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Abstract 

Background Acute graft‑versus‑host disease (aGvHD) is a life‑threatening complication of allogeneic hematopoietic 
stem cell transplantation (HSCT). Transplantation of immunosuppressive human mesenchymal stromal cells (hMSCs) 
can protect against aGvHD post‑HSCT; however, their efficacy is limited by poor engraftment and survival. Moreover, 
infused MSCs can be damaged by activated complement, yet strategies to minimise complement injury of hMSCs 
and improve their survival are limited.

Methods Human MSCs were derived from bone marrow (BM), adipose tissue (AT) and umbilical cord (UC). In vitro 
immunomodulatory potential was determined by co‑culture experiments between hMSCs and immune cells 
implicated in aGvHD disease progression. BM‑, AT‑ and UC‑hMSCs were tested for their abilities to protect aGvHD 
in a mouse model of this disease. Survival and clinical symptoms were monitored, and target tissues of aGvHD were 
examined by histopathology and qPCR. Transplanted cell survival was evaluated by cell tracing and by qPCR. The 
transcriptome of BM‑, AT‑ and UC‑hMSCs was profiled by RNA‑sequencing. Focused experiments were performed 
to compare the expression of complement inhibitors and the abilities of hMSCs to resist complement lysis.

Results Human MSCs derived from three tissues divergently protected against aGvHD in vivo. AT‑hMSCs preferen‑
tially suppressed complement in vitro and in vivo, resisted complement lysis and survived better after transplantation 
when compared to BM‑ and UC‑hMSCs. AT‑hMSCs also prolonged survival and improved the symptoms and patho‑
logical features of aGvHD. We found that complement‑decay accelerating factor (CD55), an inhibitor of complement, 
is elevated in AT‑hMSCs and contributed to reduced complement activation. We further report that atorvastatin 
and erlotinib could upregulate CD55 and suppress complement in all three types of hMSCs.

Conclusion CD55, by suppressing complement, contributes to the improved protection of AT‑hMSCs against aGvHD. 
The use of AT‑hMSCs or the upregulation of CD55 by small molecules thus represents promising new strategies 
to promote hMSC survival to improve the efficacy of transplantation therapy. As complement injury is a barrier 
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to all types of hMSC therapy, our findings are of broad significance to enhance the use of hMSCs for the treatment 
of a wide range of disorders.

Keywords Human mesenchymal stromal cells, Acute graft‑versus‑host disease, CD55, Complement, hMSC 
transplantation, hMSC

Introduction
Acute (a) graft-versus-host disease (GvHD), aGvHD, 
is a life-threatening complication that can arise after 
transplantation of allogeneic hematopoietic stem cells. 
Up to 38% of patients who receive matched, unrelated 
allogeneic hematopoietic stem cells transplantation can 
develop aGvHD [1, 2], of which only 50–65% of patients 
will respond to conventional steroid therapy [3, 4]. The 
two-year survival rate of patients with severe or steroid-
resistant aGvHD is as low as 3–17% [4–7]. Ruxolitinib, a 
JAK1/JAK2 inhibitor, has recently been approved for the 
treatment of steroid-resistant GvHD, but a significant 
number of patients still suffer from the consequence of 
GvHD [8].

Human (h) multipotent mesenchymal stromal/stem 
cells (MSCs) are potent suppressors of the immune 
system [9–12] and are of clinical value for cell therapy 
against immune disorders. Eight hundred and fifty-seven 
registered clinical trials have been designed to explore 
the clinical efficacy of hMSC-based cell therapy [13], of 
which 52 are/were against aGvHD (data from clinicaltri-
als.gov through 2021). Early studies on aGvHD showed 
that hMSC therapy was well tolerated [13]. Thirty out 
of fifty-five patients achieved complete response, which 
is defined as the resolution of symptoms of aGvHD [13]. 
Furthermore, these patients had lower transplantation-
related mortality compared to those with partial or no 
response [13]. Overall, results from clinical studies have 
indicated favourable outcomes and negligible side effects 
when hMSCs are used to treat aGvHD [7, 13–16].

The effects of hMSCs on the immune system are often 
transient [17, 18]. Although hMSCs are commonly 
considered to be immunoprivileged and can escape 
from host immune surveillance [9, 10], transplanted 
hMSCs rarely engraft long-term and only survive for 
a short period after injection [17, 18]. The mechanisms 
that inhibit hMSC engraftment are unclear; however, 
some have attributed this to the triggering of multifac-
eted adverse innate immune responses, termed instant 
blood-mediated inflammatory reaction (IBMIR) [19, 
20]. Infused hMSCs can be recognised and damaged by 
the complement system as part of the innate immunity 
response, which likely reduce the therapeutic efficacy of 
hMSC transplantation [21, 22]. It is also noteworthy that 
cryopreserved MSCs in particular may be more vulnera-
ble to damage than fresh cells and are prone to triggering 

the IBMIR and complement activation [23–26]. Thus, 
poor survival and inappropriate complement activation 
are known barriers to hMSC therapy [27, 28].

Human MSCs were traditionally isolated from BM but 
can also be derived from adipose tissue (AT) and umbili-
cal cord (UC). AT- and UC-hMSCs can suppress many 
components of the immune system in  vitro and may 
be good alternatives to BM-hMSCs [29–34]. To date, 
few studies have directly compared the effectiveness of 
hMSCs from different sources using in  vivo models of 
aGvHD, and none has compared the engraftment and 
survival of BM-, AT-, and UC-hMSCs after transplanta-
tion. A recent transcriptomic profiling study indicates 
that AT-hMSCs express higher levels of complement 
regulators compared to BM-hMSCs, but experimen-
tal proof is lacking and the functional implications are 
unclear [35]. Another report also demonstrated differen-
tial expression of some complement regulators between 
hMSCs derived from BM and placental decidua, but 
AT-hMSCs were not included [34]. We hypothesise that 
hMSCs that naturally present inhibitors of complement 
are less susceptible to damage by complement lysis. We 
further posited that this decrease in susceptibility would 
improve their transplantation survival and prove more 
effective against aGvHD in vivo. In this study, we demon-
strate that hMSCs protected against aGvHD in a mouse 
model of this disease; however, AT-hMSCs better amelio-
rated symptoms and prolonged survival when compared 
to BM and UC-hMSCs. We attribute this improvement 
to superior engraftment and survival. Mechanistically, 
AT-hMSCs expressed higher levels of CD55, an inhibitor 
of the complement pathway, and this was associated with 
greater suppression of complement in vitro and in vivo. 
We further identified two compounds that could upreg-
ulate CD55 in hMSCs and improve hMSC protection 
against complement-induced injury.

Methods
Derivation, culture and characterisation of hMSCs
Human MSCs were derived from fresh samples of BM, 
AT and UC using established methods with some modi-
fications [20, 29, 36]. Human MSCs were characterised 
based on standards proposed by the Mesenchymal and 
Tissue Stem Cell Committee of the International Soci-
ety for Cellular Therapy (ISCT) [37]. The isolation pro-
cedures were approved by the local ethics committee 
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(Combined Internal Review Board of The University of 
Hong Kong and The Hong Kong West Cluster of Hospital 
of Hospital Authority, # UW 13-429).

BM-hMSCs were isolated from healthy human bone 
marrow transplantation donors by density-gradient cen-
trifugation with Ficoll-Hypaque solution (Amersham 
Biosciences). Subcutaneous AT was obtained from 
patients undergoing planned Caesarean sections and 
digested with collagenase, followed by the lysis of red 
cells using Red Blood Cell Lysis Solution (Miltenyi Biotec) 
as per manufacturer’s instructions. Umbilical cord was 
collected, and the cord vein was washed out. The vessel 
was digested with collagenase. After the initial isolation 
step, all hMSCs were plated and cultured using estab-
lished methods in Dulbecco’s modified Eagle’s medium 
with low glucose, supplemented with 10% human plate-
let lysate [29, 38]. hMSCs were all incubated at 37 °C in 
a humidified incubator with 5%  CO2. The medium was 
changed every two days. Human MSCs between passages 
2–6 were used for all experiments, and after at least one 
passage post-thawing unless otherwise stated.

In vitro assays
The interaction between hMSCs and dendritic, T- and 
natural killer cells was assessed using co-culture experi-
ments followed by ELISA of relevant cytokines [9]. The 
effect of hMSCs on the proportion of T-regulatory (Treg) 
was measured by flow analysis [39].

In vivo assays
All experimental procedures on animals were performed 
according to Committee on the Use of Live Animals in 
Teaching and Research of the University of Hong Kong 
(38-9316). BALB/C host mice (5–6 weeks) were exposed 
to lethal γ-irradiation (800  cGy) 24  h before injec-
tion. 2 ×  106  T cell-depleted bone marrow (TCDBM) 
and 0.25 ×  106  CD4+ T cells of C57BL/6N donor mice 
(5–6 weeks) were injected via the tail vein into BALB/C 
mice to induce aGvHD [40]. Mice were randomised into 
five groups. The negative control group consisted of mice 
injected with TCDBM only, and the positive control was 
mice injected with TCDBM and  CD4+ T cells. To evalu-
ate short-term engraftment on day 7, three hMSC treat-
ment groups were injected with TCDBM and  CD4+ T 
cells, with 1 ×  106 of each type of hMSCs on day 0 and 
were killed on day 7. To monitor long-term engraft-
ment and survival, three hMSCs treatment groups were 
injected with TCDBM and  CD4+ T cells with 1 ×  106 
hMSCs on day 0, and followed by additional hMSC 
injections on days 3 and 6 as described in Fig. 1A. Host 
mice were killed using an overdose of pentobarbital on 
day 7, 21 and 80 for analysis. Survival was monitored 
for 80  days by Kaplan–Meier analysis. The mice were 

examined every two days to monitor signs of aGvHD 
according to an established clinical scoring system [41]. 
Human MSC engraftment was monitored by staining the 
cells with CM-Dil dye, followed by fluorescence imaging 
of harvested tissues.

CD55 and complement assays
Transcriptomic profiling of hMSCs was performed by 
RNA sequencing, followed by gene ontology analysis. 
The expression of CD55 was assessed by RT-qPCR and 
flow cytometry. Complement response and membrane 
leakage were evaluated by C3 deposition [21] and the 
BCECF dye, respectively [21].

Data processing and analysis
Experimental parameters from the different groups of 
hMSCs were expressed as mean ± standard error of the 
mean (SEM) and compared using one-way ANOVA test. 
In the absence of normal distribution, the significance 
between the groups was evaluated with nonparametric 
Kruskal–Wallis test. Data were analysed using GraphPad 
Prism software (GraphPad Inc., San Diego, CA, USA), 
and p < 0.05 was considered the threshold of significance.

See Additional file  1: Supplementary methods for 
additional experimental details. Lists of antibodies and 
primer sequences are presented in Additional files 2 and 
3: Tables S1 and S2, respectively.

Results
Human MSCs derived from AT, BM and UC
Human MSCs derived from AT, BM and UC were char-
acterised according to international standards (ISCT) 
[37]. Specifically, AT-, BM- and UC-hMSCs adhered to 
plastic and were positive for CD73, CD90, CD105, and 
human leukocyte antigen (HLA)-DR, but negative for 
CD14, CD19, CD34, CD45, CD19, or HLA-DR (Addi-
tional file  4: Fig. S1A) [37]. AT-, BM- and UC-hMSCs 
could all undergo tri-lineage differentiation into fat, bone 
and cartilage when cultured in adipogenic, osteogenic 
and chondrogenic conditions (Additional file 4: Fig. S1B).

AT‑hMSCs alleviated clinical symptoms and promoted 
survival in a mouse model of aGvHD better than BM‑ 
and UC‑hMSCs
We tested the effectiveness of AT-, UC- and BM-hMSCs 
against aGvHD in  vivo using an established mouse 
model of this disease [40]. Graft-versus-host reac-
tion was induced by co-transplanting T cell-depleted 
bone marrow (TCDBM) and T cells from the spleen of 
C57BL/6N donor mice into irradiated BALB/C host 
mice. For the evaluation of short-term engraftment, mice 
were given one hMSC injection (1 ×  106) on day 0 along 
with TCDBM and T cells and killed on day 7. To assess 
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Fig. 1 AT‑hMSCs conferred superior protection against aGvHD in vivo. A Schematic of aGvHD mouse model. BALB/c host mice were exposed 
to γ‑irradiation at 800 cGy around 24 h prior to treatment with T cell‑depleted bone marrow (TCDBM) with/without  CD4+ T cell splenocytes 
 (CD4+), with/without hMSCs. Negative control group: TCDBM from C57BL/6N. Positive control group: TCDBM and  CD4+ from C57BL/6N to induce 
a graft‑versus‑host reaction. Human MSCs treatment groups were injected with TCDBM and  CD4+ T cells with hMSCs. For the evaluation 
of short‑term engraftment, mice were given one hMSC injection on day 0 and killed on day 7. To monitor pathology and long‑term 
engraftment, mice were given 3 doses of hMSCs on days 0, 3, 6 and harvested on day 21. Similarly, 3 injections of hMSCs were administered 
for the assessment of survival and symptoms, and mice were monitored for 80 days. B Survival was monitored over 80 days by Kaplan–Meier 
analysis. C GvHD clinical scores, significance shown against positive control. n = 12, 17, 9, 10, 8 for TCDBM, TCDBM + CD4, TCDBM + CD4 + AT‑hMSCs, 
TCDBM + CD4 + UC‑hMSCs, TCDBM + CD4 + BM‑hMSCs. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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long-term effects, mice were given 3 doses of hMSCs 
on day 0 (with TCDBM and T cells), 3, 6 and harvested 
on day 21 to monitor pathology and long-term engraft-
ment or were monitored for 80  days for symptoms and 
survival (Fig. 1A). The effect of AT-, BM- and UC-hMSCs 
on survival was monitored for 80 days by Kaplan–Meier 
analysis (Fig. 1B). One hundred percentage of the nega-
tive control group, comprising host mice that received 
donor TCDBM and simulating the disease-free state, sur-
vived for 80  days. By contrast, the survival of the posi-
tive control group given TCDBM and  CD4+ splenocytes, 
simulating untreated aGvHD, was significantly reduced 
to 27%. All three groups of mice given hMSCs fared bet-
ter than the positive control. AT-hMSCs transplantation 
conferred markedly improved survival (91%) at day 80 
compared to UC-hMSCs (73%) and BM-hMSCs (58%) 
(Fig. 1B).

Resolution of symptoms is used as endpoints of clini-
cal studies of aGvHD. To test whether prolonged sur-
vival following AT-hMSC transplantation was associated 
with amelioration of symptoms, we scored the mouse 
cohorts using established criteria encompassing com-
mon aGvHD symptoms including weight loss, posture, 
activity, fur texture and skin integrity (0 = least severe, 
10 = most severe, Additional file  5: Table  S3) [40, 41]. 
Mice injected with both TCDBM and  CD4+ cells had the 
highest score (score: 7.1 ± 0.7), indicative of severe dis-
ease (Fig.  1C), while mice injected with TCDBM were 
mostly free of symptoms (score: 0.2 ± 0.2). Mice injected 
with AT-hMSCs had a significantly lower score (score: 
2.4 ± 1.1) compared to positive control, and this was qual-
itatively lower compared to UC-hMSCs (4.5 ± 1.0) and 
BM-hMSCs (score: 5.3 ± 1.4), indicating that AT-hMSCs 
preferentially suppressed symptoms of aGvHD. This is 
associated with higher body weight in mice transplanted 
with AT-hMSCs (Additional file 6: Fig. S2A). Representa-
tive images of animals are shown in Additional file 6: Fig. 
S2B.

Pathologically, aGvHD mainly affects the skin, liver, and 
gastrointestinal tract. By histopathological examinations, 
we determined which hMSCs could best protect against 
tissue damage (Fig. 2A). Consistent with the clinical fea-
tures of aGvHD, the colon, liver, and spleen were the 
most affected organs 21 days after transplantation. Colon 
samples from the positive control group showed severe 
damage, with widespread crypt destruction and dense 
lamina propria lymphocytic infiltration. Samples from 
BM-hMSCs and UC-hMSCs groups had similar pathol-
ogy with the positive control, showing that BM- and 
UC-hMSCs conferred limited protection in the colon. By 
contrast, the AT-hMSC cohort had normal colon struc-
tures, indicating that these hMSCs could better suppress 
colon tissue destruction (Fig.  2A). Similarly, AT-hMSCs 

could better preserve the tissue structures in the liver and 
the spleen compared to BM- and UC-hMSCs.

Chemokines such as CCL3 and CXCL9 are strong 
inducers of leukocyte trafficking and activation, and they 
contribute to the pathogenesis of aGvHD. All hMSCs 
significantly suppressed CCL3 and CXCL9 RNA expres-
sion in the liver on day 21 compared to the positive con-
trol, and similar results were seen on day 7 with varying 
significance (Fig.  2B and C). In the colon, marked dif-
ferences were observed among the hMSC groups. Only 
AT-hMSCs could significantly reduce CCL3 and CXCL9 
expression on both days 7 and 21 (Fig. 2D and E). These 
results are consistent with AT-hMSCs having a higher 
capacity to modulate host chemokine expression com-
pared to BM- and UC-hMSCs and thereby inhibit the 
migration of T cell lymphocytes and the development of 
aGvHD.

AT‑, BM‑ UC‑hMSCs exhibited similar immunosuppressive 
properties in vitro
Our results thus far show that AT-hMSCs preferentially 
promote survival and better suppress the symptoms and 
pathological features of aGvHD in  vivo. To explain the 
differences in therapeutic efficacy among hMSCs, we 
postulate that AT-hMSCs might have superior intrin-
sic immunomodulatory capabilities and/or that they 
could better engraft and survive compared to BM- and 
UC-hMSCs.

We tested the immunomodulatory properties of 
these hMSCs using in  vitro co-culture experiments 
(Fig.  3A). aGvHD involves the activation of antigen-
presenting cells such as dendritic cells, and T cells. To 
assess the immunomodulatory capabilities of hMSCs, 
we measured the secretion of pro-inflammatory 
cytokine TNF-α. BM-, UC- and AT-hMSCs signifi-
cantly and similarly repressed TNF-α secretion relative 
to dendritic cells cultured alone. The effect of hMSCs 
on T cell differentiation into T-helper-1 (Th-1) and -2 
(Th-2) cells was assessed by measuring the release of 
effector cytokines (pro-inflammatory IFN-γ for Th-1 
and anti-inflammatory IL-4 and IL-10 for Th-2). All 
hMSCs significantly suppressed IFN-γ secretion and 
stimulated IL-4 and IL-10 secretion relative to PBMCs. 
No significant differences were detected among the 
three groups of hMSCs, except in IL-4 secretion, in 
which UC-hMSCs had a lower stimulatory effect than 
AT- and BM-hMSCs. We also assessed the effect of 
hMSCs on natural killer cells. None of the hMSCs sig-
nificantly altered natural killer cell-mediated IFN-γ 
secretion. Natural killer cells are important for medi-
ating the anti-tumour response in transplant patients; 
thus, the lack of suppression may be beneficial. Lastly, 
we examined by flow analysis the effect of hMSCs 
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on Treg cells, which can ameliorate aGvHD progres-
sion. All three types of hMSCs significantly and simi-
larly increased the proportion of Treg cells compared 
to control. These co-culture experiments demon-
strate that all three types of hMSCs can significantly, 

and similarly, attenuate multiple components of the 
immune system in vitro.

Fig. 2 AT‑hMSCs better protected target organs of aGvHD. A Representative photographs of H&E‑stained liver, colon and spleen tissues on day 21. 
Scale bar = 100 μm. White arrows = apoptotic bodies, black arrows = crypt loss, arrowhead = atrophy of surface epithelium, * = loss of white pulp. B, D 
CCL3 and C, E CXCL9 mRNA expression in mouse liver B, C and colon D, E on days 7 and day 21 post‑transplantation. Graphs show data from three 
experiments with mean + / − SEM. Significance was calculated relative to positive control group (TCDBM + CD4) *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001
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AT‑hMSCs engrafted/survived better in host mice 
compared to BM‑ and UC‑hMSCs
We then determined whether AT-hMSCs could better 
engraft compared to BM- and UC-hMSCs. We tracked 
transplanted hMSCs by staining them with a fluores-
cence dye (CM-Dil) and quantified the presence of 
hMSCs by monitoring the intensity of fluorescence sig-
nal in host tissues 21  days after transplantation. Mice 
given TCDBM alone or TCDBM with  CD4+ cells were 
used to control for background fluorescence intensity. 

Human MSCs were localised in the spleen, colon, stom-
ach, kidney, liver and lung of host mice, with the major-
ity in the liver and lung (Fig. 3B and C and Additional 
file  7: Fig. S3A), consistent with previous literature 
showing the retention of hMSCs in these two organs 
[42]. Injection of AT-hMSCs resulted in the strongest 
fluorescence signal, which was 1.53-, 1.87- and 7.30-
fold significantly higher in the liver, lung, and colon 
than that of BM-hMSCs, respectively. Transplantation 
of UC-hMSCs gave intermediate fluorescence intensity. 
Similar results were seen at day 7 of transplantation 

Fig. 3 Immunosuppressive effect of hMSCs in vitro and survival of hMSC in vivo. A The effect of DC‑mediated TNFα secretion was measured 
by ELISA assay. The effect of hMSCs on TH1 and Th2 was determined by measuring the release of IFNγ (TH1) and, IL‑4 and IL‑10 (Th2) by ELISA. 
NK‑mediated IFNγ secretion was assessed by ELISA. The proportion of Treg was examined by flow cytometry. n = 5. Quantitative analysis 
of the fluorescently labelled hMSCs in the B lung and liver, C spleen and colon on days 7 and 21 post‑transplantation. Graphs show data of three 
experiments with mean + / − SEM.*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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(Fig.  3B and C and Additional file  7: Fig. S3A). RT-
qPCR also revealed significantly higher levels of human 
GAPDH in the liver and colon of mice given AT-hMSCs 
(Additional file  7: Fig. S3B), confirming better reten-
tion of transplanted human AT-hMSCs in host mouse 
tissues.

Transcriptomic profiling revealed higher level of CD55 
in AT‑hMSCs
To understand the molecular mechanisms that under-
lie the abilities of AT-hMSCs to engraft and survive, we 
examined the global transcriptome of hMSCs by RNA-
seq. Principal component analysis and hierarchical 
clustering showed that AT-, BM- and UC-hMSCs were 
associated with distinct transcriptomic profiles (Addi-
tional file 8: Fig. S4A, B). Comparison between AT- ver-
sus BM-, AT- versus UC- and UC- versus BM-hMSCs 
revealed 2318 (7%), 2886 (9%) and 2270 (7%) differen-
tially expressed genes (> twofold) (Additional file 8: Fig. 
S4C, Additional files 9, 10 and 11: Tables S4, S5 and 
S6). GSEA analyses showed an upregulation of genes 
involved in cell growth (e.g. DNA replication, cell cycle, 
ribosome) and a downregulation of genes implicated in 
immune disorders (e.g. systemic lupus erythematosus, 
allograft rejection) in AT-hMSCs versus BM-hMSCs 
(Fig. 4D).

We next examined our dataset together with three 
publicly available datasets involving AT-, UC- versus 
BM-hMSCs to identify differences among these cells 
that are conserved across multiple studies [35, 43–47]. 
Venn diagrams revealed that 8 and 42 transcripts were 
upregulated in AT- and UC-hMSCs compared to BM-
hMSCs in all four datasets (Fig.  4A–C). The comple-
ment decay-accelerating factor CD55 was the only 
gene upregulated in both AT-hMSCs and UC-hMSCs 
compared to BM-hMSCs. Consistent with the role of 
CD55 as a suppressor of complement activation [48], 
KEGG pathway analysis revealed complement genes to 
be among the top differentially expressed transcripts 
between AT and BM-hMSCs (Fig.  4D–F). Experimen-
tally, CD55 mRNA could be detected by RT-qPCR in 
all three types of hMSCs, but was significantly more 
abundant in AT-hMSCs than UC-hMSCs (FC = 2.4) 
and BM-hMSCs (FC = 4.9) (Fig.  5A). Flow cytometry 
analysis further revealed that a greater percentage of 
AT-hMSCs (83.42 ± 9.57%) and UC-MSC (63.4 ± 7.87%) 
expressed CD55 on the cell surface, and at higher lev-
els, than BM-hMSCs (14.46 ± 4.63%) (Fig.  5B). Con-
versely, other complement regulatory genes such as 
CD59 were expressed at similar levels among BM-, AT- 
and UC-hMSCs [34] (Fig.  4C and Additional file  12: 
Fig. S5). We also evaluated the level of CD142, which 
is a mediator of the coagulation pathway. By qPCR 

analysis, significantly higher mRNA levels of CD142 
were observed in AT-BMCs relative to BM-hMSCs. 
Based on flow cytometry analyses, almost all the AT-, 
BM-, and UC-hMSCs (> 93%) expressed this protein, 
but CD142 was present at qualitatively higher levels in 
AT-hMSCs and UC-hMSCs than in BM-hMSCs (Addi-
tional file 12: Fig. S5).

AT‑hMSCs were less susceptible to complement‑mediated 
injury than BM‑hMSCs and UC‑hMSCs
Previous studies have shown that MSCs are prone to 
complement lysis upon contact with serum [10, 21, 22, 
48, 49] and that CD55 can protect against complement 
injury. To test the supposition that increased abundance 
of CD55 on AT-hMSCs would inhibit complement-
induced damage, we incubated BM-, AT- and UC-hMSCs 
with serum and found significantly reduced deposition of 
the complement activation product C3b on the cell sur-
face of AT-hMSCs (3.57 ± 0.58%) relative to UC-hMSCs 
(9.26 ± 4.69%) and BM-hMSCs (23.53 ± 3.75%) (Fig.  5C 
and D). EDTA-inactivated serum was used as a negative 
control to show that complement activation and deposi-
tion of the C3b was dependent on complement activity 
 (Ca2+/Mg2+ dependent) (Fig. 5C and D). Blocking CD55 
by pre-incubating hMSCs with anti-CD55 antibody abol-
ished these differences and significantly increased C3b 
deposition on all three hMSCs to > 90% (Fig. 5E), impli-
cating a critical role of CD55 in determining complement 
activation in hMSCs.

Since AT-hMSCs had reduced levels of C3b, which is 
crucial for the formation of the membrane attack com-
plex, they are expected to be less susceptible to comple-
ment lysis. We tested this with the membrane-permeant 
BCECF ester. Upon intracellular hydrolysis, the dye 
becomes impermeant and trapped in the cell; thus, its 
release is used to monitor cell membrane rupture. We 
loaded hMSCs with BCECF ester, exposed the cells to 
serum and monitored the release of this dye. Significantly 
less dye (i.e. reduced membrane leakage) was detected 
in the supernatant of AT-hMSC cultures (6.85 ± 1.02%) 
compared to BM-hMSCs (23.53 ± 2.67%) and UC-hMSCs 
(12.44 ± 2.42%) (Fig. 5F).

Cryopreservation has been shown to  impact comple-
ment activation. We therefore evaluated the effect of 
freeze-thawing on the presence of CD55 and deposition 
of CD3. In these experiments, we utilised cells in culture 
that had been passaged at least once after thawing (fresh) 
or which were used immediately upon thawing (frozen). 
By flow cytometry, we observed a significant, but modest, 
decrease in the percentage of  CD55+ cells among frozen 
AT-hMSCs when compared to fresh AT-hMSCs. Frozen 
AT-hMSCs also had qualitatively higher C3b deposition 
after incubation with serum than fresh cells (Additional 
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Fig. 4 Transcriptomic analysis revealed differentiation expression of CD55 and complement genes. Venn diagram of DEGs of 3 public datasets 
with our dataset for the comparison between A AT‑hMSCs versus BM‑hMSCs and B UC‑hMSCs versus BM‑hMSCs. Upregulated genes are defined 
as log fold change > 1, p < 0.05. C Heatmap expression of genes involved in the complement pathway in our dataset. D GSEA analysis of AT‑hMSCs 
versus BM‑hMSCs in our dataset. E and F GO and KEGG analyses of genes upregulated in AT‑hMSCs versus BM‑hMSCs from two public datasets
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file 12: Fig. S5). Culturing of hMSCs thus appears to pro-
vide better protection against complement than hMSCs 
that are utilised immediately upon thawing.

We further investigated the correlation between CD55 
expression and complement response and observed a 
strong and statistically significant negative correlation 
between the per cent of  CD55+ cells and C3 deposition 
in each type of hMSCs (Fig. 5G). A similarly strong cor-
relation was detected when all hMSCs were included in 
the analysis (R = 0.9366), showing that CD55 expression 
could be used to predict complement inhibition.

Extrapolating from in vitro results, we posited that AT-
hMSCs were more resistant to complement injury com-
pared to BM- and UC-hMSCs in  vivo. We investigated 
complement activation in our mouse model of aGvHD 
21  days post-transplantation by evaluating C3 deposi-
tion in different tissues. Immunofluorescence staining 
revealed strong expression of C3 in the liver, colon and 
lung from positive mice injected with TCDBM and  CD4+ 
T cells. These results are consistent with complement 
activation contributing to the pathogenesis of aGvHD. 
Mice transplanted with BM-hMSCs and UC-hMSCs 
exhibited very strong C3 staining, and this could reflect 
complement activation against both  CD4+ T cells and 
transplanted hMSCs. Conversely, no noticeable C3 stain-
ing was observed in the tissues of mice injected with AT-
hMSCs (Fig. 6A). These results confirmed that AT-hMSC 
can actively suppress complement activation in vivo.

Atorvastatin and erlotinib increased CD55 expression 
in hMSCs
A previous study reported that atorvastatin, an HMG-
coenzyme A inhibitor, could increase CD55 expression in 
astrocytes [50]. To identify additional putative regulators 
of CD55 in AT-hMSCs, we performed Pearson correla-
tion analysis with CD55 and other genes in our RNA-Seq 
dataset. This analysis was used to identify transcripts 
whose abundance strongly correlated with CD55. Gene 
ontology analysis revealed enrichment of negative regu-
lators of the EGFR signalling pathway. To test whether 
erlotinib, which is an EGFR inhibitor, or atorvastatin 
could upregulate CD55 in hMSCs, we exposed hMSCs 
to different doses of the two compounds. RT-qPCR and 
flow analyses showed that erlotinib and atorvastatin 

increased CD55 mRNA and surface protein levels in a 
concentration-dependent manner in all three types of 
hMSCs (Fig.  6B–D). We then incubated BM-, AT- and 
UC-hMSCs with serum, with and without atorvastatin 
and erlotinib for 24  h. Following drug treatments, we 
detected significantly reduced deposition of C3b in these 
hMSCs relative to controls (Fig. 6E). Inhibition was most 
pronounced in BM-hMSCs, whose C3 deposition was 
significantly decreased from 30.9% to 12.8% and 9.4% by 
atorvastatin and erlotinib, respectively.

Discussion
The efficacy of hMSC clinical application is limited by 
poor engraftment and survival [27, 28]. This is partly 
attributed to the activation of complement lysis cascade, 
which can damage transplanted cells. Here, we show that 
AT-hMSCs express higher levels of CD55, an inhibitor 
of complement, and are more resistant to complement 
injury compared to BM- and UC-hMSCs. These dif-
ferences might contribute to the superior effectiveness 
of AT-hMSCs in promoting survival and in ameliorat-
ing the pathological features and symptoms of aGvHD 
in vivo. We further identified two compounds, erlotinib 
and atorvastatin, which can upregulate CD55 to suppress 
complement activation. Our work shows that the use of 
AT-hMSCs can minimise the adverse effects of comple-
ment activation and limit the deleterious effects associ-
ated with aGvHD. Furthermore, through the use of small 
molecules to increase CD55, it may be possible to further 
promote this protective effect.

Various studies have investigated AT and UC-hMSCs 
as alternatives to BM-hMSCs. Those studies mostly 
focused on the paracrine properties of these cells and 
showed that all three types of hMSCs exhibit immuno-
suppressive properties in  vitro [51, 52]. Consistent with 
these, we demonstrate that BM-, AT-, and UC-hMSCs all 
significantly and similarly modulate dendritic cell activa-
tion, T-helper cell differentiation, and T-reg proportion 
in vitro. Whether all three types of hMSCs are similarly 
efficacious in  vivo remains elusive, and there have been 
few studies to define the benefits of AT-, BM, and UC-
hMSCs in vivo against aGvHD. A recent report by Gre-
goire et al. showed that AT-, UC-, and BM-hMSCs failed 
to improve overall survival of mice with aGvHD and that 

(See figure on next page.)
Fig. 5 AT‑hMSCs expressed higher levels of CD55 and were less prone to complement injury. CD55 A mRNA and B protein expression by qPCR 
and flow cytometry analyses. C Flow cytometry analysis of C3 deposition on hMSCs after exposure to serum. Orange area indicates the hMSCs 
without serum (Control). Black area indicates hMSCs treated with serum and EDTA control. Blue area indicates hMSCs treated with serum. Red area 
indicated hMSCs treated with mouse serum, following pre‑incubation with anti‑CD55 antibody. Results are summarised in two graphs showing 
the D mean %C3 deposition (%hMSCs positive for C3) E mean %C3 deposition following pre‑incubation (blocking) with anti‑CD55 antibody. F 
Cytotoxicity assay to demonstrate membrane leakage after exposure to serum, assessed by BCECF, AM dye. The graph shows the % cytotoxicity, 
measured as % BCECF dye that was released into the supernatant G Linear regression plot of %C3 deposition and %CD55 + cells in hMSCs. Bar 
graphs show the summary of three independent experiments with mean +/− SEM. *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 5 (See legend on previous page.)
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Fig. 6 AT‑hMSCs can suppress C3 expression in vivo A C3 expression in liver, colon and lung samples on day 21 post‑transplantation. C3 staining 
in green, DAPI in blue. Scale bar = 50 μm. Atorvastatin or erlotinib can upregulate CD55 and protect complement lysis of hMSCs upon serum 
incubation. CD55 mRNA expression (B and C), and surface protein expression (D) in hMSCs upon treatment with atorvastatin or erlotinib for 24 h. 
Atr: Atorvastatin; Erl: erlotinib. E %C3b deposition on hMSCs upon treatment with atorvastatin or erlotinib for 24 h. Graphs show data (mean 
+/− SEM) of three to four experiments performed in triplicate. Significance was calculated relative to control cells *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001
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AT-MSCs and UC-MSCs were more pro-coagulant than 
BM-MSCs [53]. However, hMSCs were used as treatment 
in the aforementioned study and were not infused until 
symptoms appeared, while our hMSCs were injected 
prophylactically to prevent aGvHD. The immunosup-
pressive capacities of hMSCs are affected by inflamma-
tory cytokines [54]. Our own work demonstrated that 
hMSCs undergo growth arrest and lose their immuno-
privilege status upon IFNγ treatment. Therefore, hMSCs 
given during active inflammation by Gregoire et al. may 
behave differently from hMSCs administered as prophy-
laxis [55]. We are thus the first to report the abilities of 
AT-, UC-hMSCs to protect against aGvHD in vivo, and 
more importantly, the dichotomy between the similar 
in vitro immunosuppressive properties of AT-, BM-, and 
UC-hMSCs and the greater in vivo efficacy of AT-hMSCs 
in preventing aGvHD.

Our understanding of hMSCs post-transplantation 
engraftment and survival, particularly in relation to 
complement, is limited. Here we show that AT-hMSCs 
could better engraft and survive in host tissues, leading 
to superior treatment outcomes in  vivo. This study also 
implicates CD55 and the suppression of complement 
activation as major contributors to this phenotype. CD55 
has been reported to be upregulated in AT- versus BM-
hMSCs by microarray analysis [35]. We confirmed this 
differential expression using four transcriptomic datasets 
including our own, along with qPCR and flow cytometry 
experiments. We further demonstrated that high levels 
of CD55 played a direct role in protecting AT-hMSCs 
against complement activation and lysis. It is known that 
complement activation contributes to allograft rejection. 
Pratt et  al. observed a reduction in rejection of kidneys 
transplanted from C3-deficient donor mice compared 
to wild-type mice [56], and this was associated with 
increased survival. C3, thus, can modulate renal trans-
plant rejection. The complement system is also critical 
for the pathogenesis of aGvHD. The deposition of com-
plement proteins is a major feature of murine aGvHD 
[57], and C3-deficient mice had a milder aGvHD pheno-
type compared to the wild-type control [58]. Therefore, 
the high levels of CD55 in AT-hMSCs can inhibit com-
plement to ameliorate aGvHD both indirectly, by pro-
tecting transplanted AT-hMSCs to allow them to exert 
their immunomodulatory effects, and directly, by sup-
pressing the pathogenesis of aGvHD.

In this study, we demonstrate that AT-hMSCs are a 
superior alternative to conventionally used BM-hMSCs 
for the treatment of aGvHD. Although we utilised a 
mouse model of aGvHD, which may differ from human 
physiology, our demonstration of improved engraft-
ment and survival supports further investigations of AT-
hMSCs. Consistent with the higher in  vivo efficacy, we 

report here against aGvHD, AT-MSCs have been shown 
to be as good as BM-MSCs at treating Crohn’s disease in 
mice [59] or more effective in animal models of a wide 
range of diseases including system sclerosis [17], ischae-
mic stroke [60], myocardial infarction [61, 62], and spi-
nal injury [63]. While hMSC survival and complement 
activation were not defined in these studies, it is probable 
that better survival and complement inhibition by AT-
MSCs may contribute to superior outcomes. Clinical tri-
als involving hMSCs are dominated by BM-hMSCs [64]. 
AT-hMSCs constitute < 10% of clinical trials registered 
on the NIH registry [64]. These comprise early- and late-
stage trials against immune disorders such as Crohn’s 
disease [17, 65, 66] and acute/chronic GvHD [16, 67] and 
immune rejection in renal transplantation [68], where 
AT-hMSCs were generally found to be safe and effica-
cious. Despite the promising results reported here, coag-
ulation is an important issue for hMSC transplantation 
[2, 7, 19, 20]. AT-hMSCs have been shown to be more 
pro-coagulant than BM-hMSCs [28, 69], and we find high 
levels of procoagulant factor CD142 in this cell popula-
tion. Regardless, our results show promise for AT-hMSC 
therapy, but further investigations and clinical trials are 
needed to confirm the safety and efficacy in the clinic.

Human MSCs are subject to batch-to-batch variations 
[70]. Hence, there is a critical need for markers or assays 
that can predict in vivo efficacy [71]. Our data show that 
the presence of CD55 correlated negatively with comple-
ment activation and that assessment of this protein by 
flow cytometry represents a simple quality control meas-
ure to ensure better complement suppression to protect 
both transplanted hMSCs and host tissues. Lastly, given 
the prominent role of CD55 in the suppression of com-
plement, increasing the expression of CD55 is a potential 
way to boost the effectiveness of hMSCs. The pre-treat-
ment (priming) of hMSCs as enhancer for the secretion 
of anti-inflammatory molecules is not new and here we 
show that hMSCs can also be primed to increase the 
expression of complement inhibitors [49, 72]. Soland 
et  al. have shown that transduction of hMSCs with a 
retrovirus encoding HCMV-US proteins can upregulate 
CD59 to inhibit complement lysis [73]. Although this 
provides proof of principle that upregulation of comple-
ment inhibitors can protect hMSCs, the aforementioned 
study utilised genetic manipulation, which may hinder 
clinical use. Here we identified two FDA-approved com-
pounds that could increase CD55 levels in hMSCs and 
inhibit complement. Statins, commonly used to treat 
cardiovascular diseases, have previously been shown to 
upregulate CD55 and CD59 expression in human umbili-
cal vein endothelial cells. Here, we demonstrated that 
statin could also upregulate CD55 expression on hMSCs 
and that erlotinib, an FDA-approved EGFR inhibitor 
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for the treatment of cancer, was able to increase CD55 
expression on hMSCs.

Conclusion
In conclusion, our report identified complement as a 
crucial barrier to hMSCs transplantation for the treat-
ment of aGvHD. By using AT-hMSCs, which naturally 
express more CD55, and by priming these cells with ator-
vastatin or erlotinib, which can enhance the expression 
of CD55, the activation of complement is suppressed, 
which directly improves the efficacy of hMSC transplan-
tation. Furthermore, the evaluation of CD55 represents a 
simple quality control measure to select donor hMSCs, 
which can best inhibit complement and survive. This may 
achieve the dual benefit of improved survival of trans-
planted hMSCs and better suppression of complement 
to inhibit the pathogenesis of aGvHD. Although our 
research focused on aGvHD, poor engraftment and sur-
vival is a limiting factor to cell therapy in general, which 
may be directly affected by complement activation. Our 
findings, thus, have the potential to enhance clinical use 
of hMSCs for the treatment of a wide range of disorders.
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