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Lupus nephritis (LN) is one of the most severe complications of systemic lupus erythematosus (SLE) caused by
uncontrolled activation of the complement system. Mesenchymal stem cells (MSCs) exhibit clinical efficacy for
severe LN in our previous studies, but the underlying mechanisms of MSCs regulating complement activation
remain largely unknown. Here we show that significantly elevated C5a and C5b-9 were found in patients with
LN, which were notably correlated with proteinuria and different renal pathological indexes of LN. MSCs sup-
pressed systemic and intrarenal activation of C5, increased the plasma levels of factor H (FH), and ameliorated
renal disease in lupus mice. Importantly, MSCs transplantation up-regulated the decreased FH in patients with
LN. Mechanistically, interferon-α enhanced the secretion of FH by MSCs. These data demonstrate that MSCs
inhibit the activation of pathogenic C5 via up-regulation of FH, which improves our understanding of the immu-
nomodulatory mechanisms of MSCs in the treatment of lupus nephritis.

© 2018 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Lupus nephritis (LN) is one of themost common and severe compli-
cations in patients with systemic lupus erythematosus (SLE) [1]. Nearly
50–60% patients develop renal involvement in the first 10 years after
disease onset [2], and approximately 25% LNpatients gradually progress
into end stage renal failure within 10 years due to continuous disease
activity [3]. There is increasing evidence that uncontrolled activation
of the complement system plays a crucial role in the pathogenesis of
LN [4–6]. Components of the complement system, including the classi-
cal pathway, alternative pathway, and the lectin pathway, were found
to be accumulated in renal tissues of LN patients [7–9]. Notably, dereg-
ulation and abnormality of complement regulatory proteins have also
been observed in LN patients [10, 11]. Additionally, preclinical studies
and clinical investigations have shown that C1q knockout mice or indi-
viduals with defective C1q genes developed SLE-like autoimmune dis-
eases [12, 13], and that C3 deficiency aggravated proteinuria in lupus
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mice [14]. Obviously, further studies are needed to identify which com-
ponent is a causal factor for LN. Several studies reported that application
of anti-C5monoclonal antibody improved renal outcomes in lupusmice
and ameliorated clinical symptoms of LN patients refractory to conven-
tional therapies [15–18], which suggests that limiting the cascade on
the C5 level or selectively blocking activated C5 might be an effective
therapeutic strategy for the treatment of LN.

Mesenchymal stem cells (MSCs) have multiple-lineage differentia-
tion potentials and a wide range of immunoregulatory functions [19].
We have treated N100 patients with refractory SLE, including patients
with LN, using allogeneic mesenchymal stem cells transplantation
(MSCT), and achieved good clinical efficacy [20–23]. However, the
exact underlyingmechanisms of theMSCs-mediated therapeutic effects
remain to be determined. Few data are available regarding the effects of
MSCT on the complement system [24]. In particular, it has yet to be elu-
cidated whether MSCT influences the function of the complement sys-
tem in LN. LN is a type I interferon-driven autoimmune disease
manifested with chronic inflammation [25]. Although inflammatory
factors affect the immunomodulatory effects of MSCs [19, 26], it is still
unknown whether this immunoregulatory activity could be affected
by interferon-α (IFN-α) in the context of LN with extensive comple-
ment activation.
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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In this study, over-activated C5 was found in lupus patients and
mice, and we demonstrated that MSCT attenuated glomerulonephritis
in lupus mice via inhibiting the extensive activation of C5. MSCs pro-
duced Factor H (FH) upon IFN-α stimulation in vitro and, importantly,
MSCT up-regulated the amount of circulating FH in vivo.

2. Materials and Methods

2.1. Patients and Healthy Controls

66 patients with SLE, and 40 age- and sex-matched healthy blood
donors were recruited. All patients fulfilled the 1997 revised criteria
of the American College of Rheumatology for SLE [27]. Renal involve-
ment of SLE patients was clinically diagnosed through persistent ab-
normal urine tests [28]. We also calculated the disease activity score
ranging from 0 to 105 for each patient [29]. Renal tissues of 40 pa-
tients with LN and 9 patients with nephrectomy were obtained
from our department. The severity of LN was assessed according to
the abbreviated version of the International Society of Nephrology/
Renal Pathology Society classification [30]. The present study was ap-
proved by the Ethics Committee at DrumTowerHospital. Informed con-
sent was obtained from all of the participants prior to their enrollment
in this study.

2.2. Human Umbilical Cords–Derived MSCs Isolation and Culture

Human MSCs were isolated and expanded from umbilical cords ob-
tained from normal deliveries after receiving informed consent accord-
ing to a standard protocol [22]. Unless otherwise stated, human
umbilical cords–derived MSCs from passages 4–10 were used for all
the following experiments.

2.3. Treatment of Mice

FemaleMRL/lprmice of C57BL/6 background (B6.lpr)were obtained
from the Chinese Academy of Military Medical Experimental Animal
Center (Beijing, China) and were maintained at the Animal Laboratory
Center of Drum Tower Hospital. After two weeks of adaptive breeding,
B6.lpr mice were randomly allocated into three groups (8 per group),
with one group receiving infusion of MSCs (1 × 106) via the tail vein,
one group intraperitoneally injected with C5a receptor antagonist
(C5aRA, Merck)1 mg/kg three times per week, and a control group in-
traperitoneally injected with an equal volume of 0.5%DMSO [31]. Levels
of proteinuria and creatinine were periodically monitored. After
16 weeks of treatment, mice were sacrificed and perfused. All animal
protocols were approved by the Animal Care and Use Committee at
Drum Tower Hospital.

2.4. Kidney Histopathology

Kidneys were fixed in 10% neutral buffered formalin, embedded
in paraffin, and cut into 3 μm sections. Tissue sections were stained
with HE, PAS, PASM andMasson's trichrome. The glomerulonephritis
and perivascular cell infiltration were blindly evaluated by two renal
pathologists according to a semi-quantitative criterion [32].

2.5. Immunohistochemistry

For detection of C5a (1:100, Abcam) and C5b-9 (1:50, Abcam) in
renal biopsies, 3 μm slides were incubatedwith 0.5mg/ml proteinase
K (VETEC) for 10 min at 37 °C. For detecting C5a (1:100, Usbio), C5b-
9 (1:100, Abcam), and MBL (1:50, Abcam) in mouse kidney cross-
sections, 3 μm slides were immersed in citrate buffer (0.01 M, pH
6.0) and then a heat-mediated antigen retrieval procedure was
performed. Slides ereincubated with the above primary antibodies
overnight at 4 °C. The secondary antibody (GENETECH) was
incubated for 30 min at 37 °C. Negative controls were included
each time. The positive signals in the glomeruli were quantified as
the mean optical density by the Image Pro Plus 6.0 (Media Cybernet-
ics, Silver Spring, MD).

2.6. Immunofluorescence

Mouse kidney tissues were OCT-embedded, snap-frozen, and cut
into 3 μm sections. For direct immunofluorescence, sections were
labeled with TRITC-conjugated goat anti-mouse IgG and FITC-
conjugated donkey anti-mouse IgM (both 1:100 diluted, Jackson
ImmunoResearch), FITC-conjugated goat anti-mouse IgA (1:100,
Abcam), and FITC-conjugated rat anti-mouse C3 (1:50, Santa Cruz) for
30 min at 37 °C. For indirect immunofluorescence, sections were incu-
bated with the anti-mouse C1q antibody (1:50, Abcam) and rabbit
anti-mouse properdin (1:10, Abcam) overnight at 4 °C. After washing
off the primary antibodies, sections were stained with FITC-
conjugated goat anti-mouse IgG (1:800, MultiSciences Biotech) or
Alexa Fluor 488-conjugated donkey anti-rabbit IgG (1:100,
ThermoFisher). Negative controlswere included each time. Immunoflu-
orescence staining intensity of glomeruli was scored on a scale of 0–3
under an Axio Observer A1 inverted fluorescence microscope (Carl
Zeiss) [32].

2.7. Western Blotting

Frozen kidneys were homogenized and lysed in radio-
immunoprecipitation assay buffer with a halt protease inhibitor mix-
ture (Cell Signaling Technology) and PMSF (Beyotime Biotech.) accord-
ing to the manufacturer's instructions. Anti-mouse C1q (1:50, Abcam),
properdin (1:500, Abcam) and GAPDH (1:1000, Cell Signaling Technol-
ogy) antibodies were utilized to probe the blots according to standard
procedures.

2.8. In Vitro Study

MSCswere re-suspended in low glucoseDMEM/F12 (Gibco) supple-
mented with 0.2% BSA (Biosharp). 104–105 MSCs were seeded into 24-
or 12- well plates and different concentrations of IFN-α1b (KEXING
BioTech, China) were added into each well. Cell lysates and culture
supernatants were harvested at 0, 12, 24, 48, and 72 h.

2.9. Real-Time Quantitative PCR

Transcripts of human FH were detected via AceQ qPCR SYBR Green
Master Mix (Vazyme) according to the manufacturer's instructions.
Primer sequences were as follows: FH: 5′-TCTGCATGTTGGCCTTCCT
GTC-3′ (forward), 5′-CTTCCTTGTAAATCTCCACCTG-3′ (reverse);
GAPDH: 5′-GAAGGTGAAGGTCGGAGTC-3′ (forward), 5′-GAAGATGGT
GATGGGATTTC-3′ (reverse).

2.10. Umbilical Cord Mesenchymal Stem Cells Transplantation (UC MSCT)

UC MSCs were prepared by the Stem Cell Center of Jiangsu Province
(Beike Bio-Technology). All of the infused UC MSCs were derived from
passages 2–5, with rigorous purification and quality control as we
previously described [22]. Cells (1 × 106/kg of body weight) were
administered by intravenous infusion, which was approved by the
Ethics Committee at Drum Tower Hospital and registered at http://
ClinicalTrials.gov (identifier: NCT00698191).

2.11. Enzyme-Linked Immunosorbent Assay (EILSA)

Quantification of human C5a, soluble C5b-9 (BD Pharmingen), and
FH (Biolegend) were determined in the plasma or supernatants of
MSCs. Levels of anti-dsDNA antibody (SHIBAYAGI), C3 (Abcam), C5a
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(R&D), soluble C5b-9 (LSBio), MBL (Abcam), and FH (Biolegend) were
measured in the plasma or kidney homogenates of lupus mice.

2.12. Cofactor Assay

Cofactor activity of FH was assessed using a Factor I (FI)-mediated
proteolysis of C3b as described previously [33]. In brief, C3b, FI, and a
range of FH (Complement Tech.) were mixed in a final reaction volume
of 20 μl. After this, themixtures were incubated for 30min at 37 °C. The
reaction was terminated by adding SDS-PAGE loading buffer followed
by boiling for 2 min. Samples were assessed by 10% SDS-PAGE with
coomassie blue staining. MSCs-derived FH was purified via streptavidin
magbeads. Briefly, cell-free supernatant was mixed with a biotinylated
mouse anti-human Factor H/streptavidin magbeads complex and incu-
bated overnight at 4 °C. After washing and eluting the beads, the super-
natant containing FH was neutralized and saved for the following
experiment. MSCs-derived FH was identified by Western blotting
using a rabbit anti-FH pAb (1 μg/ml, Abcam).

2.13. Statistical Analysis

Independent sample t-tests or Mann-Whitney non-parametric tests
were applied to compare variables between two groups. In some cases,
paired t-tests were utilized. One-way ANOVA or Kruskal-Wallis non-
parametric tests were used to account for multiple comparisons. A
two-tailed p b 0.05 was considered statistically significant.

3. Results

3.1. Abnormal Activation of C5 is Related With the Progression of LN

To examinewhether the activation of C5 plays a role in the develop-
ment of LN, we first investigated the products of activated C5 in the
plasma of patients with LN. We found that plasma C5a levels were dra-
matically elevated in patients with active LN compared to those in
remission and healthy controls (Fig. 1a). Levels of soluble C5b-9
(sC5b-9) were also significantly increased in active LN compared with
healthy controls, although no significant difference was found between
LN patients with active disease and those in remission (Fig. 1b).
Confirming these results, urinary C5a and sC5b-9were also significantly
elevated in LN patients (Fig. 1c and d). We next examined their expres-
sion in renal specimensof LNpatients, and found that both C5a and C5b-
9 were deposited in the mesangium and capillary walls of affected
glomeruli (Fig. 1e). Importantly, although the mean optical density of
C5a and C5b-9 were significantly higher in both mild (i.e., types I and
II) and severe (i.e., types III, IV, and V) LN (Fig. 1f and g) than in control
samples, their expression levels were significantly lower in mild LN
than those in severe LN (Fig. 1f and g).

Correlation analysis showed that the plasma levels of C5a were pos-
itively correlated with 24-h proteinuria in LN patients (Fig. 1h) and
SLEDAI scores in SLE patients (Fig. S1). Furthermore, the expression of
C5a in the glomeruli was positively correlated with the active index
(Fig. 1i), whereas, the deposition of C5b-9 was positively correlated
with the chronic index of LN (Fig. 1j). Taken together, these data suggest
that C5 is extensively activated in LN patients and it is correlated with
the progression of LN.

3.2. MSCs Inhibit Circulating C5 Activation and Ameliorate Renal Disease in
Lupus Mice

Given our finding that complement C5 is ubiquitously activated in
LN, we hypothesized that MSCT, an effective clinical therapy for LN,
may participate in the regulation of C5 activation, and selective block-
ade of C5a might ameliorate renal lesions in LN. We tested this hypoth-
esis by treating lupus mice with MSCT or C5a receptor 1 antagonist
(C5aRA). As shown in Fig. 2a, plasma levels of C3 were significantly
elevated in mice treated with MSCT or C5aRA compared to untreated
mice. Strikingly, mice treated with MSCT, but not C5aRA, exhibited a
marked decrease in circulating C5a (Fig. 2b). No significant reduction
of circulating sC5b-9 or anti-dsDNA antibody was observed in the
treated mice (Fig. 2c and S2a). Intriguingly, we found that the ratios of
urinary protein to urinary creatinine were significantly decreased in
both treatment groups compared to untreated lupus mice (Fig. 2d).
Plasma levels of creatinine were reduced in MSCT-treated mice, but
not in C5aRA-treated mice (Fig. 2e), indicating that MSCT improved
renal function.

In addition to proteinuria and renal function,we also evaluated renal
pathological changes in lupus mice after MSCT and C5aRA treatments.
As expected, untreated lupus mice exhibited typical proliferative
glomerulonephritis manifested by glomerular hypercellularity, in-
flammatory cells infiltration, and excess mesangial matrix (Fig. S2c).
Both MSCT- and C5aRA-treated groups displayed significantly
fewer proliferative lesions in the glomeruli than untreated mice
(Fig. 2f and g).

Additionally, MSCT- and C5aRA-treated mice also showed signifi-
cantly decreased perivascular infiltration of inflammatory cells (Fig. 2h
and i). These results collectively suggest that MSCT reduced renal dam-
age in lupus mice by inhibiting systemic C5 activation.

3.3. MSCs Decrease Deposits of Immune Complexes and C3 in Lupus Mice

The deposition of immune complexes and complement components
in the glomeruli is the most common and characteristic feature of LN.
We thus examined the deposition of IgG, IgM, IgA, and C3 in the glomer-
uli, and found that all of them were obviously deposited in the
mesangium and capillary walls in the untreated lupus mice (Fig. 3a).
However, treatment with MSCT or C5aRA significantly decreased the
deposition of IgG and diminished C3 in the glomeruli of lupus mice, al-
though the deposition of IgM did not show a significant reduction
(Fig. 3b, c, and e).

Notably, glomerular IgA was also significantly reduced in MSCT-
treated mice (Fig. 3d). Thus, MSCT limits the complement activation
through decreasing glomerular immunocomplexes and C3 deposition
in lupus mice.

3.4. MSCs Suppress Intrarenal Activation of C5 in Lupus Mice

Apart from inducing systemic inflammatory responses, C5a andC5b-
9 are also the major molecules that trigger tissue injury in affected
organs [6]. For this reason, we sought to assess the expression of C5a
and C5b-9 in the glomeruli of lupus mice treated with MSCs or C5aRA.
Immunohistochemical analysis showed that C5a and C5b-9were clearly
detected in themesangiumand capillarywalls of glomeruli in untreated
lupus mice (Fig. 4a). This similar distribution pattern suggested that C5
was activated locally. Notably, mice that were treated with MSCs
showed significantly decreased accumulation of C5a and C5b-9 in
the glomeruli (Fig. 4a–c). In contrast, C5aRA treatment did not affect
C5a and C5b-9 expression in the glomeruli (Fig. 4a–c), but it inhibited
the receptor (C5aR1) binding to the ligand C5a (Fig. S3). These observa-
tions indicate thatMSCT could inhibit the renal activation of C5 in lupus
mice.

3.5. MSCs Block the Initiation of Complement Cascade in Lupus Mice

To identify which pathway is involved in the intrarenal activation of
the complement system, we next examined the expression of the corre-
sponding initiators for the classical pathway (CP), alternative pathway
(AP) and lectin pathway (LP), respectively, namely, C1q, Factor P (FP,
i.e., properdin), andmannose binding lectin (MBL), respectively. As pre-
sented in Fig. 5, all of these initiators were clearly detected in the
mesangium and capillary walls of the glomeruli in untreated lupus
mice (Fig. 5a). Importantly, we found that treatment with MSCT or
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Image of Fig. 1


Fig. 2.MSCs inhibit circulating C5 activation and ameliorate renal disease in lupusmice. (a-c) Plasma C3, C5a, and soluble C5b-9 (sC5b-9) in B6.lprmice at 42weeks (n= 4–6 per group).
(d-e) The ratio of proteinuria to urinary creatinine, and plasma creatinine in B6.lpr mice during the course of treatments (n = 4–8 per group). (f) PAS staining of a representative
glomerulus from three groups. Scale bar = 10 μm. (g) PathologIcal scores of glomerulonephritis in B6.lpr mice (n = 4–6 per group). (h) HE staining of a representative perivascular
area from three groups. Scale bar = 10 μm. (i) The severity score for perivascular inflammatory cells infiltrated in kidneys of B6.lpr mice (n = 4–6 per group). *p b 0.05; **p b 0.01; ns,
not significant. Values are the mean ± SEM.
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C5aRA substantially decreased the deposition of FP in the glomeruli
compared to untreated mice (Fig. 5a and c). However, MSCT, but not
C5aRA treatment, markedly reduced glomerular C1q and MBL expres-
sion compared to untreated mice (Fig. 5a, b, and d). We also confirmed
Fig. 1.Abnormal activation of C5 in LN. (a-b) Plasma C5a and soluble C5b-9 (sC5b-9) in patients
SLE), and in healthy controls. (c-d) Urinary C5a and sC5b-9 in LNpatients and healthy controls. (
(f-g) Themean optical density of C5a and C5b-9 deposition in glomeruli of patients with class I
proteinuria (24 h Up) in LN patients (n= 41). (i) Correlation between glomerular C5a and activ
(n = 38). *p b 0.05; **p b 0.01; ***p b 0.001; ****p b 0.0001. Values are the mean ± SEM.
the above findings via Western blotting or ELISA (Fig. S4). Altogether,
our data suggest that MSCT could block the glomerular activation of
the complement cascade by interferingwith the initiation of three path-
ways in lupus mice.
with active lupus nephritis (LN), remission of LN, non-renal involvement active SLE (NRA-
e) Immunohistochemical staining of C5a and C5b-9 in renal specimens. Scale bar=10 μm.
and II LN, class III, IV, and V LN, and controls. (h) Correlation between plasma C5a and 24 h
e index of LN (n= 40). (j) Correlation between glomerular C5b-9 and chronic index of LN

Image of Fig. 2


Fig. 3.MSCsdecrease deposits of immunecomplexes andC3 in lupusmice. (a) Immunofluorescent staining of IgG, IgM, IgA, andC3deposition in a representative kidney section from three
groups (n = 4–6 per group). Scale bar = 10 μm. (b-e) The grade of fluorescence intensity of IgG, IgM, IgA, and C3 in glomeruli from three groups (n= 4–6 per group). *p b 0.05; ns, not
significant. Values are the mean ± SEM.
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3.6. MSCs Up-Regulate FH in Lupus Mice and Patients

The aforementioned over-activation of complement C5 in LN pa-
tients, combined with the significant suppression of C5 activation by
MSCT in lupus mice, encouraged us to study the mechanisms underly-
ing this effect. To this end, we investigated whether MSCT influenced
plasma levels of complement regulatory proteins. Factor H (FH) is the
most abundant complement regulatory protein in the plasma [34]. We
therefore first determined that FH was significantly elevated in the
plasma of MSCT-treated mice, but this increase was not observed in
C5aRA-treated mice (Fig. 6a). We also observed that the plasma levels
of FH were significantly decreased in active LN patients compared to
those in remission and healthy controls (Fig. 6b). Correlation analysis
showed that plasma FH was positively correlated with circulating C3
but negatively correlated with plasma C5a in SLE patients (Fig. 6c and
d). Importantly, we found that the levels of FH were also significantly
up-regulated in the plasma of seven LN patients at 24 h after MSCT
(Fig. 6e). These data indicate that decreased FH might be related to
the pathogenesis of LN and that MSCT restores the level of circulating
FH in LN patients.

To studywhether the elevated FHwas attributable to the production
by MSCs directly, we examined the transcripts of FH in MSCs. Analysis
by quantitative PCR (qPCR) showed that MSCs expressed FH at a basal
level (Fig. 6f). Of particular note, we found that IFN-α stimulation signif-
icantly up-regulated the expression of FH inMSCs in vitro (Fig. 6f and g).
FH effectively cleaved C3b in vitro and consequently inactivated com-
plement activation (Fig. S5). FH secreted by MSCs upon IFN-α stimula-
tion indeed cleaved C3b as efficiently as recombinant FH in vitro
(Fig. 6 h), suggesting that MSCs suppress C5 activation by secreting
functional FH.

4. Discussion

Lupus nephritis is an immune complex (IC) disease [35]. Circulating
immune complexes (CICs) induce systemic complement activation,
while deposition of CICs and formation of ICs in situ lead to intrarenal

Image of Fig. 3


Fig. 4.MSCs suppress intrarenal activation of C5 in lupus mice. (a) Immunohistochemical staining of C5a and C5b-9 in a representative kidney section from three groups (n = 4–6 per
group). Scale bar = 10 μm. (b-c) The mean optical density of C5a and C5b-9 accumulation in glomeruli of B6.lpr mice (n = 4–6 per group). *p b 0.05; **p b 0.01; ns, not significant.
Values are the mean ± SEM.
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complement activation. As one of the common terminal effector mole-
cules in the complement cascade, C5a is a potent anaphylatoxin and
which is 10–100 times more active than C3a [36]. C5b-9 is another
prominent inflammatory mediator [37]. Several animal studies
showed that targeted inhibition of C5 could contribute to control ex-
cessive complement activation involved in glomerular diseases in-
cluding LN [18, 38]. Recently, clinical case reports demonstrated
that short-term application of anti-C5 monoclonal antibody dramat-
ically improved clinical symptoms of refractory LN [15, 16]. These
data suggested that excessive activation of C5 might contribute to
the pathogenesis of LN. In this study, we found that C5 is extensively ac-
tivated in active LN. Interestingly, glomerular expression of C5a and
C5b-9 gradually increased with the aggravation of LN, and positive cor-
relations were found between activated C5 and histopathological le-
sions of LN. Taken together, these data strongly support the notion
that over-activation of C5 possibly accelerates the development and
progression of LN.

Based on these observations, we reasoned that the existing treat-
ment options for LN might be related to inhibition of C5 over-
activation, and blocking C5a should benefit renal lesions in lupus
mice. Allogeneic MSCT has achieved clinical efficacy for refractory
SLE, including LN patients [20–23], and non-peptide C5a receptor
antagonist (C5aRA) has been found to be therapeutic for the inflam-
matory diseases [31, 39]. In the present study, we therefore explored
the possibility that MSCs are involved in regulating C5 activation. We
determined here that MSCs and C5aRA indeed suppressed systemic C3
activation and C3 deposition in the glomeruli of B6.lpr mice. As C3
plays an important role in maintaining the solubility of ICs [14], de-
creased C3 consumption by these treatments significantly inhibit the
deposition of IgG in the glomeruli of lupus mice. However, future stud-
ies are needed to determine whether immunoglobulins could be dis-
posed directly by MSCs due to their phagocytic activity or by MSCs-
educatedmacrophages [52]. It should be noted that control of C3 activa-
tion did notmean thoroughly abolishing C5 activation [40]. In our study,
we demonstrated that only MSCT significantly inhibited the accumula-
tion of C5a and C5b-9 in the glomeruli of lupus mice, whereas, C5aRA
seemed to havenodirect effect on over-activation of C5 in the glomeruli
except for preventing C5a frombinding to its receptor. Apart from being
activated by ICs, complement activation can be triggered and enhanced
by the alternative pathway (AP), and inhibition of AP activity improved
renal disease in lupus mice [41]. We here found that both MSCT and
C5aRA diminished the expression of Factor P, an initiator of AP, and re-
duced proteinuria in lupus mice. Notably, MSCT, but not C5aRA treat-
ment, also significantly decreased glomerular C1q and MBL, and this

Image of Fig. 4


Fig. 5.MSCs block initiation of complement cascade in lupus mice. (a) Immunofluorescent staining of C1q, factor P (FP), and immunohistochemical staining of MBL in a representative
kidney section from three groups (n = 4–6 per group). Scale bar = 10 μm. (b-c) The grade of fluorescence intensity of C1q and FP in glomeruli from three groups (n = 4–6 per
group). (d) The mean optical density of MBL deposition in glomeruli of B6.lpr mice (n = 4–6 per group). *p b 0.05; ns, not significant. Values are the mean ± SEM.
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further improved the renal outcome. Collectively, our study found that
MSCT limited the three pathways of activation and effectively inhibited
the common terminal pathway, i.e., cleavage of C5 and the subsequent
process.

The AP is tightly controlled by complement regulation proteins to
avoid excessive damage to host cells. It is worth mentioning that the
AP accounts for up to 80–90% of the total complement activity [42].
Notably, the Factor H (FH) is the major inhibitor of the AP [43]. It
was reported that FH deletion was associated with C3 glomerulopa-
thy and thrombotic microangiopathy [44, 45] and accelerated the
progression of LN in MRL/lpr mice [46]. However, FH supplement
could alleviate renal injury in those model mice [47, 48]. We here
found that plasma FHwas drastically decreased in active LN, suggest-
ing that decreased FH is involved in the progression or flare-up of LN.
Significantly, MSCs increased circulating FH in lupus mice and LN pa-
tients. Mechanistically, IFN-α, a typical inflammatory cytokine in
SLE, promotes the secretion of FH by MSCs. FH in turn can inhibit
the formation of C5 convertase [43], and eventually inhibit the acti-
vation of C5. Moreover, FH can also compete with C1q to bind to
the activators in the classical pathway, thereby inhibiting C1q medi-
ated CP activation [49, 50]. Given that the structure of MBL is similar
to that of C1q [51], the possibility that FH might exert some regula-
tory effect beyond the AP cannot be completely excluded.

In conclusion, we have demonstrated that over-activation of C5may
contribute to theprogression of LN, and thatMSCT suppresses C5 activa-
tion by secreting FH,whichprovides profound insights into understand-
ing the therapeutic effects of MSCT in treating LN.
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Fig. 6.MSCs up-regulate FH in lupusmice and patients. (a) Plasma FH in B6.lprmice at 42weeks (n=4–6 per group). (b) Plasma FH in patientswith active lupus nephritis (LN), remission
of LN, non-renal involvement active SLE (NRA-SLE), and in healthy controls. (c-d) Correlation between plasma FH and C3 or C5a in SLE patients (n=59). (e) Plasma FH in patients with LN
before and after MSCT (n = 7). (f) MSCs were stimulated with IFN-α1b (0–600 pg/ml) for 12 h, 24 h, 48 h, and 72 h. Relative expression of FH mRNA was performed by qPCR, and
(g) supernatants of MSCs was detected for FH. (h) C3b and FI were incubated with standard or MSCs-derived FH for 30 min at 37 °C. Samples were analyzed by SDS-PAGE with
Coomassie Blue staining. Degradation of C3b was indicated by the appearance of 43 kDa and 68 kDa fragments. Data represents three independent experiments. *p b 0.05; **p b 0.01;
***p b 0.001; ns, not significant. Values are the mean ± SEM.
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