival, and parasite burden in the brain after i.p. T. gondii infection. Wt and C5ar1~/~ mice
were infected i.p with 50 cysts of T. gondii type Il strain ME49 and monitored for 30 days. (A) Relative weight change in infected wt (n = 30) and C5ar1~/~ mice (n =
23). (B) Change of disease score during the course of infection (wt n = 18, C5ar?~/~ n = 9). (C) Survival of wt and C5ar71~/~ mice post-infection. Statistical
differences in survival between wt (n = 40) and C5ar1~/~ (n = 28) mice were calculated using the Log-rank Mantel-Cox test. (D) Cyst count in brain tissues 30 days
after infection in surviving wt and C5ar7~/~ mice as counted in the brain homogenate using light microscopy (wt n = 35, C5ar1~/~ n = 25). Values shown in (A,B,D)
are the mean + SEM; differences between groups were compared by unpaired t-test, “p < 0.05, *p < 0.01, **p < 0.001.
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(41). We determined the kinetics of C5a generation in the
serum of wt and C5arl™/~ mice during the acute phase
of infection. Before the infection, C5a serum levels were in
the range of 200-250ng/ml (Figure2) in wt and C5arl~/~
mice. During the first week after infection, C5a concentrations
increased similarly in both mouse strains, peaked at day 5,
and started to decline on day 7 (Figure2), demonstrating
significant early systemic complement activation after ip.
T. gondii infection.

T. gondii Infection Is Associated With a
Lower Frequency of Neutrophils in the
Peritoneal Cavity of C5aR1-Deficient Mice

Given that C5aRl1-deficient mice suffered from more severe
clinical symptoms, increased mortality, and higher parasite
burden when compared to wt mice, we aimed to delineate the
mechanisms of higher parasite susceptibility. Previously, it has
been shown that neutrophils play an important role in T. gondii
infection (9, 42). Given that neutrophils express C5aR1 at high
levels and migrate strongly toward C5a (23), we determined
neutrophil numbers and frequencies in the spleen, mesenteric
lymph nodes (MLN), and the peritoneum in uninfected mice and
5 days after T. gondii infection. Neutrophils were identified as
Lin"Ly6G" in the different organs (Supplementary Figure 1).
As shown in Figure3A, neutrophil numbers significantly
increased in the spleen, MLN, and peritoneum in wt and
C5arl™/~ mice after infection Importantly, while neutrophil
numbers were similar in the spleen and MLN of wt and
C5ar1~/~ mice, we found slightly lower cell numbers in the
peritoneum of C5arl~/~ mice when compared to wt animals.
More strikingly, the frequency of neutrophils was markedly
reduced in C5aR1-deficient animals (Figure 3B) suggesting that
C5aR1 activation contributes to the recruitment of neutrophils
into the peritoneum in response to T. gondii infection. TLR11-
independent production of IFN-y from neutrophils has been
described in response to T. gondii (42). However, we observed
no IFN-y production in neutrophils from spleens of wt and
C5arl~/~ mice 5 days after infection (data not shown).
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FIGURE 2 | Kinetic of C5a serum concentrations in wt and C5ar1~/~ mice
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determined by ELISA. Values shown are the mean + SEM, n = 3-5.
Differences between control and infected groups were compared by ANOVA
with Sidak’s post-hoc test, *p < 0.05, **p < 0.01, **p < 0.001.

Low IL-12 Family Cytokine and Chemokine
Serum Levels in C5aR1-Deficient Mice Are
Associated With Low IFN-y Serum
Concentrations 7 Days After T. gondii
Infection

Previously, we demonstrated that C5aR1 controls the production
of cytokines and chemokines that are associated with resistance
to T. gondii infection (43-46). Here, we focused on the impact
of Cb5aRl1 activation on IL-12 as the main driver of IFN-y
production from NK cells and the development of protective Th1
immunity (4, 10, 47). IL-12 is a heterodimer comprising the p40
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and p35 subunits. First, we determined the kinetics of systemic =~ by NK cells after primary infection, IL-23 has recently been
IL-12p40, and TFN-y concentrations in wt and C5ar]~/~ mice  found to contribute to protective immunity against secondary
during the first 7 days after T. gondii infection. The IL-12p40  T. gondii infection (48). IL-23 serum levels in T. gondii-infected
concentration steadily increased after infection and reached a  mice were minor and much lower than in naive wt or C5ar1 =/~
maximum of 6.2 + 1.96 (wt) or 6.98 + 2.67 ng/ml (C5ar1~/~)  mice, suggesting either reduced production or high consumption
5 days after infection in both mouse strains (Figure 4A). IFN-y  (Figure 4E). Interestingly, we found a significant increase in IL-
levels started to increase on day three and reached a maximum 27 serum concentrations in wt but not in C5arl~/~ mice after
on day 7. Strikingly, the IFN-y concentrations in wt mice were  infection (Figure 4E). IL-27 is known to regulate T cell responses
significantly higher than in C5ar1~/~ mice on day 7 (8.68 +  and has previously been shown to reduce the immunopathology
5.41 vs. 522 + 2.73ng/ml) (Figure 4B). Next, we determined  in experimental murine toxoplasmosis (49). We also measured
IL-12p70 serum concentrations in wt and C5arl~/~ mice at  TNFa (50), IL-1a (51), IL-6 (52), and IL-10 (10, 53) as these
day seven after T. gondii. We observed significantly higher  cytokines have also been demonstrated to confer protection from
levels of IL-12p70 in wt than in C5arl~/~ animals (Figure 4C),  acute T. gondii infection (Figures4E,F). In particular, TNF-
sugessting that C5a/C5aR1 axis activation controls early IFN- o is essential during early T. gondii infection in mice, as it
y production at the level of IL-12 production. The significant  is also required for NK cell priming (50). Similar to the IL-
correlation between IL-12 and IFN-y serum concentrations 12 family cytokines, we detected significantly lower amounts
further corroborates this view (Figure 4D). In addition to IL-  of TNF-a, IL-l1a, and IL-6 in the serum of C5aR1-deficient
12p70, we also determined the impact of C5aR1 activation on  animals in comparison to the wt group (Figure 4F). Further, G-
the production of other IL-12 family cytokines, including IL-23 ~ CSF serum levels were lower in C5ar1~/~ mice, whereas GM-
and IL-27. While IL-12p70 is critical for early IFN-y production =~ CSF levels were similar (Figure 4F). In contrast, we observed
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FIGURE 4 | and IL-27 cytokine serum concentrations in wt and C5ar7~/~ mice 7 days after T. gondii infection; n = 10-17/condition. (F) Serum concentrations of
TNF-a, IL-1a, IL-6, G-CSF, and GM-CSF determined in wt and C5ar1~/~ mice 7 days after infection. Cytokine concentrations were determined by LEGENDplex™
assay (BioLegend), n = 10/group. (G) Serum concentrations of CXCL1 (KC), CCL2 (MCP-1), CCL3 (MIP-1a), CCL4 (MIP-18), CCL5 (RANTES) in wt and C5ar1~/~
mice 7 days after infection. The cytokines and chemokines were determined by Bio-Plex assay (Bio-Rad), n = 3/group. Values shown in (A-C) and (E-G) are the
mean + SEM, Differences between groups were determined by ANOVA and Sidak’s post-hoc test. *p < 0.05, *p < 0.01, **p < 0.001.

significantly higher serum levels of IL-10 in C5aR1-deficient mice
(Figure 4E). Of note, IL-10 induced by T. gondii was found
to suppress acute pathological inflammation that causes tissue
necrosis and early mortality (53-55). Additionally, chemokine
induction was low in C5arl™/~ mice as reflected by lower
serum levels of CXCL1 (KC), CCL2 (MCP-1), and CCL3 (MIP-
la) when compared to those of wt mice whereas and CCL4
(MIP-18) levels were similar between wt and C5arl~/~ mice
(Figure 4G). Interestingly, serum levels of CCL5 (RANTES)
were elevated in C5arlI~/~ animals in comparison to wt
animals (Figure 4G).

Activation of C5aR1 Axis in the Spleen and
the Brain Is Required for the Expression of

IFN-y and iNOS

It has been previously demonstrated that IL-12 and IFN-
y are essential in controlling T. gondii tachyzoite invasion
(4) whereas inflammasome activation and IL-18 production
can enhance IL-12-driven IFN-y production (11, 56, 57).
Further, nitric oxide (NO) production form IFN-g-activated
macrophages in response to iNOS is a crucial effector molecule
of antimicrobial activty (12). Thus, we determined whether
local C5aR1 activation affects the transcription of IFN-y (Ifng)
in the spleen and brain as well as IL-12p35 (Il12a), IL-
12p40 (I112b), IL-18 (1118), and iNOS (Nos2) in the brain
of T. gondii-infected animals on day seven after infection
using RT-qPCR (Figures 5A-F). Baseline cytokine gene and
Nos2 expression in wt and C5arl~/~ mice were similar
except 1118, which was somewhat reduced in C5arl™/~ mice
(Supplementary Figure 2). We observed a strong upregulation
of Ifng expression upon infection, which was >50-fold in the
spleen (Figure 5A) and >500-fold in the brain (Figure 5E) of
wt mice. Consistent with our observations in the serum, the
Ifng gene expression in the spleen and brain of C5ar1~/~ mice
was significantly lower than that in wt mice (Figures 5A,E).
The markedly increased Ifng expression in the brain was
associated with a 3-fold increase in I/12b, whereas Il12a
expression was decreased, and that of IlI8 was unchanged
in wt mice (Figures 5C-F). Il12a, I112b, and Il18 expression
in the brain of C5arl™/~ mice was consistently lower than
that in wt mice (Figures 5C-E). Finally, we determined Nos2
mRNA expression in the brain, which encodes the iNOS
effector molecule that is crucial for parasite control during the
chronic stage of infection (13). Importantly, we found a 3-
fold upregulation of Nos2 mRNA expression in the brain of
infected wt when compared to uninfected control mice, whereas
C5ar1~/~ mice poorly induced Nos2 transcripts in the brain
(Figure 5F).

C5aR1 Activation Has a Moderate Impact
on the Frequency and Number of
IFN-y-Producing NK and NKT Cells in the
Spleen

CD8a™ DCs in the spleen are critical for parasite sensing and
the main source of IL-12 production during T. gondii infection
(6, 40). Previously, we demonstrated that C5aR1 is expressed on
CD8a* but not on CD11b™ conventional DCs in the mouse
spleen using a GFP-C5aR1 knock-in mouse (23). Here we used
intracellular cytokine staining to determine the frequencies of IL-
12p40-producing CD8a™ and CD11b™* DCs in the spleen 5 days
after T. gondii infection (Supplementary Figure 3). We found
upregulated IL-12p40-expression in CD8T DCs and CD11b*
DCs from wt and C5ar1~/~ mice. However, the frequencies
of IL-12p40 expressing DCs were similar in wt and Csarl=/~
animals (Figure 6A). Next, we assessed the total numbers of
IFN-y producing NK, NKT, as well as CD8" and CD8™ T cells
in the spleens of the same animals (Supplementary Figure 4,
Figures 6B-D). We found no differences in the total numbers
of NK and NKT cells in wt and C5ar1~/~ mice before or
after T. gondii infection. In contrast, the number of CD8* T
cells and CD8™~ Ty cells increased in C5arl~/~ but not in wt
mice (Figure 6B). Within the group of NK cells, we observed
a markedly increased frequency of IFN-y™ NK cells from 0.97
+ 0.83% or 1.26 + 0.98% in uninfected wt and C5arl~/~
mice to 9.05 £ 0.82% or 6.46 £ 2.49% in infected wt or
C5arl~/~ mice (Figure 6C). The frequency of IFN-y+ NKT
cells increased modestly in response to infection in wt and
C5arl™/~ mice (Figure 6C). Also, we found a moderate increase
in the frequency of IFN-y™ CD8~ or CD8* T cells in wt and
C5ar1~/~ mice (Figure 6C). Of note, the frequency of IFN-y*
CD8* T cells was somewhat higher in wt than in C5ar1~/~ mice.
Importantly, the frequency of IFN-y™ NK cells was significantly
lower in C5arl™/~ mice as compared with wt mice, whereas the
frequencies of IFN-y-expressing NKT and CD8~ Ty cells were
similar in wt and C5ar1~/~ mice (Figure 6C). Interestingly, we
did not detect C5aR1 expression in naive spleen-derived NK cells
using the GFP-C5aR1 knock-in mice (23), suggesting that the
effect of C5a on IFN-y production from NK is indirect and likely
mediated by IL-12-producing DCs residing in the spleen.

In addition to the frequencies, we also determined the
numbers of IFN-y* NK, NKT, and T cells in the spleen
(Figure 6D). Similar to the frequency, we found a strong increase
in the number of IFN-y*NK cells after infection, both in wt
and in C5arl~/~ mice (Figure 6D). However, in contrast to
the frequency, the numbers of NK cells were similar in wt and
C5arl1~/~ mice. The increase in NKT cell numbers was only
minor in wt mice but massive in C5ar1~/~ animals (Figure 6D)
and thus significantly higher than in wt mice. However, as
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compared to IFN-y™ NK or -T cells, the number of IFN-y™
NKT cells was much lower. The number of IFN-y™ CD8~
Ty and CD8" T cells increased moderately, and we observed
no differences between wt and C5arl™/~ mice despite the
upregulation in the total cell numbers of these populations in
C5arl~/~ mice (Figures 6B,D). The number of IFN-y+ CD8~
T cells after infection in wt or C5arl~/~ mice was 5- to 10-fold
higher than that of IFN-y™ NK or NKT cells and 2- to 3-fold
higher than that of IFN-y* CD8* T cells (Figures 6B,D). Thus,
C5aR1 activation impacts mainly on the frequency but not the
total number of IFN-y™ NK cells. Also, it affects the number
and frequency of NKT cells but has no impact on IFN-y™* T cell
numbers and frequencies.

C5aR1 Activation Is Critical for IL-12
Production From Spleen-Residing DCs in

Response to T. gondii Antigen Challenge

Given that C5aR1 is expressed on DCs and that DCs are
essential producers of IL-12, we assessed the potential of C5aR1
activation to drive IL-12 production in spleen-residing DCs. We
used CD11c™ MACS-enriched DCs, which comprised ~10%
CD8a™ DCs and in total ~90% of CDI11c" cells in wt and
C5ar1~/~ mice as determined by flow cytometry (Figure 7A,
Supplementary Figure 3B). DCs from naive wt or C5arl~/~
mice were stimulated with either the TLR9 ligand CpG ODN1668
or STAg, both of which signal through MyD88-dependent
pathways to induce their effector functions. As expected, CpG
ODN1668 stimulation resulted in significant production of IL-
12p40 and IL-12p70. In contrast, we found only a minor increase
in IL-12p40 and IL-12p70 production in the supernatants
from C5arl~/~ sDCs (Figure 7B). IL-12p40 as well as IL-
12p70 production in wt DCs was significantly higher than in
C5arl~/~ DCs (Figure 7B). Similar to CPG, STAg stimulation
induced strong IL-12p40 and IL-12p70 production in spleen
DCs (Figure 7C). In C5ar1~/~ DCs, the STAg challenge induced

increased IL-12p40 production. However, this increase did not
translate into enhanced production of IL-12p70. IL-12p40 and
IL-12p70 production of IL-12p40 and IL12-p70 were significantly
higher in wt than in C5ar1~/~ DCs (Figure 7C).

To assess ex vivo cytokine production, we injected naive wt
and C5ar1~/~ mice i.p. with 100 g of STAg. After 6 h, we took
blood samples and determined IL-12p40, IL-12p70, and IFN-
y serum concentrations. Similar to what we had observed in
the case of TLRY stimulation, we found high concentrations of
systemic IL-12 and IFN-y in the serum of wt mice (Figure 7D). In
contrast, C5ar1~/~ mice failed to upregulate serum levels of IL-
12p40, IL-12p70, and subsequently, IFN-y (Figure 7D), which is
crucial for the induction of effector mechanisms against T. gondii
infection (9).

DISCUSSION

The biologic relevance of complement activation in T. gondii
infection is ill-defined. The extracellular phase within the life
cycle of T. gondii suggests that the parasite may have evolved
mechanisms to evade complement-mediated sensing and attack
by the MAC of the terminal pathway. Recent findings uncovered
that T. gondii type I and 1II strains not only activate complement
by the AP and LP but bind C4BP and FH to limit complement
activation at the parasite surface to survive complement attack
(16). In line with this observation, we found activation of the
complement cascade, which resulted in the generation of C5a
in the circulation of wt and C5ar1~/~ animals peaking on day
five after infection. On the other hand, the parasite seems to
exploit complement activation as an essential pathway to limit
the uncontrolled proliferation of tachyzoites and the killing of
the host. After infection with 40 cysts of the T. gondii type
IT strain ME49 > 75% of C3-deficient mice succumbed to
infection whereas all wt mice survived the observation period
of 30 days suggesting that pathways downstream of C3 tip the
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balance (16) between fatal acute and persistent infection which
guarantees the transmission of the parasite to new hosts. Also,
mice lacking C5aR1 and C3aR died 12 days after i.p. infection
with 20 cysts of T. gondii, whereas all wt mice survived >50
days (26). The individual contribution of C3aR or C5aR1 to this
effect remained unclear. We found a significantly higher disease
severity score and higher weight loss in C5aR1-deficient animals,
which was associated with a higher mortality rate when compared
to wt controls. In 20% of C5arl~/~ mice that survived the 30
days’ observation period, the parasite burden in the brain was
significantly higher than that observed in the 40% of the surviving
wt mice, suggesting that C5aR1 activation is an essential immune
mechanism to control the parasite burden in the brain.

In the search for mechanisms underlying the impaired
resistance of C5ar1~/~ mice to T. gondii infection, we monitored
IL-12p40, and IFN-y serum levels during the first 7 days after
infection. While the initial increase in IFN-y production was
similar between wt and C5ar1~/~ mice, we found significantly
lower IFN-y serum concentrations 7 days after infection.
Surprisingly, the difference in IFN-y production was not
matched by the IL-12p40 serum concentrations. However,
when we determined IL-12p70 on day 7 after infection, we
found a significantly lower cytokine production in C5arl~/~
as compared with wt mice. These data suggested that the
C5a/C5aR1 axis controls early IFN-y production at the level of
IL-12p35 production. However, when we determined I/12a and
I1112b gene expression in the brain, we not only observed lower
Il12a but also I112b expression in C5arl~/~ mice. Also, STAg-
induced IL-12p40 and IL12p70 production was significantly

lower in C5arl1~/~ than in wt DCs and in C5arl~/~ mice
after in vivo administration of STAg suggesting that C5aR1
activation controls both IL-12p35 and IL-12p40 production in
T. gondii infection mainly through its impact on DCs. Since IL-
12p40 serum levels were not affected by C5aR1 deficiency, other
pathways seem to add to IL-12p40 serum production. Previously,
a similar regulatory effect of C5a on the IL-12/IFN-y axis has
been shown in models of sepsis and chronic inflammatory
diseases (58). When we assessed the induction of the IL-12
family cytokines IL-23 and IL-27, we detected only minor IL-
23 serum concentrations in wt and C5arI~/~ mice and no
IL-17 production (data not shown). The available data suggest
that IL-12/23p40 and IL-12p35, but not IL-23p19, drive IFN-
y production during early primary T. gondii infection (59) and
that IL-23 contributes to IFN-y-dependent protection during
a secondary T. gondii infection (48). Noteworthy, IL-12p40
homodimer formation has been described to inhibit IL-12p70-
mediated IFN-y production in a dose-dependent manner (60).
The role of IL-12p40 homodimers in T. gondii infection has not
been studied yet. In contrast to IL-23, IL-27 serum levels sharply
increased after infection in wt and to a much lower extent in
C5ar1~/~ animals. IL-27Ra (WSX-1) signaling controls T cell
proliferation and immune cell infiltration in T. gondii infection
(61). The reduced IL-27 serum levels in C5ar1~/~ animals during
the acute stage of infection might explain the increased numbers
of CD8' and CD8 Ty cells in the spleen of such mice as
compared with wt animals. However, however it did not translate
into higher frequencies or numbers of IFN-y™ T cells (as shown
in Figures 6B,C).
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While IL-12 is necessary and sufficient to mount an
appropriate IFN-y response to T. gondii infection, IL-18 can
synergize and enhance IL-12-mediated resistance to the parasite
(11, 56, 57). Further, in the absence of TLR11, caspase-1 and-11
drive robust IFN-y production from Thl cells which is critical
for host survival in response to T. gondii infection (62). We
found no increase in local 1118 gene expression in the brain of T.
gondii-infected wt mice and markedly reduced 1118 expression in
C5ar1~/~ animals, pointing toward a regulatory impact of C5aR1
activation on local IL-18 production in the brain. Of note, local
1118 gene expression in C5arl~/~ mice was already somewhat
reduced in non-infected mice indicating regulation of steady state
I118 gene expression.

In addition to the IL-12 family cytokines, the absence of
C5aR1 signaling impaired IL-1a, IL-6, and TNF-a production in
acutely infected mice. TNF-o and IL-1a are critical for survival
during acute murine toxoplasmosis (51). IL-6 has been shown
to promote IL-17 production from NK cells during T. gondii
infection (52). However, as already pointed out, we did not detect
IL-17 in serum of infected mice (data not shown). In addition
to IL-1a, IL-6 and TNF-a, systemic levels of CXCL1 (KC),
CCL2 (MCP-1), and CCL3 (MIP-1a) were significantly lower
in C5ar1™/~ than in wt mice. CXCLI is a strong chemotaxin
for neutrophils via CXCR2. It is produced in large amounts
by peritoneal mesothelial cells in response to IL-1 and TNF-
a (63). In line with the reduced TNF-a and CXCLI serum
levels, we found reduced recruitment of neutrophils into the
peritoneum of C5aR1-deficient mice, whereas we observed no
differences in macrophage numbers in the peritoneum, spleen, or
MLNSs in C5arl™/~ mice (data not shown). Interestingly, CCL5
(RANTES) serum levels were higher in C5arl~/~ mice than
in wt animals. CCR5, the cognate receptor for RANTES, can
form heterodimers together with C5aR1 (64), which contributes
to CCR5-mediated HIV entry into macrophages (65). However,
the functional relevance of heterodimer formation in T. gondii
infection remains to be determined, in particular, as CCR5 has
also been described as a ligand for T. gondii-derived cyclophilin
18 (3). Of note, cyclophilin 18-mediated activation of CCR5 on
CD8a™ DCs in the spleen can also drive IL-12 production (3).

To determine the source of serum IFN-y, we performed
a transcriptional analysis of this cytokine in the spleen. We
found a massive upregulation of /fng mRNA in wt mice that
was significantly impaired in C5arl1~/~ animals suggesting that
C5aR1 activation of spleen cells regulates the production of
IEN-y. Also, we assessed the mRNA expression of Ifng and the
IEN-y-inducing Il12a and I112b as well as 1118 genes in the
brain. Similar to the spleen, Ifng gene expression was markedly
increased in wt mice and to a lesser extent in wt animals. This
was associated with decreased Il12a and IL12b gene expression
in C5aR1-deficient mice as compared with wt animals. Also, we
detected a significant downregulation of 1118 gene transcription
in the brain of C5arl~/~ but not of wt mice. However, we
already noted a lower number of 1118 gene transcripts in naive
C5ar1~/~ mice. Importantly, we found upregulation of Nos2
mRNA expression in the brain of wt but not C5arI~/~ mice
during early infection in comparison to the naive state. The
reduced Nos2 production will likely result in the lower generation

of nitrogen intermediates required for parasite elimination by
microglia/macrophages during bradyzoite conversion. It may
cause the increased parasite burden in the brain that we have
observed in C5ar1~/~ mice on day 30 (13).

To identify the cellular sources of IL-12 and IFN-y during the
early phase of T. gondii infection, we determined intracellular
IL-12p40 production in CD8at and CD11b™ DCs and IFN-y
production in NK, NKT, and T cells from wt and C5arl~/~
mice. CD8at DCs in the spleen is the main source of IL-12
(3). Previously, we identified C5aR1, but not C3aR or C5aR2
expression on CD8a™ DCs in the spleen using transgenic AT
receptor reporter mice; none of these receptors was expressed
on naive or activated T cells (18, 22, 23, 30). The frequencies
of IL-12p40" CD8a™ and CD11b™ DCs increased to a similar
extent after infection in wt and C5arI1~/~ mice. Interestingly,
C5a downregulates the expression of IRF1 and IRF8 (ICSBP)
in a Leishmania major model (44). IRF8 is a transcription
factor essential for the development of CD8a™ DCs (66), and
together with NF-kB specifically mediates profilin-induced IL-
12 secretion from DCs (40, 67), providing a potential link
for TLR11/12 and C5aR1 cross-talk that could be explored in
future studies.

Regarding the IFN-y production, we identified 8-10% of
wt NK cells as IFN-y producers, whereas around 6% of NK
cells from C5aR1-deficient mice were IFN-y™* during acute T.
gondii infection. IFN-y production from NK cells during acute
T. gondii infection is critical to mount an appropriate Thl
response (10). Animals in which NK cells are depleted succumb
to T. gondii infection (47). In line with the reduced IL-12p70
serum levels and the reduced IL-12p70 production from splenic
DCs after STAg activation, these findings suggest that C5aR1
activation contributes to early activation of NK cells in response
to T gondii infection through a paracrine mechanism, i.e., IL-
12 production in spleen-residing DC, similar to the regulation
of T cell differentiation (29). In support of this view, we found
no detectable C5aR1 expression on murine NK cells taking
advantage of GFP-C5aR1 knock-in mice (22, 30, 68). This is
different from what we have recently found for C5aR2, which is
expressed in a subset of splenic and blood NK cells (22). Specific
activation of C5aR2 on NK cells suppressed IL-12/IL-18-induced
IFN-y production (22).

In addition to NK cells, we observed that already 0.5% of wt
and C5ar1~/~ CD8™ Ty cells were IFN-y producers. Although
the frequency of IFN-y-producing CD8~ Ty cells was 16- to 20-
fold lower than that of IFN-y-producing NK cells, the overall
number of IFN-y-producing T cell was still 3- to 5-fold higher
than that of NK cells given the much higher number of T cells
in the spleen. Also, the frequency of IFN-y* CD8™ T cells from
wt and C5arl~/~ mice was much lower (~50-fold) than that of
IFN-y* NK cells, whereas the total number of IFN-y*+ CD8*
T cells from wt and C5ar1~/~ mice was comparable to IFN-
vy NK cells. Thus, C5aR1 activation does not seem to regulate
IFN-y production from T cells in the spleen. Similarly, C5aR1
activation does not seem to affect the frequency of IFN-y™ NKT
cells. IFN-y production by NKT cells plays an important role in
the initiation of the inflammatory bowel response after oral T.
gondii infection (69). However, the contribution of NKT cells to
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IFN-y production after peritoneal T. gondii infection is unclear.
Our data suggest that NKT cells become activated after i.p. T.
gondii infection and add to the early IFN-y production after
acute infection.

Multiple studies showed a robust cell-specific impact of
C5a/C5aR1 axis activation on the regulation of IL-12 production
in different disease models (44, 70-73). C5a stimulation induces
IL-12 production from activated monocytes and macrophages
(71, 73, 74). However, C5a suppresses TLR-induced IL-12
production from macrophages in a dose- and time-dependent
manner (44, 71, 72). Paradoxically, complete ablation of C5aR1 in
genetically modified mice does not revert this effect but reduces
the amount of secreted IL-12 (45, 68, 70, 71). In line with these
data, C5arI~/~ DCs showed markedly reduced TLR-induced
IL-12 production in response to CpG and STAg stimulation
in vitro. This effect was also present upon STAg injection in
vivo and was associated with a decreased IFN-y production,
which is crucial for triggering effector mechanisms that combat
intracellular parasite infection (9, 75).

Collectively, we uncovered a critical protective role for
C5a/C5aR1 axis activation during the early phase of T. gondii
infection. We propose a model, in which early C5a generation
activates the C5aR1/C5a axis on spleen-residing CD8a™ DCs
to synergize with T. gondii antigen-driven IL-12 production.
This IL-12 production is critical to activate NK cells for
IEN-y production eventually activating phagocytic cells for
iNOS production, required for the conversion from an acute
tachyzoite-driven to a persistent bradyzoite infection in tissue
cysts and host survival.
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Candida and Complement: New
Aspects in an Old Battle

Verena Harpf, Gliinter Rambach, Reinhard Wiirzner, Cornelia Lass-Flérl and
Cornelia Speth*

Institute of Hygiene and Medical Microbiology, Medical University of Innsbruck, Innsbruck, Austria

Candida is a dominant fungal pathogen in immunocompromised hosts, leading to
opportunistic infections. Complement with its multifaceted functions is involved in
the immune defense against this yeast, and recently several novel aspects have
emerged in this old battle. It is clear that Candida can adopt both roles as a colonizer
or as a pathogen. In our article, we focus on the molecular mechanisms of the
Candida-complement interplay, which occur in disseminated disease as well as locally on
skin or on mucous membranes in mouth and vagina; the mechanisms can be supposed
to be the same. Activation of the complement system by Candida is facilitated by
directly triggering the three dominant pathways, but also indirectly via the coagulation and
fibrinolysis systems. The complement-mediated anti-Candida effects induced thereby
clearly extend chemotaxis, opsonization, and phagocytosis, and even the membrane
attack complex formed on the fungal surface plays a modulatory role, although lysis
of the yeast per se cannot be induced due to the thick fungal cell wall. In order to
avoid the hostile action of complement, several evasion mechanisms have evolved during
co-evolution, comprising the avoidance of recognition, and destruction. The latter comes
in many flavors, in particular the cleavage of complement proteins by yeast enzymes and
the exploitation of regulatory proteins by recruiting them on the cell wall, such as factor
H. The rationale behind that is that the fluid phase regulators on the fungal cell surface
down-regulate complement locally. Interestingly, however, evasion protein knockout
strains do not necessarily lead to an attenuated disease, so it is likely more complex in vivo
than initially thought. The interactions between complement and non-albicans species
also deserve attention, especially Candida auris, a recently identified drug-resistant
species of medical importance. This is in particular worth investigating, as deciphering
of these interactions may lead to alternative anti-fungal therapies directly targeting the
molecular mechanisms.

Keywords: Candida, complement, evasion, innate immunity, factor H, invasive fungal infections

THE COMPLEMENT SYSTEM AND ITS MULTIFACETED
FUNCTIONS

The complement system is an ancient and effective multicomponent bodily system for
antimicrobial defense, homeostasis, and immunomodulation [reviewed in (1, 2)]. These functions
are elicited by a system of soluble and membrane-bound effector, regulator, and receptor
molecules, and form a tightly regulated cascade. Complement detects invading microbes and
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modified self-surfaces (e.g., on apoptotic cells) using various
pattern recognition molecules. Via different effector molecules
of the cascade, this detection results in opsonization with
subsequent phagocytic clearance, formation of the lytic C5b-9
complex of the terminal pathway, induction of inflammation, and
modulation of other innate, and adaptive immune weapons.

Three activation pathways can push this system: the classical
pathway (mainly induced by binding of immunoglobulins
on target surfaces), the alternative pathway (triggered by
deposition of spontaneously formed C3b on foreign surfaces with
subsequent amplification loop), and the lectin pathway (elicited
by foreign or aberrant carbohydrate structures on surfaces). The
consequence of all three pathways is the covalent deposition
of complement on the foreign surface and the generation of
a C3-convertase that cleaves complement factor C3 into the
larger C3b fragment and the smaller C3a anaphylatoxin. The
composition of the C3-convertase varies upon the activation
pathway (C4b2b for the classical and lectin pathway and C3bBb
for the alternative pathway). The newly formed C3b either
can amplify the alternative pathway by generating new C3-
convertase molecules or can form a complex with the existing C3-
convertases to generate a C5-convertase. The enzymatic function
of the C5-convertases (cleavage of complement protein C5 into
C5a anaphylatoxin and the C5b fragment) initiates the sequence
of the terminal pathway. Several aggregation events finally result
in generation of the C5b-9 complex. Inserted into the target
membrane, C5b-9 is called membrane attack complex (MAC)
and induces lysis of the pathogen or altered cell (3). If soluble,
C5b-9 (called terminal complement complex TCC) harbors
further functions such as cell activation and pro-inflammatory
immune activation (4, 5).

The presence of such a powerful tool in the body requires the
tight control by numerous regulators. Major soluble controller of
the alternative pathway is factor H (FH), which is a single chained
150 kDa plasma glycoprotein (6). This protein is composed
of 20 homologous domains known as short consensus repeats
(SCR) or complement control protein (CCP) modules, each
of which is made of 60 amino acids and stabilized by two
internal disulfide-bonds (7, 8). The SCRs bear different functions.
While the C-terminal domains SCRs 19 and 20 are essential
for the target recognition, the N-terminal domains SCRs 1-
4 mediate the diverse complement regulator functions (9-11)
(Figure 1). Complement regulation by FH can be divided into
three parts: First, FH competes with factor B for the C3b
binding and therefore inhibits the assembly of the alternative
pathway C3- and C5-convertases. Second, the protein exhibits
a “decay accelerating activity,” as it enhances the disassembly
of these convertases by displacing bound factor Bb; and third,
FH is used as a cofactor for the serine protease factor I in
cleaving and inactivating C3b (8, 12, 13). An alternatively spliced
transcript of the FH gene is factor H-like protein 1 (FHL-1)
(14, 15). This 43 kDa plasma glycoprotein consists of the N-
terminal domains SCRs 1-7 with four additional amino acids
added at the C-terminus (16) (Figure1). Compared to FH,
the truncated form FHL-1 is less abundant in plasma (500
vs. 50 wg/ml, respectively) (17). FHL-1 still bears the same
complement regulatory functions as FH and is therefore an
important protein of the alternative pathway (8, 12, 13). The
classical and lectin pathway, however, are mainly controlled by
C4b binding protein (C4BP) [reviewed in (18)]. It binds to and
inhibits the function of the activated complement compound
C4b. C4BP acts as a cofactor of factor I (FI)-mediated cleavage

FH
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FIGURE 1 | Structure of factor H (FH) and factor H-like protein 1 (FHL-1). Depicted are selected functions of short consensus repeats (SCR), illustrated as squares,
and the known binding sites of the FH-binding proteins phosphoglycerate mutase 1 (Gpm1), pH-regulated antigen 1 (Pra1), and glycerol-3-phosphate dehydrogenase
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and inactivation of soluble and cell-bound C4b, thus preventing
the assembly of the C3-convertase C4b2b. In addition, C4BP
accelerates the decay of functional C4b2b. Although FH is the
main controller of the alternative pathway, C4BP also affects this
pathway since it acts as a cofactor of FI in the proteolytic cleavage
of C3b (18, 19).

A similar cofactor activity is attributed to the cell surface-
expressed regulator molecule membrane cofactor protein (MCP;
CD46). MCP and a further surface regulator, decay accelerating
factor (DAE CD55), accelerate the decay of both C3 convertases
(3). Important regulators of the terminal pathway are CD59
(protectin) and vitronectin. Both molecules interfere with
assembly of the C5b-9 complex and thus prevent its insertion into
the membrane to form a lytic pore (20, 21).

CANDIDA AS COLONIZER AND
PATHOGEN

Candida spp. are common members of the human mycobiome,
but also opportunistic fungal pathogens [reviewed in (22,
23)]. In healthy individuals, Candida resides on the skin or
as colonizer of the oral cavity, the gastrointestinal and the
urogenital tract. When shifting from a colonizer to a pathogen,
it causes cutaneous and mucocutaneous candidiasis as well
as life-threatening invasive infections of inner organs and the
bloodstream. The shift is enabled by changes in the host
microbiota (e.g., by antibiotics), impairment of the host immune
response (e.g., by immunosuppressive therapy), or alterations in
the local conditions (e.g., shifts in nutrients or pH) (23, 24). The
most common manifestation is vulvovaginal candidiasis affecting
millions of women worldwide (25). The growing number
of immunocompromised patients with intravenous catheters,
cancer chemotherapy, or organ transplantations contributes to
the boost in Candida-induced bloodstream infections (26).

The genus Candida includes at least 30 species of clinical
importance; the most frequent one is Candida albicans, but non-
albicans species become more and more common and are often
associated with reduced antifungal susceptibility and outbreaks
(22). Candida auris is a recently discovered emerging multidrug-
resistant species that is responsible for an increasing number of
nosocomial outbreaks.

Understanding of anti-Candida host defense mechanisms
remains an urgent need. One focus is the interaction with
the complement system as a universal and fast-acting immune
weapon. The relevance of this interaction is accentuated by the
fact that local production of complement is revealed for most
organs, indicating a role in both superficial candidiasis and in
Candida sepsis. The picture of Candida—complement interplay
is complex and multifaceted and will be depicted in the following.
Most knowledge exists about Candida albicans, but also non-
albicans species are included, particularly Candida auris.

CANDIDA SPP. TRIGGER COMPLEMENT
ACTIVATION BY MULTIPLE PATHWAYS

of  this
of infection.

The direct mechanisms of complement activation include the
classical, lectin, and alternative pathway, which all were described
to be triggered by Candida (27-29). Early experiments already
showed that classical and alternative pathway are activated with
different kinetics (30). The classical pathway might not only
be triggered by interaction between the pattern recognition
molecule Clq and specific anti-Candida antibodies: a recent
report described that serum amyloid P (SAP) component, a
member of the pentraxin family, binds to the Candida albicans
surface (31). Although this report shows reduced phagocytosis
after SAP binding, other authors described that SAP is able to
activate the classical complement pathway (32, 33).

The efficiency of complement to react on the presence of
Candida strongly depends on the surface composition of the
yeast. On intact Candida albicans cells, B-glucan is located,
together with chitin, in the inner fungal cell wall. However,
during C. albicans infection or by treatment with caspofungin,
the inner B-glucan components become exposed (34) and can
initiate the alternative pathway of the complement system (35).
Similarly, purified B-glucan triggered the alternative pathway
when co-incubated with the purified AP proteins (35).

The lectin pathway is an evident candidate for Candida-
triggered complement activation, since mannans represent about
40% of the total polysaccharide yeast cell wall content (36).
Neth et al. (29) found diverse Candida species to strongly bind
MBL (mannan-binding lectin), a starter molecule of the lectin
pathway, with subsequent C4 deposition on the yeast surface.
Another pattern recognition molecule of the lectin pathway,
collectin-11, also bound to carbohydrate residues on Candida
albicans and triggered complement activation with C4b and
C3b deposition on the surface (37). Blocking of MBL in a
mouse model increased C. albicans colonization, and MBL-
deficient animals had a higher level of colonization than wild-
type mice (38).

More recent findings imply that Candida activates the
complement system not only via classical, lectin, or alternative
pathway. More and more indirect mechanisms were discovered,
involving molecules of the contact system, the fibrinolysis system,
and the coagulation system. This complex pattern of Candida-
induced complement activation is summarized in Figure 2.

The human plasma contact system represents a powerful
immune surveillance tool that is activated by negatively charged
surfaces, (e.g., on fungi). The contact of factor XII (FXII) to these
surfaces triggers autoactivation with subsequent conversion to
the active serine protease FXIIa. This process is also induced
by contact with the cell walls of Candida albicans and C.
tropicalis (39). In addition, previous work revealed that Candida-
derived proteinases also activate factor XII (40), which appears
to be a multifunctional molecule in innate immunity (41).
Active FXIla, either generated by Candida surface contact or
by Candida proteases, cleaves prekallikrein to form kallikrein.
Kallikrein reciprocally activates FXIIa, thus increasing rapidly the
plasma level of both enzymes (41, 42). Furthermore, a Candida
albicans proteinase directly converts plasma prekallikrein to

innate  immune system in  the case

Various pathways are capable to mediate complement  active kallikrein (43). Kallikrein was shown to cleave the central
activation by  Candida, wunderlining the relevance complement protein C3 to yield the active fragments C3b and
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FIGURE 2 | Pathways of complement activation by Candida, either directly or by affecting the contact system, fibrinolysis system, or coagulation system. For further

C3a. The proteolytic cleavage site used by kallikrein corresponds
to that used by the C3 convertase, and the kallikrein-generated
fragment C3b forms C3-convertase, thus triggering the C3
amplification loop. In addition, the C3a fragment resulting from
kallikrein cleavage was determined to be biologically active
and to harbor antimicrobial activity (44). The link from the
contact system to complement activation in Candida infection
is strengthened by findings that kallikrein also cleaves factor
B, yielding Bb and Ba and thereby triggering the alternative
pathway (44). Furthermore, contact system and complement
system share regulator mechanisms, since C1INH, the regulator
of the proteases of all three complement pathways, also represents
the primary plasma control for FXIIa and kallikrein [reviewed in
(45, 46)].

A second system that is activated by Candida and that
cross-triggers complement activation is the coagulation system
(Figure 2), a complex set of enzymes that mediates blood clotting.
FXII, described above to be activated by Candida surfaces or
Candida proteinases, also plays a central role in this system and
promotes the generation of active thrombin (47), a key enzyme
of coagulation (48). Active thrombin also results directly from
the enzymatic function of Candida proteases (40). Thrombin
effectively cleaves C3 to generate C3a that was capable to induce
a chemotactic response of neutrophils (49, 50). In addition,
thrombin is able to cleave C5 and thereby generates biologically
active C5a and a functional C5-convertase even in the absence
of C3 (51). Thrombin-generated C5 products also support
triggering of the terminal complement pathway (52). Other
components of the coagulation system, the factors IXa, Xa, and
XIa, were also capable to cleave C3 and C5 (49).

The third system triggered by Candida and contributing
to Candida-induced complement activation is the fibrinolysis
system (Figure 2). Here, plasminogen/plasmin represent the
central molecules. Urokinase-type plasminogen activator cleaves
the plasma protein plasminogen to form plasmin, a serine
protease that lyses fibrin clots and promotes degradation of the
extracellular matrix. Candida albicans binds plasminogen to its
surface via the proteins Gpm1 and Pral (53, 54). After conversion
into proteolytically active plasmin, the subsequent degradation
of extracellular matrix proteins and cell junction proteins might
favor dissemination of the yeast. However, plasmin also mediates
complement activation by cleaving C3 and C5 (49), and the
plasmin-activated C5 was capable to yield a functional membrane
attack complex (MAC) (55, 56). It must be mentioned that the
role of plasminogen/plasmin in complement activation seems to
be ambiguous, since other reports also describe an inhibitory role
and list plasminogen as a complement inhibitor (see below).

COMPLEMENT-MEDIATED ANTI-CANDIDA
EFFECTS

The infection-induced complement activation leads in general
to opsonization and lysis of invading pathogens, initiation of
inflammation, guidance of immune cells to the site of infection,
and last but not least to stimulation of the adaptive immune
response (57). The central role of complement in the host defense
against Candida infection has been clearly demonstrated in a
variety of experimental models with various deficiencies for
complement proteins. C3-depleted guinea pigs showed higher
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susceptibility to lethal Candida infections than untreated control
animals (58). Tsoni et al. revealed a higher susceptibility to
develop systemic and lethal infections with C. albicans and C.
glabrata in C3 deficient mice compared to immunocompetent
animals (59). Mice congenitally deficient in C5, such as DBA/2
or A/], were highly susceptible to C. albicans infection (60-62).
Furthermore, mice deficient in MBL, or double knockout mice
lacking factor B and C2, showed highly increased mortality and
elevated fungal load in the tissues after infection with C. albicans
(63). The central role of complement in Candida infection
has also been investigated in vaginal candidiasis. Notably,
MBL as pattern recognition molecule plays a predominant
role to determine severity and recurrence of disease. MBL
was demonstrated to bind to Candida colonizing the vaginal
cavity (64). The gene coding for MBL protein is polymorphic.
A polymorphism associated with unstable MBL protein and
thus decreased MBL concentrations is more prevalent in
women developing primary vulvar vestibulitis syndrome than
in control groups (65). Other reports confirm the relation of
MBL polymorphism with recurrent vulvovaginal candidiasis and
therapy resistance (36, 66-68). Similarly, cutaneous candidiasis
was described to be strongly associated with complement.
Mice with deficiency in C5 were less efficient in clearing
experimental cutaneous Candida infection (69). Complement
activation and deposition of C3 and factor B on Candida
surface was demonstrated in an in vitro model of cutaneous
candidiasis and were suggested to inhibit Candida adherence to
corneocytes (70).

One predominant role of complement factor C3 is the
opsonization of foreign structures to facilitate their uptake by
complement receptor-bearing phagocytes (71). Opsonization of
the Candida surface with C3 fragments is a very fast and efficient
process, underlining the relevance of this mechanism particularly
in early stages of infection (28). The most prominent receptor for
C3b and iC3b deposited on the Candida surface is complement
receptor 3 (CR3), widely expressed in professional phagocytes.
Interestingly, Candida exposes a CR3-like molecule on its surface
(72) that binds the negative complement regulator factor H and
thus contributes to complement evasion, as described below.

Phagocytosis of Candida is not only facilitated by deposition
of C3 fragments, but is further supported by an MBL-mediated
“shortcut.” Besides being the main pattern recognition molecule
of the lectin pathway, MBL was shown to possess opsonic
functions itself to bridge the Candida surface to the cellular
complement receptor CR1 (CD35) expressed on monocytes and
neutrophils (73). MBL-mediated opsonophagocytosis of Candida
albicans by neutrophils is independent from complement
activation and stimulates the intracellular expression of Dectin-
1 with subsequent production of reactive oxygen species (ROS)
(74). Since generation of toxic ROS represents an important
fungicidal mechanism employed by innate immune cells, MBL
acts as a dual complement effector molecule that utilizes both
complement activation and activation-independent techniques
for antifungal protection.

The pro-inflammatory anaphylatoxins C3a and C5a, which
are generated by cleavage of complement factors C3 and C5,
support these anti-Candida effects by chemotactically attracting

phagocytes to the site of infection (75). C5a is particularly
potent to attract neutrophils and monocytes; by binding to
the corresponding receptors on neutrophils, C5a also increases
their antimicrobial effector functions toward Candida albicans
such as phagocytosis, oxidative burst, and degranulation (76).
The induction of the release of the pro-inflammatory cytokines
IL-6 and IL-1f by human peripheral blood mononuclear cells
(PBMCs) completes the antifungal armamentarium of C5a
(75, 77).

Similarly, the anaphylatoxin C3a exerts a broad spectrum
of antimicrobial effects including chemotaxis and immune cell
activation (78). However, C3a-like peptides were also shown to
act directly as antifungal weapons by binding to the Candida
surface and inducing membrane perturbations (79).

In contrast, the influence of the terminal complement cascade
on host defense against yeasts is less clear. In any case, the
progress of the terminal pathway will lead to formation of the
C5b-9 complex on the yeast cell surface. Although C5b-9 is also
termed membrane attack complex (MAC), the thick fungal cell
wall inhibits its lytic activity against fungal cells (unlike for gram-
negative bacteria or erythrocytes) (3). However, deposited MAC
may cause immune modulatory effects, as it induces a higher
fungal mitochondrial activation and augments phagocytosis (80).

COMPLEMENT EVASION BY CANDIDA
Masking

As described above, B-glucan molecules from the inner part of
the Candida cell wall become exposed during infection or by
treatment with the echinocandin caspofungin (34). Triggering
of the alternative pathway of the complement system is a
consequence of f-glucan exposure on the surface (35). Intact
Candida albicans cells, however, are covered by a sheath of
mannan that masks the complement-activating B-glucan layer
(81) (Table 1). This mannan sheath provides resistance against
alternative pathway activation (see Figure 3); conversion of
mannose polysaccharides to polyalcohols or chemical removal
of the surface mannan was shown to overcome this resistance
(35). Specific antibodies against C. albicans mannan are a further
tool to overcome this masking mechanism and to improve
the outcome in experimental disseminated candidiasis (97).
Interestingly, antibodies specifically recognizing f-mannans were
protective against candidiasis, whereas a-mannan antibodies
turned out to be non-protective. This difference perfectly
correlated with the capacity of the antibodies to bind complement
factor C3 on the yeast surface, a process that is much more
efficient for the protective antibodies (97). The potency of
mannan antibodies to overcome complement resistance is of
particular interest, as most individuals have naturally occurring
antibodies reactive with Candida mannan epitopes. However,
these antibodies vary considerably regarding quantity and
epitope specificity (98).

Cleavage and Blocking of Complement

Proteins by Candida-Derived Proteases
Candida albicans produces a family of 10 related secreted aspartyl
proteases (Sap proteins) that are considered to contribute
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TABLE 1 | Overview of the different types of complement evasion performed by Candida species and the underlying mechanisms. For further details, see text.

Type of complement Mechanism

evasion

Candida species References

Masking

Sheath of mannan covering g-glucan layer providing

albicans 81

resistance against alternative pathway activation

Cleavage and blocking of
complement proteins

Sap2 cleaves FH, eliminating FH-mediated bridge between

pathogen and neutrophils

Sap?2 interferes with CR3 and CR4 expression on

macrophages

Sapp1 and Sapp?2 cleave C3b, C4b and FH

Sapp?2 degrades FHR5

Prai cleaves C3 at a unique site; the resulting C3a-like

Sap1-Sap3 degrade C3b, C4b, and C5 inhibiting
opsonization by C3b and generation of anaphylatoxin C5a

albicans (82)

albicans (83, 84)
C. albicans

C. parapsilosis

)
&

C. parapsilosis
C.

)
&

albicans

)
ke

fragment has no effector functions and the C3b-like fragment
is also not active and further degraded by Fl and FH

Pra1 blocks C3a derived from the action of C3 convertases

Recruitment of complement
regulators

Acquisition of FH, FHL-1 by
e Gpm1
e Prai
. Hgt‘l
e Gpd2

albicans (86)

albicans (54, 72, 87-89)

— Competing with FB for C3b binding and inhibiting the
assembly of the alternative pathway C3- and C5-

convertases

— Accelerating the decay of alternative pathway C3- and
C5-convertases by displacing bound factor Bb
— Enhancing FI-mediated cleavage and inactivation of C3b

Acquisition of vitronectin by Gpm1 inhibiting C5b-7 insertion

and C9 polymerization
Acquisition of C4BP by
e Pral
e Hgt1

albicans (90, 91)

albicans (72, 92, 93)

— Acting as a cofactor of Fl-mediated cleavage and
inactivation of the soluble and cell-bound C4b and
preventing the assembly of the C3 convertase C4b2b

— Enhancing FI-mediated C3b degradation

Acquisition of plasminogen by
e Gpm1
° Gpd2
e Other proteins

— Enhancing FI-mediated C3b degradation

C. albicans
C. parapsilosis

(54, 94-96)

— Cleaving C3b and C5, when activated to plasmin

substantially to pathogenicity by favoring adhesion, invasion, and
tissue damage (99, 100). Furthermore, Sap proteins are of central
relevance for pathogen survival in the host, since they destroy
molecules of the immune system (antibodies, complement
factors, cytokines) and thus limit microbicidal attacks (101).
In this respect, elimination of an effective complement cascade
as first-line defense is of special importance (Figure 3). Three
members of the Sap family (Sap1-Sap3) were proven to bind and
proteolytically degrade the complement proteins C3b, C4b, and
C5 (82) and thereby subsequently inhibit complement activation
(Table 1).

The functionality of this process was demonstrated by the
findings that Sap proteins inhibit the opsonization of C. albicans
by C3b and the generation of the anaphylatoxin C5a (82). A
second complement-evading mechanism could be attributed to

Sap2. It cleaves factor H (FH), a regulator of complement activity
and, in addition, a putative bridging molecule between the
pathogen and complement receptor CR3 (83) (Table 1). Losse
et al. (84) revealed that FH, factor H-like protein (FHL-1) and
factor H-related protein-1 (FHR-1) bind to C. albicans as well
as to neutrophils. CR3 (CD11b/CD18) was identified to be the
major receptor on neutrophils and thus facilitates the attachment
of neutrophils to FH-bound Candida. When attached to Candida
surface, FH and FHRI enhanced the antimicrobial activity of
the granulocytes and increased the killing of the pathogen
(84). Secretion of Sap2 by Candida thus can contribute to
immune evasion by proteolytically eliminating the FH-mediated
bridge between pathogen and neutrophils. Furthermore, Sap2
interferes with CR3 and CR4 expression on macrophages
(83) (Table 1).
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FIGURE 3 | Mechanisms of complement evasion by Candida. The different evasion mechanisms affecting the complete flow of the complement cascade are
indicated by triangles and labeled with mk (masking; red triangles), aq (acquisition; blue triangles), cl (cleavage; green triangles), and bl (blocking; yellow triangles). VN,
vitronectin; PLMG, Plasminogen; PLM, Plasmin; FH, factor H. For further details and references, see text.
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The relevance of Sap proteins as virulence factors is not
limited to C. albicans. A recent paper describes the functional
characterization of Saps produced by Candida parapsilosis
(85). C. parapsilosis possesses three secreted aspartyl protease-
encoding genes (Sappl-Sapp3). The purified enzymes Sapp1 and
Sapp2 were demonstrated to efficiently cleave the complement
components C4b, C3b, and FH; Sapp2 additionally degraded
factor H-related protein 5 (FHR5) (Table 1). Macrophages
phagocytosed and killed C. parapsilosis sappl/2/3-/- deletion
mutants more efficiently than wild type strains, indicating
that Sap-mediated complement evasion is not limited to C.
albicans (85). Two additional species that possess Sap genes,
namely C. tropicalis (Saptl-Sapt4) and C. dubliniensis (Sapcd1-
Sapcd4, Sapcd7-Sapcd10), might also utilize Saps to modulate the
complement system due to the high similarity of their Sap genes
with those of C. albicans and C. parapsilosis (102, 103).

Saps are not the only Candida-derived proteases that
contribute to virulence. The pH-regulated antigen 1 (Pral) is
described to interfere with complement-mediated antimicrobial
functions by several mechanisms. Besides recruiting in its
surface-bound form the complement inhibitors FH and C4BP to
the Candida surface (see below), it is also released by C. albicans
yeast and hyphal forms (87). Recombinant Pral was identified as
a C3-degrading protease, cleaving C3 at a unique site (Table 1).
Pral blocks effector functions of the resulting C3a fragment,
whereas the Pral-generated C3b-like fragment is processed and
thus inactivated by the complement regulators factor I and factor
H. Furthermore, Pral can also block C3a derived from the action
of the C3 convertases (86) (Table 1).

Recruitment of Complement Regulators

FH and FHL-1 on the Candida Surface
Although factor H (FH) and factor H-like protein 1 (FHL-
1), beside others, should prevent the detrimental effect of the
complement system on endogenous cells, such proteins are
frequently used by pathogens to avoid recognition or destruction
by complement. Regarding FH and FHL-1, it is known so far
that Candida albicans expresses four different so-called FH-
binding proteins, namely phosphoglycerate mutase 1 (Gpml),
pH-regulated antigen 1 (Pral), high affinity glucose transporter
1 (Hgtl), and glycerol-3-phosphate dehydrogenase 2 (Gpd2)
(53, 54, 72, 88) (Table 1).

Gpml was the first protein shown to bind FH (54). The
native protein has a mass of 27.5 kDa and regulates the catalytic
conversion of 3-phosphoglycerate to 2-phosphoglycerate in
glycolysis and the reverse reaction in gluconeogenesis in the
cytoplasm (54, 90). Beside the localization in the cytoplasm,
Gpml is present in the cell wall of yeast cells and hyphae, latter
especially on the tip of the hyphae. The lack of classical signal and
transport sequences implies that export from the cytoplasm to
the yeast surface circumvents endoplasmic reticulum and Golgi,
but rather occurs via a non-conventional transport mechanism
(54). When located on the cell wall, Gpml binds different
complement regulators, namely FH, FHL-1 as well as vitronectin
and plasminogen (see below). Regarding FH, Gpml bears two
binding sites for this protein, which are located at SCRs 6-7
and SCRs 19-20 (Figure 1), the former is shared with FHL-1.
These regulators stay active when Gpm1 binds them to Candida
(54). Even though this moonlighting protein was detected on the
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cell surface of different Candida species, namely C. albicans, C.
parapsilosis, and C. glabrata, only little is known on the functions
of Gpml in non-albicans species (104).

In 2009, 2 years after the first FH-binding molecule was
described, Pral was discovered to bind FH to Candida albicans.
In its monomeric form, Pral has a mass of 68 kDa and is
composed of 299 amino acids (53, 105). It was initially described
as a fibrinogen binding protein, which is localized on the cell wall
of yeast and hyphae (105). The concentration is enhanced on the
hyphal surface and notably high on the tips (53). Pral can either
act as a pH-dependent zincophore, or manipulate complement
to Candida’s favor, as described above (53, 87, 106). Additionally,
Pral binds directly or indirectly to different immune cells,
resulting in contradictory effects. On the one hand, it can bind to
CD4* T-cells and inhibit cytokine secretion; on the other hand,
it serves as a ligand for the integrin ayf, (CD11b/CD18, CR3)
expressed on neutrophilic granulocytes and therefore enables
enhanced phagocytosis (107-109). FH is bound to Pral by two
binding sites, namely SCRs 16-20, distinct for FH, and SCRs 5-
7 (Figure 1), which is also a binding site for FHL-1. As the first
four SCRs, mediating the complement regulator functions, are
not affected by these different binding sites, pathogen-bound FH
and FHL-1 stay functionally active (53).

In 2011, another FH-binding molecule named Hgtl was
discovered (72). This protein belongs to a large gene family of
glucose transporters (20 proteins are described by now) and
consists of 12 transmembrane domains, 545 amino acids, and
weighs 60.67 kDa (110). Hgtl can also be found in the cell wall
of yeast cells and hyphae, where it can serve, in addition to
its function as glucose transporter, as a binding molecule for
the complement regulators FH and C4b-binding protein (C4BP)
(72, 89). With binding of FH as main regulator of alternative
pathway and of C4BP as main inhibitor of the classical and lectin
pathway, Hgtl has the capacity to comprehensively interfere with
complement activation.

Gpd2, the fourth and by now last protein realized to bind
FH, is made up of 371 amino acids, weighs 52 kDa and is
localized on the surface of both yeast cells and hyphae (88).
Initially, this protein was described as a nicotinamide adenine
dinucleotide (NAD+)-dependent enzyme contributing to the
degradation of glycerol (111). Gpd2 on Candida was shown to
bind to human epithelial and endothelial cells, which might
support Candida infection and dissemination in the host. In
addition, Gpd2 controls the complement system by binding
plasminogen via lysine residues (like Gpm1) and FH/FHL-1 by
an amino acid sequence in SCR 7 (88) (Figure 1). FH/FHL-1
derived from individuals with a known human polymorphism
on SCR7 (112, 113) may be unable to attach to Gpd2; it is
interesting to speculate if these individuals show a better outcome
in Candida infections.

Factor H binding by Candida might, however, also represent a
double-edged sword for the pathogen. Since FH was described
to also serve as a ligand for CR3 (114), Candida-bound FH
might interact with CR3 on neutrophils and macrophages, thus
bridging the pathogen to professional phagocytes and supporting
clearance of the invader.

Recruitment of Other Complement

Regulators on the Candida Surface

The family of factor H, factor H-like proteins, and factor H-
related proteins are not the only complement regulators that
are exploited by Candida to evade from complement. The
soluble plasma proteins C4BP, plasminogen and vitronectin were
also described to attach to Candida surface, to retain their
complement regulatory functions and to assist in complement
evasion (19, 87, 115) (Figure 3).

Acquisition of vitronectin on the surfaces of pathogens is a
common complement evasion mechanism that was described
for bacterial and viral pathogens (116, 117). As mentioned
above, vitronectin is an inhibitor of the terminal pathway of
complement; by inhibiting the membrane insertion of C5b-7
and the polymerization of C9, it interferes with assembly of
the C5b-9 complex and formation of a lytic pore [reviewed
in (19, 118)]. Vitronectin was shown to be a ligand for the
Candida albicans surface protein Gpml (90). Acquisition of
vitronectin to Candida leaves its terminal pathway regulatory
domain accessible, thus enabling inhibition of C5b-7 insertion
and C9 polymerization (91) (Table 1). Furthermore, vitronectin
also binds to C. parapsilosis and C. tropicalis pseudohyphae
via various surface compounds (119), implying that a similar
complement evasion mechanism might be possible for these
Candida species.

To limit complement activation for survival in the presence
of innate immunity, Candida exploits the efficacy of the main
regulator of the classical and lectin pathway, C4BP. For this
purpose, both the yeast and the hyphal forms of Candida albicans
are capable of binding C4BP to the fungal surface (92, 120).
Preferential binding sites are located on the tips of the germ
tubes. The surface-attached C4BP retains its regulatory capacity,
inactivates C4b and thus limits the flow of the complement
cascade (92) (Table 1). The pH-regulated antigen 1 (Pral) and
high affinity glucose transporter 1 (Hgtl) of Candida albicans
were described to be the corresponding C4BP-binding molecules
that enable this mechanism of fungal complement evasion (72,
87). Pral expression levels of different clinical Candida albicans
isolates correlated with C4BP binding activity, increased fungal
virulence and enhanced survival of the pathogen in the presence
of complement (93). The acquisition of C4BP on the fungal
surface is not limited to Candida albicans. Meri et al. also proved
the binding of this protein to the yeast form of C. tropicalis, C.
glabrata, and C. krusei, but it is not known whether the bound
C4BP remains regulatory active in these species (92).

The third usage of complement regulators for Candida
albicans survival concerns plasminogen. C. albicans acquires
plasminogen on its surface via attachment to Gpml, and
bound plasminogen can be converted into the active protease
plasmin by urokinase-type plasminogen activator (54). A recent
report even lists eight plasminogen-binding proteins on Candida
albicans and four proteins in Candida parapsilosis (94, 95). As
mentioned above, some reports describe plasminogen/plasmin
as a trigger for complement activation with generation of active
C5 fragments. However, various reports show opposing results
and picture plasminogen as complement inhibitor. Barthel et al.
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mention plasminogen as a complement inhibitor that enhances
FI-mediated C3b degradation and, activated to plasmin, cleaves
C3b and C5 (96) (Table 1).

AN EMERGING FIELD: CANDIDA AURIS
AND COMPLEMENT

In the last decade, Candida auris emerged as a multidrug-
resistant yeast with severe cases of nosocomial infections.
Outbreaks were observed all around the world in more than
30 countries (121, 122). The new species is intrinsically
resistant to fluconazole and shows variable susceptibility to
other azoles, echinocandins, and amphotericin B (122, 123).
The genetic relation is closer to rarer Candida species such
as C. haemulonii than to common species such as C. albicans
and C. glabrata (123). Meanwhile, four distinct clades were
distinguished with considerable inter-clade variation, implying
independent emergence in multiple geographic regions.

The multidrug resistance strongly asks for deeper insights
as a basis to develop immune-based supporting therapies.
However, the knowledge about the interaction of C. auris
with innate immunity is still limited. Xin et al. described that
a mouse strain deficient in complement protein C5 (AC5)
showed a high susceptibility for disseminated C. auris infection,
compared to strains expressing C5. Immunosuppression
with cyclophosphamide further substantially increased this
susceptibility in AC5 mice, whereas treatment of animals with
intact C5 gene had only minor effect. Detailed analysis of fungal
burden in different organs revealed that expression of C5 is
essential to limit the dissemination of C. auris into kidney, heart,
and brain in infected mice (124).

Mimicry of complement receptors on the fungal surface is
another link between C. auris and the complement system. The
Candida complement receptor 3-related protein (CR3-RP) is a
surface protein expressed by various Candida species during
biofilm formation. CR3-RP is functionally and structurally
related to the human CR3 (Mac-1, CD11b/CD18) expressed
on neutrophils, monocytes, and macrophages. CR3-RP binds
the human complement fragment iC3b and plays an important
role in adherence to epithelial cells and in biofilm formation of
different Candida species (125). Recent analysis confirmed the
presence of CR3-RP also on the surface of C. auris. Blocking
of CR3-RP with an antibody in the adherence phase inhibited
C. auris biofilm formation. Furthermore, a polyclonal anti-CR3-
RP antibody decreased the metabolic activity of pre-formed C.
auris biofilms (126). Future work concerning C. auris-triggered
complement activation, opsonization, and evasion mechanisms
are necessary to get deeper insight into the interplay between this
multidrug-resistant pathogen and the complement cascade.

CONCLUSION AND OUTLOOK: CURRENT
AND FUTURE ASPECTS OF
CANDIDA-COMPLEMENT RESEARCH

As described in our review, complement as a fast-acting immune
weapon with nearly overall presence in the body and a broad

spectrum of pathogen recognition is of central relevance for local
and invasive Candida infections.

Although comprehensive views on this interesting mutual
interplay between a pathogen and the corresponding innate
immune response already exist, some aspects ask for further
studies. Only limited precise data are available on complement
and local Candida lesions in mouth, gut, skin, and vagina.
Since many complement proteins are acute-phase proteins, the
extent of the topical synthesis of single complement proteins in
different stages of disease would be interesting. Furthermore,
the contribution of excessive complement activation to
development and severity of local lesions is a relevant aspect to
be clarified.

Another emphasis should be a broader insight into non-
albicans species. Although some data are available on the
expression of Saps or plasminogen-binding proteins for non-
albicans, (e.g., for C. parapsilosis or C. glabrata, an overview
about the relevance of single complement aspects for the different
species is lacking). A special focus in this respect should be
laid on Candida auris. The relevance of complement for the
defense against this species is emphasized by the susceptibility
of complement-deficient animals. However, it is unclear which
activation pathway has the highest impact to trigger the cascade.
The rather small number of patients makes it difficult to weight
the role of MBL polymorphism for the susceptibility against
C. auris. Furthermore, the evasion mechanisms of C. auris are
still completely unknown. Here, the acquisition of factor H, a
central evasion mechanism for other Candida species, deserves
particular attention.

Exploitation of complement molecules by Candida to down-
regulate inflammatory immune responses is another aspect that
should be expanded to non-albicans species. C. albicans was
described to secrete soluble B-glucan that binds to complement
receptor CR3 on host monocytes. Consequently, monocytes
form and release vesicles that transport TGF-$1. TGF-p1-
transporting extracellular vesicles down-modulate inflammation
in whole-blood cells and amplify the anti-inflammatory reaction
of endothelial cells (127). This fascinating mechanism might
also play a role for other Candida species. The battle between
Candida and complement is old, but still reveals many
new aspects.
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Because of its capacity to increase a physiologic inflammatory response, to stimulate
phagocytosis, to promote cell lysis and to enhance pathogen immunogenicity, the
complement system is a crucial component of both the innate and adaptive immune
responses. However, many infectious agents resist the activation of this system by
expressing or secreting proteins with a role as complement regulatory, mainly inhibitory,
proteins. Trypanosoma cruzi, the causal agent of Chagas disease, a reemerging microbial
ailment, possesses several virulence factors with capacity to inhibit complement
at different stages of activation. T. cruzi calreticulin (TcCalr) is a highly-conserved,
endoplasmic reticulum-resident chaperone that the parasite translocates to the
extracellular environment, where it exerts a variety of functions. Among these functions,
TeCalr binds C1, MBL and ficolins, thus inhibiting the classical and lectin pathways of
complement at their earliest stages of activation. Moreover, the TcCalr/C1 interaction
also mediates infectivity by mimicking a strategy used by apoptotic cells for their removal.
More recently, it has been determined that these Calr strategies are also used by a variety
of other parasites. In addition, as reviewed elsewhere, TcCalr inhibits angiogenesis,
promotes wound healing and reduces tumor growth. Complement C1 is also involved
in some of these properties. Knowledge on the role of virulence factors, such as TcCalr,
and their interactions with complement components in host—parasite interactions, may
lead toward the description of new anti-parasite therapies and prophylaxis.

Keywords: Trypanosoma cruzi, complement, calreticulin, C1q, host-parasite interaction, host immune evasion

INTRODUCTION

The complement system (C), essential in both the innate and adaptive immune responses, increases
physiologic inflammation, stimulates microbial phagocytosis and their lysis, and promotes the
elimination of a large variety of aggressive microorganisms by enhancing their immunogenicity.
Some activated C components and derived molecules, opsonize a variety of microorganisms
and apoptotic cells promoting their phagocytosis and destruction inside the phagocyte (1).
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However, pathogens such as viruses, bacteria, fungi and parasites,
utilize some surface proteins and receptors to evade C during its
activation (1).

Trypanosoma cruzi calreticulin = (TcCalr), similar to
calreticulin from other species, including human (HuCALR), is a
multifunctional endoplasmic reticulum-resident chaperone, that
the parasite translocates to the extracellular environment, where
TcCalr participates in C evasion and infection, with important
consequences in virulence. Thus, TcCalr is a bona fide virulence
factor. Calr from other important parasite species shares several
of these properties with TcCalr. These issues are reviewed herein.
TcCalr also participates in the control of angiogenesis and tumor
growth, as reviewed elsewhere (2).

COMPLEMENT ACTIVATION AND
REGULATION: A BRIEF OVERVIEW

C consists of soluble and membrane-bound molecules that are
activated through a stringently regulated proteolytic cascade (3).
Activation may occur through the classical (CP), alternative
(AP), and lectin (LP) pathways. The CP is initiated by the
recognition, by C1, of antibodies aggregated on foreign antigens,
or by acute phase proteins identifying danger signals on a
microbial aggressor. The LP is activated by mannose-binding
lectin (MBL) or by ficolins recognizing a variety of bacterial
motifs. Conversely, spontaneous hydrolysis of C3, near cell
surfaces, produces a constitutive AP activation, which is tightly
controlled by C regulatory proteins present on host cells (Factor
I, C4-binding protein, decay-accelerating factor, membrane co-
factor protein, C receptor 1) or in plasma (Factor H, C1-inhibitor,
S-protein, clusterin, CD59). These proteins limit amplification of
the downstream cascade (3, 4).

C activation generates split products with opsonizing, pro-
inflammatory and immune-stimulating properties (3). The three
activation pathways converge in the generation of C3 convertases
that continuously cleave C3 into C3a and C3b, as well as C5
convertases that produce the split products C5a and C5b. C5b,
in conjunction with C6-C9, form the membrane attack complex
(MAC) and lyse the pathogen (3).

C1 AND CALRETICULIN INTERACTION
PROMOTES PHAGOCYTOSIS

In mammals, C1 is a highly complex protein, composed by
eighteen polypeptide chains, grouped in six heterotrimeric units,
each carrying the products of 3 genes, A, B, C. Each trimer has
several functional sites located on both a collagen-like (cCl1q)
and a globular head (gC1q) regions (5). Each globular head (ghA,
ghB, and ghC) has special affinity for the CH2 and CH3 domains
of IgG and IgM molecules, respectively, or for other unrelated
molecules (5).

Beyond its role as a pattern recognition receptor (PRR),
C1 binds to a wide variety of phagocytic cells, resulting in
the induction of cell-specific responses such as phagocytosis,
cellular activation, release of biological mediators and expression
of adhesion molecules, promoting inflammation (6). At least

four Clq binding cell surface receptors have been identified:
CRI1 (CD35), receptor for C3b; Clq-Rp (CD93), a 120 kDa O-
sialoglycoprotein; gC1q-R/p33, a 33kDa homotrimeric protein,
and cC1q-R/CR, a 60 kDa protein (5, 6). The 33 kDa molecule has
high affinity for the globular heads while the 60 kDa molecule,
also known as collectin receptor, binds to the collagenous tails
and its N-terminal sequence is 100% identical with Calr (5).

Calr is a 46 kDa multifunctional protein, mainly located in
the endoplasmic reticulum (ER) and highly conserved in all
species, including plants and microorganisms (2, 7, 8). Calr is
involved in Ca** homeostasis and in other important functions
inside and outside the cell, including: cardiogenesis, adipocyte
differentiation, cellular stress responses, wound healing and
immunity (9). Its structure comprises three main domains: N-
terminal globular, flexible proline-rich P intermediate arm-like
and C-carboxyl terminal (7, 9).

Both, C1q and MBL bind to apoptotic cells and stimulate
phagocytosis by ligation of Calr on the phagocyte surface, which
binds to the endocytic receptor protein CD91 (10). Phagocytic
cells, monocyte-derived macrophages and dendritic cells express
and secrete Calr as a Clq receptor. On the cell, Calr bridges
the phagocytic cell and the target (apoptotic cell or an immune
complex), promoting removal (6). Activated macrophages secrete
Calr, which binds to the surface of viable target cells and
marks them for removal by programmed cell phagocytosis (11).
Additionally, Calr is found on the surface of apoptotic cells acting
as a damage-associated molecular pattern (DAMP), responsible
for the immunogenicity of apoptotic cancerous cells (12-14).
Binding of Clq to cell-bound Calr results in opsonization (15).
Most important, the pro-phagocytic Calr/C1q/C1qR interaction
is used by different parasites to promote infectivity.

TRYPANOSOMA CRUZI EVADES THE
COMPLEMENT SYSTEM: THE ROLE OF
CALRETICULIN

Chagas disease, is a zoonotic and chronic parasitic illness
affecting 7-8 million people worldwide, that may be symptomatic
in about 30% of those infected, leading to incapacitating
situations in some of them. The disease is currently endemic in
21 Latin-American countries and, due to migration of chronically
infected individuals, is now a global concern (16). Its causal agent,
the flagellated protozoan T. cruzi, is an obligatory intracellular
infectious agent transmitted by triatomine vectors, but also
by congenital route, blood transfusions, organ transplantation
or by ingesting contaminated food and beverages (17). In all
these routes of infection, once trypomastigotes (infective form
in mammalian host) reach the bloodstream, the parasite, using
different proteins and mechanisms, bypasses C-mediated lysis
(18), and disseminates to many tissues during the acute phase
(19). There are a variety of molecules involved in C immune
evasion in T. cruzi. Among them, TcCalr plays an important role.

Bloodstream trypomastigotes, amastigotes (intracellular
replicative stage in host cells) and metacyclic trypomastigotes
(infective forms present in vector dejections) are resistant to the
C-mediated lysis (20). Instead, epimastigotes, the replicative and
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non-infective form of the parasite, are highly susceptible (21-23).
The ability to resist C differs among the parasite developmental
stage (24) and strains (21).

Several molecules present on the parasite have been identified
as resistance mediators, at different levels of the C cascade.
Moreover, trypomastigotes capture inhibitory host components,
which are used to inhibit the C activation on the parasite surface,
such as: plasma-membrane derived-vesicles (PMV) (25, 26), T.
cruzi trypomastigotes-decay accelerating factor (T-DAF) (27, 28),
T. cruzi C regulatory protein (CRP) (29-32); Factor H (FH)
(33), gp58/68 (34), and C2 receptor inhibitor trispanning (CRIT)
(21, 35) (Table 1). The molecular inhibitory mechanisms of these
proteins are only partially known. Some of these molecules play
a central role in the inhibition of C3 and/or C5 convertases. The
inhibition of these key enzymes may have important biological
consequences, such as: (i) inhibition of C-mediated lysis, (ii) a
decrease in the C3a and C5a (anaphylotoxins) generation (these
small C fragments are essential in the recruitment of blood cells
to the infection site), and (iii) a decreased opsonization, which
mediates phagocytosis of pathogens during infection (25).

TcCalr, similar to its human counterpart, resides in the
ER, where it modulates Ca?" homeostasis and participates as
a chaperone protein (39). However, TcCalr is also located in
the Golgi, reservosomes, flagellar pocket, cell surface, cytosol,
nucleus and kinetoplast. Large quantities of TcCalr accumulate in
the kinetoplast, apparently as a previous step to its translocation
to the parasite exterior (36, 39, 40). This parasitic protein shares

50% of homology with HuCALR (41) and with its three domains
(42): N, P, and C. Within the N and P domains, TcCalr has an S-
domain (aa 159-281) that specifically interacts with C1 (43, 44)
(Figure 1).

The TcCalr/Cl1 interaction promotes important functions in
the host-parasite interplay. TcCalr competes with the (C1r-Cls),
tetrameric complex for binding to the collagenous tails of Clq,
interfering with the Cls-mediated cleavage of C4 and C2 and
thus CP activation (36). TcCalr binds both serine-proteases, Clr
and Cls, but only TcCalr-Clr binding inhibits the C4-activating
function (37). Additionally, TcCalr competes with the serine
proteases, but does not displace them from preformed C1 (37).
This fact may be explained by the strong interaction between the
enzymatic tetramer (Clr,, Cls;) and Cl1q (45). TeCalr inhibits C
more efficiently than HuCALR and these functional differences
may be explained, at least in part, by comparative crystallographic
studies that have identified conformational rearrangements in
TcCalr and HuCALR (46) and some aminoacidic substitutions
that confer differences in polarity and spatial stability (47).
TcCalr not only inhibits the CP; it also binds MBL and
Ficolins, inhibiting the LP (38). L-, but not H-Ficolin binds to
TcCalr, but this binding does not interfere with lipoteichoic acid
binding to L-Ficolin and its activation. Moreover, L-Ficolin binds
preferentially to trypomastigotes, rather than to epimastigotes,
which translocate significantly lower amounts of TcCalr to their
surfaces (38). All these facts have been corroborated in vivo
by using genetically modified parasites carrying a monoallelic

TABLE 1 | Regulatory proteins playing a role in Trypanosoma cruzi complement system immune evasion.

Complement regulatory protein Specific functions Complement pathway affected References
COMPLEMENT REGULATORY PROTEINS PRESENT ON THE T. CRUZI SURFACE
Trypanosoma cruzi calreticulin TcCalr is a 45 kDa protein that binds to CP and AP (36-38)
(TcCalr) C1 (C1q, C1r, and C1s), and also binds
to MBL and ficolins (L-Ficolin).
Trypomastigote Decay-Accelerating T-DAF is a 87-93 kDa glycoprotein that CP, LP (probably) and AP (27, 28)
Factor (T-DAF) interferes with assembly of the C3 and
C5 convertase of both CP and AP.
Trypanosoma cruzi Complement C2 CRIT is a 32 kDa protein that inhibits CP and LP (21, 35)
Receptor Inhibitor Trispanning the C2 cleavage by C1s and MASP2
Protein (CRIT) and impairs C3 convertase formation.
Trypanosoma cruzi Complement TcCRP is a surface-anchored CP, LP (probably) and AP (29-32)
Regulatory Protein (TCCRP) glycoprotein also named gp160 that
binds C3b and C4b, inhibiting the CP
and AP C3 convertase.
Glycoprotein 58/68 (Gp58/68) GP58/68 is a 58-68 kDa protein that AP (34)
inhibits the C3 convertase formation by
binding factor B.
COMPLEMENT REGULATORY PROTEIN FROM THE HOST USED BY 7. CRUZI
Factor H (FH) FH binds to trypomastigotes covered AP (33)
by sialic acid probably accelerating the
decay of C3 convertase.
OTHER PROTEINS WITH COMPLEMENT REGULATORY FUNCTIONS IN T. CRUZI
T. cruzi induced membrane-derived MVs from different types of cells CP and LP (25, 26)

vesicles from host cells or interact with C3 convertase

microvesicles (MV)

CR, Classical pathway; LR, Lectin pathway; AR, Alternative pathway; C, Complement system.
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FIGURE 1 | Parasite Calreticulin participates in complement (C) evasion and in infectivity. Calreticulin (Calr), highly conserved and pleiotropic, is mainly found in the
endoplasmic reticulum (ER), but also in the extracellular environment. (A) In the ER, Calr is a chaperone and Ca®* binding protein. These properties are also described
for Calrs from other parasites, such as: L. donovani (LdCalr), B. malayi (BmCalr), H. contortus (HcCalr), D. immitis (DiCalr), S. mansoni (SmCalr) and O. viverrini
(OvCalr). (B) Extracellularly, the Calr S-domain (a fragment located between N and P domains) interacts with C system molecules such as (C) C1qg, C1 complex and
MBL, inhibiting C activation. This property has been described for human Calr (HUCALR) and parasitic Calrs such as T. cruzi calreticulin (TcCalr), T. carassii (TcaCalr),
N. americanum (NaCalr), BmCalr, T. spiralis (TsCalr), OvCalr, and T. infestans (TiCalr). Additionally, the C1/Calr interaction on the parasite is used by T. cruzi and E.
histolytica to promote infectivity. (D) TcCalr and E. histolytica Calr (EhCalr) on the parasite surface bind C1q. This interaction is recognized by HUCALR present on
phagocytes as an “eat me” signal. This Calr/C1g/HUCALR interaction, that promotes phagocytosis, was previously described as a mechanism to promote the
clearance of apoptotic cells, which overexpress Calr as a damage-associated molecular pattern (DAMP) on their surface. This Calr on apoptotic cells is recognized by
the pattern-recognition receptor (PRR) C1q, which is recognized by a C1q receptor on the phagocytic cells, identified as HUCALR. Calr, which does not have a

transmembrane tail, binds to CD91 on the phagocyte.
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deletion of the TcCRT gene or a transgenic version, expressing
an extra copy of the gene. The parasites expressing less TcCalr
are significantly more susceptible to C-mediated lysis and those
overexpressing TcCRT are significantly more resistant to both CP
and LP-mediated lysis (48, 49).

TcCALR/C1 INTERACTION: ROLE IN
PROMOTING INFECTIVITY

Another important role of the TcCalr/Cl interaction is
to promote infectivity. TcCalr is expressed mainly on the
trypomastigote flagellum emergence area, where it recruits

Cl1q/C1 (36). This interaction correlates with a TcCalr mRNA
level increase in the early infection steps (50). This is
corroborated since anti-TcCalr F(ab’), antibody fragments
(unable to bind C1 because they lack their Fc domains) inhibit
the TcCalr/C1 interaction, thus decreasing infectivity in vitro
and in vivo (50). Non-infective epimastigotes express less TcCalr
on their surface (36, 51), which may contribute to their high
sensitivity to C and lack of infectivity. In agreement with this
notion, when exogenous TcCalr is added, epimastigotes are
internalized by fibroblasts, in a C1q-dependent manner (52).

As mentioned, the capacity of the TcCalr/Clq interaction
to mediate phagocytosis was originally described for apoptotic
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cells. Clq and MBL bind to these cells, exposing HuCALR,
and stimulating their ingestion by ligation on the phagocyte
surface in a HuCALR/Clq-mediated manner (10). We have
proposed that the TcCalr/Clq complex is recognized as an
“eat me” signal on the parasite by host Calr on phagocytes
and other cellular types, thus promoting infectivity (Figure 1).
In agreement with these findings, Calr-deficient fibroblasts are
unable to internalize these parasites (52). Moreover, in mice
inoculated with trypomastigotes, carrying a monoallelic TcCalr
deletion, no parasitemia, nor anti-T. cruzi IgG levels are detected,
demonstrating that these mutants have a potent restriction
in their capacity to infect host cells, due to insufficient Calr
expression and consequent reduced resistance to C (49).

Calr is also important in infectivity, as determined in
an ex vivo model using human placenta explants, which
express high HuCALR levels (53-55). In these explants, the
TcCalr/Clq/HuCALR synapsis mediates the first stages of T.
cruzi infection (56). This fact is particularly relevant due to the
current high impact of congenital Chagas disease transmission.

TcCalr also binds MBL and Ficolins (36, 37), but the
role of TcCalr/MBL or TcCalr/Ficolins interactions in T. cruzi
infectivity processes has not yet been demonstrated. However,
in C-resistant T. cruzi strains, MBL seems to participate in
the infectivity process while the parasite deactivates the LP
(57). However, the ligand for MBL on the parasite surface
remains unknown.

CALRETICULIN IN OTHER PARASITIC
INFECTIONS

Several functions are shared and conserved, to differing extents,
by Calr from different species (41, 58). Calr, is a surprisingly
pleiotropic protein, present in all nucleated cells in different
organisms including parasites, where it was first described
in Schistosoma mansoni (59, 60), Dirofilaria immitis (61)
and Necator americanus (62). More recently, Calr has been
characterized in Entamoeba histolytica (63, 64), Leishmania
donovani (65), Trypanosoma carassii (66), and in the helminths
Brugia malayi (67), Haemonchus contortus (68), Opisthorchis
viverrini (69, 70), and Trichinella spiralis (71).

Structurally, Calr from different species possesses a broad
spectrum of sequence conservations and differences (46). L.
donovani Calr (LdCalr) binds Ca?*and RNA sequences (65) and
its P-domain is implicated in ER chaperone functions, since a
modulation of its expression affects the targeting of proteins
associated with virulence, during their trafficking through
the parasite secretory pathway (72). Additionally, proteomic
approaches indicate LdCalr is an immunostimulatory protein
(73, 74). However, its specific role in host-parasite interactions
is still unknown.

In E. histolytica, a protozoan parasite that causes amebiasis,
Calr (EhCalr) participates in several roles related to the host-
immune modulation. Quantitative proteomic analysis and an ex
vivo modeling indicates that EhCalr is an abundant membrane
protein expressed in virulent variants (75, 76). EhCalr, from
pathogenic and non-pathogenic species, binds C1 and inhibits

the CP activation (63). Additionally, EhCalr is exported from
the ER to the phagolysosome, where it favors phagocytosis in a
Clq-dependent manner (64, 77). EhCalr also interferes in the
pathogenesis and host immune response modulation. Thus, in
vitro, EhCalr acts as an immunogen for the specific activation
of peripheral blood mononuclear cells, inducing a Th2 cytokine
profile, during the acute phase, and a Th1 profile in the resolution
phase (78).

T. carassii, a flagellated bloodstream parasite of cyprinid
fish, produces anemia during peak parasitemias and it is highly
resistant to C-mediated lysis (79, 80). Its Calr (TcaCalr) is a
surface protein that binds Cl and inhibits the CP activation
(66), but its role in infectivity has not yet been elucidated.
Trypanosoma congolense Calr (TcoCalr) is an immunogen in
mice, delaying parasitemia and increasing survival in challenged
animals (81).

In nematodes Calr is also important in immune evasion
(2). Necator americanus Calr (NaCalr) was first described as a
hookworm allergen in infected patients (62). NaCalr does not
bind Ca?T, but interacts with C1 and inhibits the CP (82). Calr
from B. malayi (BmCalr), a parasite causing lymphatic filariasis,
binds Ca?* and Zinc (67) and interacts with host C1, inhibiting
the CP (83). Haemonchus contortus is a gastrointestinal parasite
of small ruminants that feeds on blood. The N-domain of HcCalr
mediates Ca>" binding and blood clotting inhibition. It also
binds C1 (68) and C-reactive protein (84), thus inhibiting the
CP. The C1 binding sites reside in two sequences present in
its N-domain (85). Trichinella spiralis activates C in infective
larvae, adults and newborn larvae. However, C is primarily
activated by the AP (86) and none of these stages bind Cl
(87). T. spiralis expresses two proteins that bind C1 and inhibit
the CP: paramyosin (88) and Calr (TsCalr) (71). Additionally,
TsCalr/C1q binding inhibits the C1-induced non-C activation of
macrophages (71). In the nematode Dirofilaria immitis, a Ca>*
binding protein, similar to Calr, was isolated and shown to be
immunogenic in chronically-infected microfilaremic dogs (61).

Calrs from the trematodes Schistosoma mansoni (SmCalr)
and Schistosoma japonicum (SjCalr) have been characterized
(59, 60, 89, 90). SmCalr is a Ca?* binding protein, mainly
present in miracidia and genital organs (59), that participates
as T and B cell antigen (60). Both Cl (91) and MBL
(92) bind to S. mansoni, but the role of SmCalr in this
binding or C evasion is unknown. SjCalr participates as
an immunomodulatory protein, activating dendritic cells and
inducing a Thl immune response (89). Calr from Opisthorchis
viverrini (OvCalr), a trematode parasite affecting humans, with
carcinogenic effects, is mainly expressed in the reproductive
system and its C-domain binds Ca?t (70). OvCalr also
binds C1 and inhibits the CP and, additionally, OvCalr is
released from the parasite, interfering with cell proliferation,
cell migration and sprouting, and stimulates specific antibody
production (69).

Hematophagous arthropods also use these Calr-mediated
mechanisms to evade C. Thus, Calr from Triatoma infestans
(TiCalr), the principal vector of Chagas disease (93), also binds
C1 and inhibits the CP. Most likely TiCalr in saliva helps to
control the activation of host C, present in the blood meal
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and consequent digestive tract tissue damage (93). Another
example is the tick Amblyomma americanum, which secretes
Calr (AaCalr) while feeding (94). AaCalr also binds C1, but
this interaction does not inhibit C activation (94). In ticks,
such as Boophilus micropus, Calr (BmCalr) is present in saliva,
is immunogenic in tick-infested bovines (95) and, similar
to Haemaphysalis qinghaiensis Calr (HqCalr), it is secreted
in their host during blood sucking, promoting a humoral
response (96).

OTHER TcCALR FUNCTIONS IN THE
HOST-PARASITE INTERPLAY

As reviewed elsewhere (2), in addition to their roles in C evasion
and infectivity, TcCalr and its N-terminal domain are anti-
angiogenic in several experimental set ups (97-99). The anti-
tumor effect of T. cruzi infection has been fully reproduced
by exogenously administrated rTcCalr (97) and reverted
by polyclonal anti-rTcCalr F(ab’), antibodies (51). Native
endogenous TcCalr, in the context of the parasite, also has an
anti-tumor effect on T. cruzi infection, since mice inoculated with
TA3-MTXR tumor cells, infected with T. cruzi trypomastigotes
and treated with anti-TcCalr antibodies neutralize the anti-tumor
effect of the infection (51). Most recently, we have proposed that
TcCalr binds to canine transmissible venereal tumor (CTVT)
cells and to a canine mammary carcinoma cell line, improving
the immunogenicity of both tumors. These cells can be engulfed
by macrophages and dendritic cells co-cultured with rTcCalr,
accelerating its maturation and activating T cells (100). Similar
to its human counterpart, TcCalr promotes wound healing in
rats (101); however, whether this property correlates with the
known anti-complement capacity of the parasite chaperone,
is unknown.
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Florian Réttgerding and Peter Kraiczy*

Institute of Medical Microbiology and Infection Control, University Hospital of Frankfurt, Goethe University Frankfurt, Frankfurt,
Germany

Relapsing fever (RF) is claimed a neglected arthropod-borne disease caused by a
number of diverse human pathogenic Borrelia (B.) species. These RF borreliae are
separated into the groups of tick-transmitted species including B. duttonii, B. hermsii,
B. parkeri, B. turicatae, B. hispanica, B. persica, B. caucasica, and B. myiamotoi,
and the louse-borne Borrelia species B. recurrentis. As typical blood-borne pathogens
achieving high cell concentrations in human blood, RF borreliae (RFB) must outwit
innate immunity, in particular complement as the first line of defense. One prominent
strategy developed by RFB to evade innate immunity involves inactivation of complement
by recruiting distinct complement regulatory proteins, e.g., C1 esterase inhibitor
(C1-INH), C4b-binding protein (C4BP), factor H (FH), FH-like protein-1 (FHL-1), and
factor H-related proteins FHR-1 and FHR-2, or binding of individual complement
components and plasminogen, respectively. A number of multi-functional, complement
and plasminogen-binding molecules from distinct Borrelia species have previously been
identified and characterized, exhibiting considerable heterogeneity in their sequences,
structures, gene localization, and their capacity to bind host-derived proteins. In addition,
RFB possess a unique system of antigenic variation, allowing them to change the
composition of surface-exposed variable major proteins, thus evading the acquired
immune response of the human host. This review focuses on the current knowledge of
the immune evasion strategies by RFB and highlights the role of complement-interfering
and infection-associated molecules for the pathogenesis of RFB.

Keywords: spirochetes, Borrelia, relapsing fever, immune evasion, complement, antigenic variation, innate
immunity, adaptive immunity

INTRODUCTION

Relapsing fever (RF), an ectoparasite-borne bacterial disease caused by Borrelia species is
characterized by recurrent episodes of high fever and spirochetemia in the blood of infected
individuals (1-4). RF is a neglected and emerging bacterial disease in the Americas and certain
African countries, especially in regions with a high incidence of infected argasid and ixodid ticks
of the genus Ornithodoros and Ixodes, respectively, or the human body louse Pediculus humanus
(2, 4). While soft tick-borne RF (STBRF) is mainly found along the West coast of North America
and endemic in the temperate and tropical African territories, the occurrence of hard tick-borne
RF (HTBREF) directly correlates with the distribution of ixodid ticks in the northern hemisphere
(5, 6). In contrast, LBRF is geographically restricted to countries along the Horn of Africa, in
particular Eritrea, Ethiopia, and South-Sudan (4). Despite its focal distribution, LBRF has the
potential to dramatically re-emerge when sociodemographic factors such as war, famine, political
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turmoil, and precarious hygiene conditions in overcrowding
camps change (7-11). Clinical signs of STBRF and LBRF
appear abruptly between 2 and 18 days after infection with
high fever, often accompanied by rigors, headache, chills,
nausea, vomiting, myalgia, and diarrhea (2, 4). More severe
clinical manifestations affect different organs such the liver
(hepatosplenomegaly, dysfunction, hepatic failure),
spleen (rupture), gastrointestinal tract (bleeding), lung (acute
pulmonary edema, acute respiratory distress syndrome),
heart (myocardial failure), and the central nervous system
(meningism, facial paresis, vertigo, rigidity) (4). Concerning
HTBRE fever, headache, chills, arthralgia, fatigue, and malaise
have been reported as the most common symptoms and severe
neurological manifestations such as meningoencephalitis occur
predominantly in immunocompromised patients (6, 12, 13). Like
Lyme disease spirochetes, RFB exploit diverse immune evasion
strategies to avoid recognition, and circumvent the innate
and adaptive immune responses. Herein, we summarize the
current knowledge of potential pathogenic factors identified in
diverse RFB that counteract complement and humoral immune
responses of the human host.

liver

THE COMPLEMENT SYSTEM AT A
GLANCE

Complement operates as a first line of defense against intruding
pathogens and consists of numerous fluid-phase and membrane-
bound regulators, inhibitors and inactive precursor molecules,
most of which act in concert upon activation to eliminate
microbes (14). Just like a domino effect, the complement cascade
can independently be activated through three distinct pathways:
the alternative (AP), the classical (CP), and the lectin pathway
(LP) (15, 16).

The AP is spontaneously activated by a so-called tick-over-
process leading to the covalent attachment of activated C3b
molecules to microbial surfaces and thus allowing a continuous
monitoring for invasive human pathogens (opsonization) (17,
18). Activation of the CP is triggered by binding of Clq to
surface-bound IgM or IgG clusters and the LP utilizes mannose-
binding lectin (MBL), collectins, and ficolins to recognize
carbohydrate moieties on bacterial cell surfaces (15, 16, 19-21).
Upon activation, either the C3 convertases C3bBb (AP) or C4b2a
(CP and LP) are formed, leading to a massive generation of
activated C3b that covalently binds to foreign surfaces. Further
downstream activation is driven by binding of C3b to the C3
convertases, resulting in the formation of the C5 convertases

Abbreviations: BpcA, B. parkeri complement regulator-binding protein A;
BtcA, B. turicatae plasminogen-binding protein; CbiA, complement binding
and inhibitory protein A; CihC, complement inhibition via C4BP; CI1-INH,
C1 esterase inhibitor; C4BP, C4b binding protein; FhbA, FH-binding protein
A; FH, Factor H; FHL-1, FH-like protein-1; FHR, FH-related protein; HcpA,
human complement regulator and plasminogen-binding protein A; HTBRE
hard tick-borne relapsing fever; GAG, glycosaminoglycans; LBRE, louse-borne
relapsing fever; MAC, membrane attack complex; RCA, regulators of complement
activation; RF, relapsing fever; RFB, relapsing fever borreliae; SCR, short consensus
repeats; STBRE, soft tick-borne relapsing fever; Vlp, variable large protein; Vmp,
variable major protein; Vsp, variable small protein.

C3bBb3b or C4b2a3b. By engendering the C5 convertase, C5
is cleaved to C5a and C5b, which covalently binds to the
target surface. This critical activation step initializes the terminal
sequence (TS) and the assembly of the pore-forming membrane
attack complex C5b-9 or MAC. The MAC, a ring-like structure, is
composed of numerous C9 molecules, all of which integrate into
the microbial membrane and ultimately cause lysis (22-24).

To protect self surfaces from excessive activation, complement
is tightly controlled by a variety of soluble and cell-bound
complement regulatory proteins (25). Concerning soluble
regulators, the AP is regulated by factor H (FH) and the factor
H-like protein 1 (FHL-1) (generated by alternative splicing of
the c¢fh gene). Both regulators inactivate C3b to iC3b by acting
as co-factors for factor I, thereby accelerating the decay of the
membrane-bound C3 convertase. In contrast to FH and FHL-
1, the factor H-related protein 1 (FHR-1) is supposed to be a
regulator of the TS and appears to block the cleavage activity
of the C5 convertases by inhibiting the generation of C5a (26).
The role of the additional four FHR proteins in complement
regulation is as yet unclear. Recent data provide some evidence
that these proteins may enhance complement activation and, thus
possess an opposite regulatory function compared to FH and
FHL-1 (27). Initial activation of the CP and LP is controlled
by Cl esterase inhibitor (CI1-INH) by inactivation of the
serine proteases Clr, Cls, MASP-1, and MASP-2, respectively.
In addition, the downstream activation steps of the CP are
terminated by binding of the C4b-binding protein (C4BP) to
C4b. This soluble regulator acts as cofactor for the Factor I-
mediated degradation of C4b. The TS is blocked by preventing
the integration of the soluble preforming sC5b-9 complexes into
the target membrane via vitronectin and clusterin (16).

RECRUITMENT OF COMPLEMENT
REGULATORY PROTEINS, AN EFFICIENT
STRATEGY OF RFB FOR ESCAPING
COMPLEMENT-MEDIATED KILLING

Immediately upon entry into the mammalian host, RFB face
complement as the first line of defense. However, the role
of complement in spirochete clearance has controversially
been discussed. It has been shown that IgM is able to
efficiently kill B. hermsii in the course of bacteremia in infected
C3- and C5-deficient mice by a complement-independent
mechanism, while B cell-deficient mice showed very high loads
of spirochetes in their blood (28, 29). These findings led to
the assumption that innate immunity plays a subordinate role
in the pathobiology of these pathogens. On the other hand,
RFB produce complement-binding proteins, most of which
operate on different activation levels to protect spirochetes
from complement-mediated bacteriolysis (30-37). This includes
proteins of B. hermsii, B. parkeri, B. duttonii, B. miyamotoi, and
B. recurrentis, respectively. An overview of the characteristics
of these suspected, infection-relevant surface proteins are
given below.
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TABLE 1 | Characteristics of complement-binding proteins of relapsing fever borreliae.

Complement Genospecies Strain Gene Gene locus Gene Synonyms/  Size Interacting Binding Binding of Interacting Complement Complement References
binding localization name/ other (kDa) complement regions of complement with resistance inhibition
protein ORF designations regulator complement component(s) specific (GOF)
regulator host-
derived
proteins
STBRF
BhCRASP-1  B. hermsii HS1 p174 BHA008 cspH FhbA1 215 FH SCR20 n.d. Plasminogen Yes n.d. (33, 36)
FHR-1
FhbA B. hermsii YOR p174 n.d.2 fhbA, FHBP19 24 FH n.d. n.d. n.d. n.d. n.d. (30, 31, 41)
HS1 bha008 FhbA2 FHL-1
FHBP28 B. parkeri RML n.d. n.d. n.d. none 28 FH n.d. n.d. n.d. n.d. n.d. (80, 42)
BpcA B. parkeri RML Ip150 n.d. n.d. none 17 FH SCRs 19-20 n.d. Plasminogen n.d. n.d. (36)
FHR-1 SCRs 3-5
BtcA B. turicatae 91E135 Ip159 A7978_ n.d. none 20.5 none n.d. n.d. Plasminogen n.d. n.d. (36)
04350
BHAO07 B. hermsii HS1 Ip174 BHAOO7 bhAO07 none 39 C4BP n.d. n.d. Fibronectin n.d. n.d. (43)
HTBRF
CbiA B. miyamotoi  FR64b  Ip70 CNO09_ cbiA none 21 FH SCRs 8-20 C3, C3b, C4b, Plasminogen Yes Ch TS (37, 44)
05070 SCRs 15-20 C5
SCRs 19-20
LBRF
HcpA B. recurrentis A1 p124 n.d. hcpA none 21 FH SCRs 19-20 (8, C3b, C4b  Plasminogen Yes TS (34)
A17 FHR-1 SCRs 3-5
GihC B. recurrentis Al p124 n.d. cihC none 40 C4BP n.d. n.d. Fibronectin ~ Yes n.d. (35)
A17 C1-INH
GCihC B. duttonii La Ip165 BDU_ cihC BDU_1 40  C4BP n.d. n.d. Fibronectin ~ Yes n.d. (35, 45)
RS04550 C1-INH

n.d.; not determined.
GOF, protein produced in a gain-of-function background; AR, alternative pathway; CF, classical pathway; TS, terminal sequence.
aSequence of the fhbA gene could not be detected on [p200 of B. hermsii YOR and Ip174 of B. hermsii HS1, respectively, by BLAST searches.
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Inactivation of the Alternative Pathway by
Binding of Complement Regulator FH

Acquisition of regulators of complement activation is one of the
most common strategies exploited by many human pathogenic
microorganisms to evade complement (38-40). At least seven
FH-interacting proteins have been described among RFB species
including BhCRASP-1 (FhbA1l) of B. hermsii HS1 and FhbA2
(FhbA, FHBP19) of B. hermsii YOR, FHBP28 and BpcA of
B. parkeri, CbiA of B. miyamotoi, and HcpA of B. duttonii
and B. recurrentis (30, 31, 33, 34, 36, 37) (Table1). All FH-
interacting proteins have in common binding to the C-terminal
domains implicating that the regulatory domains located at
the N-terminus of FH are accessible to retain their Factor I-
mediated C3b degradation activity (33, 34, 36, 37) (Table1).
Moreover, BACRASP-1, HcpA, BpcA, and CbiA, respectively,
facilitate complement resistance when ectopically produced in
genetically manipulated spirochetes (gain-of-function strains)
(33, 34, 36, 37).

Within a Borrelia species, the FH-binding proteins are highly
conserved, exhibiting sequence identity values of >93% (32) but
among RFB, the percentages are quite low (36-45%). Whether
the lack of sequence similarity might account for a different fold,
appears to be somewhat questionable, in particular in the light
of missing three dimensional structures. Interestingly, at least

four conserved motifs (LDxXNQKQALIxE, LGN-KxKQFLQxLH,
SFSSxNFxD, and LEQKKEXAL) could be identified in all seven
proteins, raising the possibility of a non-continuous FH-binding
site. Further studies investigating variants of FhbA2, FHBP28,
HcpA, and BpcA also provide evidence that multiple regions
are involved in the interaction with FH (30, 34, 36, 41). Of
importance, infection studies utilizing a fhbA deletion mutant
demonstrated that FhbA2 is the only FH-binding protein of
B. hermsii and the absence of FhbA did not have an impact
on serum resistance or infectivity of spirochetes, indicating
functionally redundant roles played by other complement-
interacting proteins as discussed below (46).

Inactivation of the Classical and Lectin

Pathway by Binding of C1-INH and C4BP

To date, CihC of B. recurrentis is the soley protein displaying
complement-inactivating properties on the CP and LP by
binding to C1-INH and C4BP-binding protein (35). Orthologous
proteins exhibiting sequence identities between 44 and 91%
have been detected in B. duttonii Ly (BDU_1026), B. hermsii
(BHAO007), B. turicatae (BTA001), B. parkeri (BpA001), and
B. crocidurae Achema and DOU (BCD_1370) but no homologous
sequences could be found in LD spirochetes (42, 43). Functional
analyses revealed that, like FH, C4BP bound to the borrelial

Binding of complement components

immunoglobulin G.

A B
Binding of complement regulators
s C1 complex o Factor |
Factor | Convertase = 51 T
o’ Factor | cs cir
@b g i3 2 ~ clq
- A
@b o i3k N2 FHR-1 IgG
FH C1-INH 8
FHL-1 FHR-2
Antigenic
—_—
MALDINGY WIS IS WS AN EGIRIIEY verston WIS
BhCRASP-1 FhbA BhCRASP-1 cihc CihC Vip/Vsp Vip/Vsp
FhbA BpcA BHA007
FHBP28 HcpA
BpcA
CbiA C
HcpA

Binding of plasminogen

c3b Cab s C3b PLG
c3 c9 c Cab
CbiA HcpA BhCRASP-1
BpcA
BtcA
CbiA
HcpA

FIGURE 1 | Immune evasion strategies of RFB. (A) Inhibition of complement by distinct borrelial proteins acting at certain levels of the activation cascade. (B) Immune
evasion of RFB by multiphasic antigenic variation. (C) Schematic representation of the structure of the Vsp1 (VspA) dimer of B. turicatae [PDB 2GA0, adapted from
(47)). The monomeric units are represented in dark or light blue. The variable sequences are distributed within the second and third a-helices as well as all loop regions
and summarize in variable region (VR) 1-4. The light blue circle at the top of the dimer indicates the region with the highest variability. FH, factor H; FHL-1, factor H-like
protein 1; FHR, factor H-related protein; C4BP, C1-INH, C1 esterase inhibitor; C4b binding protein; iC3b, inactivated C3b; iC4b, inactivated C4b, IgG,

Vspl (VspA)
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surface retained its complement-inhibitory activity for factor
I-mediated C4b degradation, thus targeting activation of the
CP and LP (Figure 1A, Table 1). Previously, Meri et al. also
demonstrated inactivation of the CP by binding of functional
active C4BP to the surface of B. recurrentis and B. duttonii (45).
In addition, CihC also promotes termination of the CP at the
initial activation steps by binding of C1-INH, indicating that
this borrelial molecule displays multi-functional complement-
inhibitory properties. Deletions at the N- and C-terminus of
CihC did not abrogate binding of C4BP or CI-INH leading to
the assumption that central regions might be responsible for
binding (Table 1). A crucial role of CihC in mediating serum
resistance of RFB was evidenced by employing cihC-expressing
gain-of-function strains which displayed a resistant phenotype
upon serum challenge (35). In contrast to CihC, the BHA007
protein of B. hermsii only bound C4BP but not CI1-INH (42).
Owing to their functional properties to interact with fibronectin,
these molecules have generically been named as “fibronectin-
binding proteins” and clustered together with the fibronectin-
binding BBK32 protein of Lyme disease spirochetes (42). Despite
their low sequence similarity, the finding that BBK32 confers
bloodstream survival of spirochetes (48) supports the possibility
that CihC orthologs might also play a role during infection of the
human host. Concerning CP inactivation, CbiA of B. miyamotoi
has previously been shown to strongly inhibit activation of the
CP, independently from interaction with C4BP by a yet unknown
mechanism (37) (Figure 1A, Table 1). It is tempting to speculate
whether binding of C4b to CbiA restricts downstream activation
of the CP by terminating formation of the C3 convertase (37).

Inhibition of the Terminal Sequence and
MAC Assembly

Terminating the final activation steps by binding to pore-forming
complexes or late complement components negatively affects
assembling of the MAC as demonstrated for CbiA and HcpA (37)
(Figure 1A, Table 1). In particular, CbiA strongly inhibits the
TS, probably through the binding of C5 and C9 whereas HcpA
moderately influences complement on this level and BpcA and
BtcA, respectively, did not have an impact at all. Interference with
the TS enhance the process of complement inactivation mediated
by distinct outer surface proteins.

Inactivation of Complement by Acquisition

of Plasminogen

Distinct complement-interacting proteins including
BhCRASP-1, HcpA, and CbiA exhibit multiple binding
specificities to host-derived fluid phase proteins such as
plasminogen (33, 34, 36, 44) (Figure 1A, Table 1). Plasminogen
is known to bind to C3, C3b, C3d, and C5 and upon activation to
plasmin, C3 and C5 degradation takes place (49). Plasminogen
is also able to enhance Factor I-mediated C3b degradation in
the presence of FH (49). Previous studies demonstrated that
plasmin(ogen) bound to B. hermsii HS1, B. recurrentis Al, and
B. parkeri decreases the amount of C3b molecules deposited
on the borrelial surface (33, 34, 36) or lead to degradation of
C3b when purified HepA, BpcA, and CbiA, respectively, have

been employed (34, 36, 44). Thus, degradation of C3 and C5
appears an additional strategy of RFB to successful overcome
host immune defenses.

Direct Interaction With Individual

Complement Components
HcpA and CbiA also bind to some extent to individual
complement components, namely C3, C3b, C4, and C4b,
respectively, as well as C5 (CbiA) though the relevance of
these interactions on complement inactivation require further
investigation (37) (Figure 1A, Table 1).

In conclusion, these findings suggest an involvement of these
molecules in immune evasion in particular as the inactivation
of the key complement component C3b is thought to be an
efficient instrument for bacterial survival and may account for
the extraordinary pathogenesis of RFB in the human host.

ANTIGENIC VARIATION, A POWERFUL
MECHANISM OF RFB TO ESCAPE
IMMUNE AVOIDANCE

To evade clearance by the humoral immune response of the
human host, RFB are capable of producing a bulk repertoire
of antigenically distinct serotypes in a given cell population
by a genetically driven process termed antigenic variation
(50). In their pioneering work, Barbour and Stoenner revealed
that the phenomenon of serotype switching is a spontaneous,
reversible, and multiphasic process, creating outer surface
proteins that bear serotype-specific epitopes (50) (Figure 1B).
These immunodominant, variable major lipoproteins (Vmps) are
divided into two different, highly polymorphic protein families:
the variable small proteins, Vsp (~20 kDa) and the variable large
proteins, Vlp (~36 kDa) that are subdivided in additional four
subfamilies: a, B, y, and 3 (50-52). Apparently, the molecular
mechanism of antigenic variation is not a subject to a process
that is under pressure of the local environment, host factors or
the host immune system. Recognizing that multiple serotypes
arise from a single cell, thus, theoretically plenty of variants
can be generated by producing highly diverse sets of Vlps and
Vmps during infection. Previous studies revealed that 60-70
antigenically distinct variants of B. hermsii could arise during
mammalian infection (52). Such a considerable diversity is
achieved by multiple rounds of genetic rearrangements of the
Vmp encoding genes including (i) non-reciprocal recombination
of silent or archival vmp genes with an active, transcribed vmp
gene (gene conversion), (ii) intramolecular DNA rearrangement,
and (iii) switching of the expression site resulting in a
modification of the transcript (53, 54). The mechanism of
intermolecular recombination also appears to take place in the
Old World RFB B. duttonii (55). Variable antigen genes encoding
for Vlps and Vsps have also been detected in B. turicatae,
B. crocidurae, B. duttonii (56, 57), B. miyamotoi (58, 59), and
B. recurrentis (60, 61). Genetically, the silent or archival vmp
genes are dispersed on different linear plasmids of 28-53 kb
whereas an active, promoter-driven expression locus is found
only on a single plasmid (53, 61). Such an active vlp or vsp gene
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can be exchanged by any archival or silent vlp and vsp gene
but the frequency of replacement differs between these genes
(62). The unceasing exchange of vmp genes will undoubtedly
generate numerous polymorphic Vmps, allowing spirochetes to
remain one step ahead of the adaptive immune response and
thereby successfully evade the host’s defenses. In a study using
genetically modified B. hermsii cells that lack the ability to
undergo antigenic variation, Raffel et al. clearly demonstrated
that Vmps are required for inducing a high spirochetemia in
the blood and for causing a relapse in infected mice whereby
colonization of the ticks by these attenuated spirochetes remains
unaffected (63). Interestingly, Vmp-lacking cells showed a reduce
fitness compared to the WT and reconstituted spirochetes.

Crystal structure refinements of Vsp and VIp revealed a
similar fold for both groups of proteins which are predominately
composed of a 2-fold-symmetric dimer. Each monomeric unit
consists of four a-helical bundles connected by two loop
regions (47, 64) (Figure 1C). The N-terminus is anchored in the
spirochetal membrane while the flexible C-terminus is folded
back and oriented closely to the N-terminus. The variable loop
regions are exposed to the environment and serve as ligands for
antibodies. Interestingly, the most conserved regions are oriented
to the outside of the protein known to be targets for anti-Vmp
antibodies elicited during infection. Of note, OspC, the major
outer surface protein of B. burgdorferi is phylogenetically and
structurally related, and shares a common helical fold to the
Vsps suggesting that these proteins might display similar roles
in immune evasion (47, 65).

CONCLUDING REMARKS

Over the last decades, a number of complement-interacting
molecules have been described, all of which touch the first line
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Dendritic cells (DCs) possess intrinsic cellular defense mechanisms to specifically inhibit
HIV-1 replication. In turn, HIV-1 has evolved strategies to evade innate immune sensing
by DCs resulting in suboptimal maturation and poor antiviral immune responses. We
previously showed that complement-opsonized HIV-1 (HIV-C) was able to efficiently
infect various DC subsets significantly higher than non-opsonized HIV-1 (HIV) and
therefore also mediate a higher antiviral immunity. Thus, complement coating of HIV-1
might play a role with respect to viral control occurring early during infection via
modulation of DCs. To determine in detail which complement receptors (CRs) expressed
on DCs was responsible for infection and superior pro-inflammatory and antiviral effects,
we generated stable deletion mutants for the a-chains of CR3, CD11b, and CR4, CD11c
using CRISPR/Cas9 in THP1-derived DCs. We found that CD11c¢ deletion resulted in
impaired DC infection as well as antiviral and pro-inflammatory immunity upon exposure
to complement-coated HIV-1. In contrast, sole expression of CD11b on DCs shifted the
cells to an anti-inflammatory, regulatory DC type. We here illustrated that CR4 comprised
of CD11c and CD18 is the major player with respect to DC infection associated with a
potent early pro-inflammatory immune response. A more detailed characterization of
CR83 and CR4 functions using our powerful tool might open novel avenues for early
therapeutic intervention during HIV-1 infection.

Keywords: HIV-1, dendritic cell, complement, CD11c, CD11b

INTRODUCTION

Dendritic cells (DCs) play a pivotal role in the defense against invading pathogens, acting as the
most potent antigen-presenting cells (APCs) of the innate immune system (1-3). They reside in
the peripheral tissue, where they capture antigens and present them to naive T cells in the lymph
nodes. Hence, DCs orchestrate immune responses, serving as critical links between innate and
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adaptive immunity. DCs are among the first cells to encounter
HIV-1 at mucosal sites (2, 4). At the same time, HIV-1
spontaneously activates the classical complement (C-) pathway
(5), even in seminal fluid (6), through direct binding of Clq
to the viral surface. Therefore, complement-opsonized HIV-
1 (HIV-C) accumulates at mucosal sites early during HIV-
1 infection (7, 8). HIV-1 poorly replicates in DCs due to
the activity of SAMHDI [Sterile Alpha Motif (SAM) domain
and histidine/aspartic acid (HD) domain containing protein
1] and effectively evades DC-mediated antiviral immunity
(9). When SAMHDI restriction of HIV-1 was abrogated
by degradation of HIV-2/SIVsm viral protein Vpx, DCs
demonstrated a potent type I IFN response, maturation and
co-stimulatory function (10). Further, phosphorylation of the
T592 residue of SAMHDI in DCs after exposure to HIV-
C overcame this restriction mechanism and initiated an
effective antiviral immune response (9). The low-Beside hiding
from DC-mediated immunity by low-level infection, the virus
additionally exploits DCs as shuttles to promote its own
dissemination (11, 12).

In previous studies we demonstrated that HIV-C has the
ability to bypass SAMHDI restriction in DCs, which resulted
in more pronounced maturation and significantly higher
co-stimulatory capacity compared to DCs exposed to non-
opsonized HIV (9).

Additionally, complement coating of HIV-1 further activated
highly functional HIV-1 specific cellular immunity as well
as pro-inflammatory and type I IFN responses (9, 13, 14).
Thus, enhanced DC infection was associated with an increased
quality and quantity of virus-specific immune responses (9,
10, 15, 16). We could also show that HIV-C interacts with
the abundantly expressed CR3 and CR4 on immature DCs
(iDCs), whereas non-opsonized HIV binds via gpl20 to
DC-SIGN (9, 17). Taken together, these already published
results clearly indicate that triggering CR3 and CR4 by
HIV-C influences infection of DCs and strongly shapes
immunity driven by DCs.

Here, we analyzed in detail the specific roles of CR3
and CR4 in modulating the immune response of HIV-
l-infected DCs by generating knock-out (KO) cell lines
lacking CD11b, CD1lc, and CDI18, respectively. For this we
performed CRISPR/Cas9 to generate stable and irreversible
deletions of these receptors in THP1 monocytes. Furthermore,
we optimized the differentiation protocol to generate THP1
derived DCs and to use these THP1-differentiated DCs (THP1-
DCs), comprising an iDC phenotype, as an operative model
for primary DC infection. After detailed comparison of
THP1-DCs with primary DCs at phenotypic and phagocytic
properties, we characterized the specific tasks of CR3 and
CR4 on THP1-KO DCs with respect to HIV-1 infection
and antiviral immune induction using differentially opsonized
HIV-1. Here we identified CR4 as potent inducer of early
antiviral immunity. Further, the importance of CR3 and
CR4 fine-tuning on DCs with respect to controlling viremia
during the acute phase of HIV-1 infection by CR4 or
down-modulating type I IFNs during chronic phase by CR3
was highlighted.

MATERIALS AND METHODS

Ethics Statement

Written informed consent was obtained from all participating
blood donors by the Central Institute for Blood Transfusion
and Immunological Department, Innsbruck, Austria. The use of
anonymized leftover specimens for research on host/pathogen
interactions was approved by the Ethics Committee of the
Medical University of Innsbruck (ECS 1166/2018, PI: DW).

Generation of Human Monocyte-Derived
DCs and THP1-DCs

Blood for the monocyte isolation was received by the
Central Institute for Blood Transfusion and Immunological
Department, Innsbruck, Austria. Briefly, PBMCs (peripheral
blood mononuclear cells) were isolated from blood of healthy
donors (8, 16) obtained by a density gradient centrifugation
using a Ficoll Paque Premium (GE Healthcare) gradient. After
washing, CD14" monocytes were isolated from PBMCs using
anti-human CD14 Magnetic Beads (BD) - the purity of the
isolated cells was at least 98%. Monocytes were stimulated by
addition of IL-4 (200 U/ml) and GM-CSF (300 U/ml) for 5 days
to generate iDCs, which were used for all further experiments.
Non-stimulated iDCs were used as controls for all experiments
using DCs. THP1-WT and KO DCs were generated from the
respective THP1 cells by addition of IL-4 (200 U/ml), GM-CSF
(300 U/ml) and TNF-a (10 ng/ml) for 5 days.

Genome Editing Using
CRISPR/Cas9-Mediated Depletion of

CD11b, CD11¢c, and CD18

For CRISPR/Cas9-mediated depletion, three guide RNA
(gRNA) targeting sequences for CD11b, CDllc, and CDI8
as depicted in Table 1 were selected using an online
prediction tool—CRISPR Design; Zhang Lab (18). Out
of the three constructs, only one clone for each target
[CD11b (5'-GCCGTAGGTTGGATCCAAACAGG-3'), CDllc
(5'-GTAGAGGCCACCCGTTTGGTTGG-3') and CD18 (5'-
TGGCCGGTGTCGCSGCGSSTGG-3")] was used for further
analyses. gRNAs were cloned into a lentiCRISPRv2 vector
via BsmBI restriction sites. lentiCRISPRv2 was a gift from F.
Zhang (Massachusetts Institute of Technology, Cambridge, MA,
United States; Addgene plasmid 52961 (19).

Lentiviral Transduction

Lentiviral plasmids were co-transfected with Lipofectamine
LTX (Invitrogen, cat 15338100) together with pMDG, psPAX2
and lentiCRISPRv2 into the HEK293T producer cell line.
Supernatants containing viral particles were harvested 48 and
72 h post transfection, filtered using a 0.2 wm filter and directly
used to transduce target THP1 cells with 5 pg/ml Polybrene
(Sigma-Aldrich, cat TR-1003-G). After 7 days, transduced cells
were selected using puromycin (5 pg/ml, Sigma-Aldrich, cat
SBR00017). After selection, the depletion efficiency of CD11b,
CDl1lc, and CDI18 was analyzed by flow cytometry. Single-
cell clones of the specific KO cells were generated after FACS
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TABLE 1 | CRISPR/Cas9 gRNA sequences used to produces the THP-1 CD11b
KO, THP-1 CD11¢ KO, and THP-1 CD18 KO.

Number Target gene Sequence

1 CD11b exon5 GCCGTAGGTTGGATCCAAACAGG
2 CD11b exon6 TCATCCGCCGAAAGTCATGTGGG
3 CD11b exon6 TTCATCCGCCGAAAGTCATGTGG
4 CD11c exon3 GTAGAGGCCACCCGTTTGGTTGG
5 CD11c exon3 ACTGGTAGAGGCCACCCGTTTGG
6 CD11c exond GACATGTTCACGGCCTCCGGGGG
7 CD18 exon3 GCCGGGAATGCATCGAGTCGGGG
8 CD18 exon3 TGCCGGGAATGCATCGAGTCGGG
9 CD18 exon4 TGGCCGGGTGTCGCAGCGAATGG

Indicated sequences target different exons of the CD11b, CD11c, and CD18
genes. One clone out of the three was used for further analyses.

sorting by the Core Facility FACS Sorting at the Medical
University of Innsbruck.

Virus Production

Primary isolates as 92BR030 (subtype B/B, R5-tropic) and
the laboratory strain BalL were obtained by the National
Institutes of Health AIDS (available through World Health
Organization depositories). Virus was propagated in PHA-L
and IL-2 stimulated PBMCs. 93BR020 (subtype B/F, X4/R5-
tropic) and the laboratory strain NL43 both from National
Institutes of Health AIDS (available through World Health
Organization depositories) were produced in the M8166 cell
line. HEK293T cells were transfected with YU- 2-, and
R9Bal (kindly provided by Prof. Thomas Hope, Northwestern
University) plasmids using the CaCl, method (9). Vpx expression
construct pcDNA3.1Vpx SIVmac239-Myc was used to obtain
Vpx-carrying HIV virus preparations (20). Viral supernatants
were collected on several days post infection (dpi) and
cleared by filtration through 0.22 pwm pore-size filters and
concentrated by ultracentrifugation at 20,000 rpm for 90 min
at 4°C (Beckham Coulter). The virus pellet was re-suspended
in RPMI1640 without supplements and stored in small
aliquots at —80°C to avoid multiple thawing. One aliquot
was taken to determine the virus concentration by p24
ELISA (21) and the 50% tissue culture infective dose of
the viral stock.

Opsonization of Viral Stocks

To mimic opsonization in vitro, purified HIV-1 and
VLP stocks were incubated for 1 h at 37°C with human
complement (C) serum (Quidel) in a 1:10 dilution. As
negative control the virus was incubated under the same
conditions in commercially available C3-deficient serum
(Sigma) or in culture medium. After opsonization, the virus
was thoroughly washed to remove unbound components,
pelleted by ultracentrifugation (20,000 rpm/90 min/4°C),
re-suspended in culture medium without supplements and
virus concentrations were determined using p24 ELISA. The
opsonization pattern was analyzed using a virus capture assay
(VCA) described below.

Virus Capture Assay

The opsonization pattern was determined by virus capture assay
(VCA) as described (8). Briefly, 96-well high-binding plates were
coated with anti-human C3c, C3d, or IgG antibodies. Mouse IgG
antibody was used as a control for background binding. Plates
were then incubated overnight at 4°C with the differentially
opsonized virus preparations (10 ng p24/well) at 4°C. After
extensive washing, virus was lysed and p24 ELISA was performed
to confirm the opsonization pattern.

p24 ELISA
p24 ELISA was performed as described (21). Antibodies used
for p24 ELISA were kindly provided by Polymun Scientific,
Vienna, Austria.

DC Infection

Cells were infected in triplicates using differentially opsonized
HIV-1 as described before (8, 17). Briefly, cells (1 x 10°/100 )
were incubated for 3 h with HIV or HIV-C (25 ng p24/ml)
or left uninfected and virus concentrations from supernatants
were measured on several dpi. To confirm productive infection
by HIV-1 and not cell-associated virus, we thoroughly washed
the cells after overnight incubation with different viruses and
cultured the cells at 37°C/5% CO,. By ELISA we measured
the p24 concentrations of the supernatants following spinning
down the plate to pellet cells on several dpi. The following
antibodies were used for blocking experiments (all anti-human):
LEAF purified CD11b-Antibody (Biolegend, San Diego, CA,
United States), LEAF purified CD11c-Antibody (Biolegend, San
Diego, CA, Untied States).

Immunoblot Analyses of Phosphorylated

Proteins

THP1-DCs were starved in RPMI 1640 containing 0.5% FCS
and 1% L-Glutamine for 3 h. Starving of cells was performed
to set their phosphorylation to background levels. Following
starvation, THP1-DCs were incubated with the differentially
opsonized HIV-1 particles. After 4 h co-incubation, cells were
lysed with RIPA Buffer (Sigma-Aldrich) containing protease and
phosphates inhibitors and EDTA (Thermo Fisher Scientific) for
20 min at 4°C. The protein content was determined by BCA
(Thermo Fisher Scientific). Lysates were separated using 10%
SDS-PAGE gels, transferred to PVDF membranes and incubated
with anti-human a-tubulin as loading control as well as anti-
human phospho-IRF3 (1:1000, Cell Signaling Technology) and
developed with the Lass 4000 Image Quant. For this, the peak
values of the target protein were divided by the peak values
of the loading control before doing a relative comparison.
Quantification was performed using values from three to six
different experiments.

Relative Quantification by Real-Time
RT-PCR

THP1-DCs (WT and KOs) were infected with the differentially
opsonized HIV-1 particles at different time-points from 1-
12 h at 37°C with a p24 concentration of 350 ng/mL for
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0.5 x 10° cells. Cells were lysed with RLT Buffer (Qiagen)
and total RNA was purified according to the manufacturer’s
instructions. RNA was then quantified (NanoVue) and reverse
transcribed into cDNA (iScript Reverse Transcription Supermix
for RT-qPCR, BioRad). The cDNA was then used for multiplex
qPCR (iQ Multiplex Powermix, BioRad) amplification, using
PrimePCR™ Probes for IL-10, IL-6, IL-1B, and IL23A (all from
BioRad Laboratories). The RT-qPCR was run in the BioRad
CFX96 Real Time PCR System. The cycling conditions were
as follows: 3 min at 95°C, 44 cycles: 15 s at 95°C, 60 s at
60°C. For mRNA expression of IFNB1 real-time PCR using Sybr
green qPCR (EvaGreen, BioRad) amplification and gene-specific
primer pairs (BioRad) were used. The cycling conditions were:
30 s at 95°C, 39 cycles: 5 s at 95°C, 10 s at 60°C with a melt
curve 65-95°C with an increment of 0.5°C for 5 s. A GAPDH
(human) PCR using specific primer/probe pairs (BioRad) served
as internal control to quantify the relative gene expression
of target genes. Data were analyzed with the BioRad CFX
Manager Software (A ACT method) and values were exported
to GraphPad Prism.

Cytokine Analyses by ELISA

THP1-DCs were plated in a 12-well tissue culture-plate at
0.5 x 10° cells/well. Cells were infected with R5-tropic virus
(R9Bal) for 12, 24, and 48 h. Supernatants were collected and
inactivated with Igepal 5% (1:2). The amounts of IL-18 were
measured by ELISA (eBioscience).

Multicolor FACS Analyses

Differentiation of THP1 into DCs exposed to cytokine
cocktail (IL-4, GM-CSE TNF-a) was analyzed by using
anti-human  CD11b-PE,  CDl11c-AlexaFluor488, CD18-
APC, HLA-ABC-PerCP/Cy5.5, HLA-DR-APC-Cy7,
DC-SIGN-PE, CD86-FITC, CD83-APC, CD1a-FITC,
CD4-APC, CCR-PerCP/Cy5.5 and CXCR4-PE as
described (16) on a FACS Verse flow cytometer (BD
Biosciences). Data were analyzed using FACS DIVA software
(BD Biosciences).

Statistical Analysis

Differences were analyzed by using GraphPad Prism software
(GraphPad Software Inc.) and one-way ANOVA with Bonferroni
post-test for multiple comparisons or Unpaired Student’s t test
depending on the analyses performed.

RESULTS

WT THP1-DCs and KO THP1-DCs
Resemble Primary DCs Regarding Their
Phenotypic and Phagocytic Capacities

To characterize CR3 and CR4 with respect to DC modulation
upon exposure to differentially opsonized HIV-1, we generated
CD11b-, CD1l1c-, and CD18 KO THPI-DCs. Since THPI
monocytes constitute an immortalized cell line and are of
tumorigenic origin derived from the peripheral blood of a

one-year-old male with acute monocytic leukemia, we wanted
to make sure to generate an appropriate model for KO
DCs. Therefore, we first characterized by multi-parameter flow
cytometric analyses in detail WT-THP1 cells after optimized
differentiation to DCs for their expression of characteristic DC
markers, CR3 and CR4 and HIV-1 receptor and co-receptors
CD4, CCR5, and CXCR4.

We found that THP1-DCs differentiated in vitro into a
functional DC-like phenotype (Figure 1A and Supplementary
Figure S1 >monocyte-derived iDCs, moDCs), expressing high
levels of both CRs, CR3, and CR4, as analyzed by the
expression of CDI11b, CDI11¢c, and CD18. HLA-ABC, HLA-
DR, and DC-SIGN were also found to be expressed on WT-
THP1 DCs, and also on moDCs as illustrated by Posch
et al. (9) and in Supplementary Figure S1. No expression
of CDla was detected. Importantly, low levels of CD83 and
CD86 were indicative of an iDC state and displayed a mature
phenotype upon LPS stimulation (not shown). The profile
of characteristic markers CD11b, CDI11lc, CDI18, DC-SIGN,
CD83, CD86, CD4, CXCR4, and HLA-DR on immature moDCs
is illustrated in Supplementary Figure S1. Entry of HIV-
1 into target cells requires formation of a complex between
the viral envelope protein gp120, the primary receptor CD4
and a chemokine co-receptor (CCR5, CXCR4). We found that
THP1-DCs expressed similar amounts of CD4, CCR5, and
CXCR4 as primary DCs.

THP1-DCs further illustrated a similar phagocytic capacity
as their primary counterparts (Figure 1B). Phagocytosis of non-
and complement-opsonized beads (Beads, Beads-C) was low
in THP1 monocytes, while WT THP1-DCs demonstrated a
similar phagocytosis of Beads/Beads-C compared to monocyte-
derived DCs.

Next we investigated the expression of CD11b, CD11c, and
CD18 on KO THP1-DCs generated by CRISPR-Cas9 technology.
CD11b expression on single-cell clones of CD11b KO THP1-DCs
was reduced to 0.81% compared to 63.43% on WT THP1-DCs
(Figure 2A). CD11c was only slightly affected on CD11b KO
THP1-DCs (Supplementary Figure S2). Expression of CD11c
on CDllc KO THPI1-DCs was also reduced from 50.53%
on WT THP1-DCs to 0.81% (Figure 2A), while CD11b was
expressed on CD11c KO THP1-DCs (Supplementary Figure S2).
In contrast, CD18 KO resulted in significant down-modulation
of CD11b as well as CDllc (Supplementary Figure S2)
and in addition, also CDlla disappeared from the surface
of CD18 KO THP1-DCs, but not on CD11b- and CDllc
KO THP1-DCs (Supplementary Figure S3). Phagocytosis of
the various KO THP1-DCs revealed that in CD11b KO cells
the levels of Beads or Beads-C internalized slightly decreased
compared to WT THP1-DCs (Figure 2B), while CD11c KO
had a highly decreased phagocytosis of Beads-C, but not
Beads (Figure 2B). KO CD18 severely reduced the amounts
of Beads ingested and completely abrogated internalization of
Beads-C (Figure 2B). We further focused on CD11b- and
CDl11c KO THP1-DCs throughout the manuscript and CD18
KO-THP1 DCs were used in some experiments as controls.
Phenotypic and phagocytic characterization of WT and KO
THPI1-DCs revealed these cells as a good DC model to study
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FIGURE 1 | THP1 monocytes can be differentiated into functional DCs. (A) WT THP1 cells were differentiated into DCs and expression of characteristic DC markers

panel).

CD11c, CD11b, CD18, HLA-ABC, HLA-DR, CD86, DC-SIGN, CD1a, CD83, and HIV-1 receptors CD4, CCR5, and CXCR4 was analyzed using flow cytometry.

A representative flow cytometry analysis is shown out of five independent experiments. (B) Phagocytosis of non- and complement-opsonized Beads (Beads,
Beads-C) was analyzed in WT THP1 monocytes (blue), WT THP1-DCs (red), and monocyte-derived DCs (green). THP1-DCs (red) exerted similar phagocytosis
capacities with respect to Beads and Beads-C compared to monocyte-derived DCs (green), while THP1 monocytes had a very low phagocytic activity (blue). Panel
(B) illustrates a FACS analysis from one representative experiment (upper panel) and data from three independent experiments are summarized in panel (B) (lower

distinct roles of CR3 and CR4 during the very early steps
of HIV-1 infection.

CR4 Plays a Major Role With Respect to
HIV-C Infection of DCs

Efficient antiviral T cell responses are initiated when DCs
are productively infected by HIV-1 after their resistance to
infection is bypassed (10, 13). In contrast, the inability of
DCs to become infected is supposed to be an evasion strategy
for HIV-1 survival. As previously shown by our group and
also herein in Supplementary Figure S4, DCs are efficiently
infected by complement-opsonized HIV-1 (HIV-C), while only
low-level productive infection was mediated by HIV-1 (HIV)
(8, 9). To unravel the specific roles of CR3 and CR4
with respect to productive DC infection, we first analyzed
infection of WT THP1-DCs after exposure to HIV or HIV-
C. As previously demonstrated, virus concentrations of WT
THP1-DCs were similar to the ones obtained in primary DCs
(13). Thus, low-level productive infection was only monitored
in WT THP1-DCs exposed to HIV, whereas infection was

significantly enhanced using HIV-C (Figure 3A). Non-infected
and therefore immature THP1-DCs were used as negative
controls (Figure 3A, uninfected or UI). Consistently with
Posch et al. (9) using monocyte-derived DCs (moDCs), we
could also illustrate that infection of WT THP1-DCs with
Vpx-carrying HIV illustrated a similar pattern compared to
HIV-C by enhancing productive infection compared to non-
opsonized HIV. In addition, complement opsonization of HIV-
Vpx (HIV-C Vpx) improved infection even more (Figure 3B).
Since same infection patterns could be displayed in THP1-
DCs, moDCs and BDCA1tT DCs (9), we continued the next
steps using WT THP1-DCs and their CD11b- and CDI11c KO
THP1-DCs counterparts to characterize in detail the specific
roles of CR3 and CR4 during HIV-1 infection. We found
that infection of CD11b- or CD11c KO THP1-DCs with non-
opsonized HIV (HIV, Figure 3C) or non-opsonized Vpx-carrying
HIV (HIV-Vpx, Figure 3D) was similar to infection levels of
WT THP1 DCs. Vpx-carrying HIV-1 mediated a more than
fivefold enhanced infection compared to the low-level productive
infection induced by non-opsonized HIV-1. In contrast, infection
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(B) Phagocytosis of C-opsonized Beads is hampered in CD11c- (yellow) and CD18 KO (green) THP1-DCs compared to WT (red) and CD11b KO (blue) THP1-DCs.
Lowest phagocytosis using non-opsonized Beads was monitored in CD18 KO THP1 DCs (green). A representative flow cytometric analysis out of three independent
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of WT- or CD11b KO THP1-DCs with complement-opsonized
HIV (HIV-C, Figure 3C) was significantly enhanced similar
to moDCs (Supplementary Figure S4A). This was also
the case for complement-opsonized Vpx-carrying HIV (HIV-
C Vpx, Figure 3D).

In contrast, CD1lc KO-THP1 DCs showed similar p24
levels between HIV and HIV-C or HIV-Vpx and HIV-C Vpx
(Figures 3C,D, yellow), and productive infection using HIV-
C or HIV-C Vpx was significantly reduced when compared
to CDI1lb KO or WT THP1-DCs (Figures 3C,D, HIV-C,
yellow vs. blue and red bars). Uninfected iDCs and LPS-
exposed THP1-DCs were used as controls. Using blocking
antibodies against CD11b and CD1lc and moDCs revealed
similar results as the THP1 KO DC models. While CD11b
blocking significantly enhanced productive DC infection upon
exposure to HIV-C, blocking CD1lc significantly decreased
productive infection as seen also in CD1lc KO THP1 DCs
(Supplementary Figure S4B). This reduction was in part
rescued when combining the CD11b/CD1lc blocking Abs
(Supplementary Figure S4B), highlighting the cross-talk of
these two receptors.

These experiments demonstrated that THP1-DCs represent
a valid model for DC infection, due to the similar infection
kinetics observed in WT THPI-DCs compared to primary

DCs and also because complement opsonization of HIV-1
significantly enhanced productive DC infection. Furthermore,
our data revealed that CR3 is not involved in infection of DCs
by HIV-C, since CD11b KO THP1-DCs or CDI11b blocking
using a blocking anti-human CD11b mAb showed a significant
HIV-C-mediated enhancement of DC infection (Figure 3 and
Supplementary Figure S4B). In contrast, deleting CD11c (CR4)
had a severe effect on DC infection, which caused a low-
level productive DC infection with complement-opsonized HIV-
1, comparable to the low-level infection observed using non-
opsonized HIV-1 (Figure 3 and Supplementary Figure S4B).
To summarize, abrogation of CR3 does not impact productive
infection with HIV-C, while CR4 KO results in low-level DC
infection comparable to HIV.

CR4 KO Diminishes Antiviral Signaling
Pathways and Mediates an
Anti-inflammatory DC Type

To determine, whether CR4 KO also impacts the antiviral
and inflammatory DC profile induced by HIV-C, we studied
antiviral signaling pathway IRF3 and type I IFN expression, IL-1f
production and mRNA level expression of IL6, IL10, and IL23A.
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FIGURE 3 | Complement-opsonized HIV-1 effectively infects WT- and CD11b KO THP1-DCs, while productive HIV-1 infection is impaired in CD11¢c KO THP1-DCs.
(A,B) Upon infection of WT THP1 DCs with HIV or HIV-C (25 ng p24/ml) a significantly enhanced productive infection was monitored using HIV-C. Means + SD from
three independent experiments in duplicates are depicted in (A). Differences were analyzed using Unpaired Student’s t-test. In (B) a time-course of WT THP1-DC
infection exposed to HIV (ime), HIV-C (orange), HIV-Vpx (green), and HIV-Vpx-C (red) is illustrated. Experiments were repeated three times in duplicates. (C,D) WT-
(red), CD11b KO (blue), and CD11c KO (yellow) THP1-DCs were infected with HIV or HIV-C (C) and HIV-Vpx or HIV-C-Vpx. Uninfected and LPS-incubated
THP1-DCs served as controls. Infection experiments were performed in three independent experiments performed in triplicates. Differences were analyzed using
GraphPad Prism and one-way ANOVA with Bonferroni post-test.

Antiviral signaling pathways involving TANK Binding Kinase
1 (TBK1) and Interferon regulatory factor 3 (IRF3) are associated
with induction of an early type I IFN response. Upon analyzing
IRF3 phosphorylation after exposure of DCs to HIV or HIV-
C (Figure 4A), we found significantly increased activation
levels in CD11b KO THP1-DCs upon stimulation with both,
HIV- and HIV-C (Figure 4A). Stimulation of CDllc KO
THP1-DCs with HIV, too, increased IRF3 phosphorylation,
while in HIV-C-exposed CD11c KO THP1-DCs the levels were
significantly decreased compared to CDI11b KO THP1-DCs
and reduced in comparison to WT THP1-DCs (Figure 4A).
This enhanced activation of pIRF3 in CD11b KO THPI1-
DCs by HIV-C was further associated with a significantly
increased expression of type I interferon IFNB, but not
in case of HIV-exposed DCs (Figure 4B). In contrast,
CD11c KO cells did not show any change on IFNB mRNA
expression levels compared to WT- and CDI11b KO-THP1
DCs (Figure 4B).

Next, we studied pro-inflammatory cytokine induction as
measured by IL-1f pro