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Abstract: Acute graft-versus-host disease (aGVHD) is one of the major complications after liver transplantation 
(LTx), which is induced by over-activation of T helper lymphocytes. Cenicriviroc (CVC) exerts its anti-inflammatory 
effect through inhibition of C-C chemokine receptor 5 (CCR5). However, whether CVC ameliorates aGVHD after liver 
transplantation remains unknown. In the present study, a rat aGVHD liver transplantation model (LTx-aGVHD) was 
constructed. CVC was intravenously injected from day 7 to day 14 after LTx. Liver and intestine samples were har-
vested to evaluate GVHD severity. Peripheral blood mononuclear cells (PBMCs) were collected and CCR5 antibodies 
were prepared to further explore the molecular mechanism in vitro. CVC significantly decreased the severity of GVHD 
associated skin and intestine injury. Quality of life of the LTx-GVHD rats was improved after CVC treatment. Flow cy-
tometry further confirmed diminished peripheral donor-derived Th cells after CVC treatment. Molecularly, CVC treat-
ment showed similar anti-inflammatory effects to CCR5 antibody injection. The level of CCR5, C-C motif chemokine 
ligand 5 (CCL5), and pro-inflammatory cytokines in the liver and intestines were inhibited after CVC treatment. Thus, 
CVC deactivated Th lymphocytes and decreased the severity of LTx-aGVHD through inhibition of CCR5.
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Introduction

Acute graft-versus-host disease (aGVHD) is one 
of the most dangerous complications after liver 
transplantation (LTx) [1]. Although the overall 
incidence of aGVHD is low (1-2%), the mortality 
of this complication is extremely high (85-90%) 
[2]. Patients who developed aGVHD after LTx 
suffer from sepsis, bone marrow suppression, 
and multi-organ dysfunction [3]. Although aG- 
VHD was first proposed in 1988, its mecha-
nism and treatment remain controversial [4]. 
Modification of the immunosuppressant plan 
shows little effect in managing aGVHD [5, 6]; 
therefore, it is important to develop a new strat-
egy to prevent and treat aGVHD in clinical 
practice.

It is widely accepted that donor T cell homing 
and migration is responsible for aGVHD devel-

opment [7]. This process is modulated by che-
mokine receptors such as C-C chemokine re- 
ceptor 5 (CCR5) [8]. Evidence indicated that 
CCR5 blockade decreased inflammation in a 
bone marrow transplantation GVHD model [9] 
and in clinical trials [10]. By contrast, inflamma-
tion caused by GVHD was inhibited after a com-
bination of a CCR5 inhibitor and cyclosporin A 
treatment in a hematopoietic stem cell tran- 
splantation (HSCT) model [11]. Cenicriviroc 
(CVC), a CCR2/CCR5 co-inhibitor, is widely used 
in AIDS prevention and treatment [12]. Recently, 
CVC was proved to be effective in reversing liver 
fibrosis and steatosis through inhibition of 
inflammation [13]. However, whether CVC ame-
liorates aGVHD after LTx remains unknown.

The present study aimed to use a previously 
developed aGVHD model to better understand 
the mechanism of aGVHD. Our previous work 
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showed that activation of T helper (Th) lympho-
cytes was responsible for the development of 
aGVHD. Th cell physiology was proven to be 
regulated by regulatory T cells (Tregs); the de- 
crease in Tregs correlated with the severity of 
aGVHD. Therefore, the present study also ai- 
med to explore whether CVC protects liver 
grafts from aGVHD and the underlying molecu-
lar mechanism.

Materials and methods 

Ethical approval of the study protocol

The study was performed in accordance with 
the guidelines of the Ethics Committee of the 
Nanjing Drum Tower Hospital of Nanjing Uni- 
versity Medical School. All in vivo experiments 
strictly followed the guidelines for animal care 
set by the Nanjing Drum Tower Hospital of 
Nanjing University Medical School.

GVHD liver transplantation model and group-
ings

The liver grafts of green fluorescent protein 
(GFP) transgenic Lewis male rats were harvest-
ed as liver donors. F1 generation Lewis × Brown 
Norway (BN) rats were chosen as LTx recipi-
ents. Rats were fasted for 1 day before LTx. 
Phenobarbital sodium (50 mg/kg) was injected 
intraperitoneally to achieve an adequate depth 
of anesthesia. Kamada’s two-cuff methods 
were used for transplantation. Briefly, the sup- 
rahepatic vena cava and infrahepatic vena 
cava were sutured with 8-0 microscopic vascu-
lar sutures. The two-cuff method was utilized to 
reconstruct the common bile duct and portal 
vain, without reconstruction of the hepatic 
artery. 

To construct a GVHD model, during surgery, a 
donor’s spleen homogenate was prepared. The 
spleen homogenate was washed with phos-
phate-buffered saline (PBS) three times and 
further diluted in erythrolysis solution for 10 
minutes. The homogenate was centrifuged at 
2000 rpm for 5 minutes. Peripheral blood mo- 
nonuclear cells (PBMCs) were counted and 
diluted at 8 × 108/ml. Then, 0.5 ml of PBMC 
solution was injected through the tail vein 30 
min after LTx to construct an aGVHD-LTx model.

Rats that survived after LTx were carefully ob- 
served and randomly divided into two groups 
and injected with saline or CVC once a day from 

the 7th to the 14th day after LTx: Group 1, control 
saline injection; group 2, 20 mg/kg CVC injec-
tion. Body weight, activity, appetite, and symp-
toms of diarrhea and jaundice, were document-
ed. Serum samples of each rat were collected 
at day 4 and day 12 after LTx. Skin, small intes-
tines, and liver samples were harvested after 
the death of the rats. 

Flow cytometry analysis

Blood samples collected on day 4 and 12 after 
LTx from the vena caudalis were mixed with red 
blood cell (RBC) lysis buffer. PMBCs were col-
lected for flow cytometry analysis. The cells 
were incubated with fluorescein isothiocya- 
nate (FITC)-conjugated anti-CD4 antibodies 
(BioLegend, San Diego, CA) and allophycocya-
nin (APC)-conjugated anti-CD25 antibodies 
(BioLegend, San Diego, CA) for 30 minutes on 
ice. Then, the cells were fixed with fixation and 
permeabilization buffer for 45 minutes at room 
temperature. The proportions of CD4+GFP+ and 
CD4+CD25-GFP+ Th cells were examined using 
flow cytometry.

Chemicals and reagents 

All primary and secondary antibodies used in 
western blotting, including those recognizing 
CCR2, CCR5, C-C motif chemokine ligand 5 
(CCL5), and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) were obtained from Cell 
Signaling Technology (Danvers, MA, USA). 

Chemotaxis analysis

PBMCs were collected as previously described. 
Cells were plated into a 24-well plate at a con-
centration of 1.5 × 106 and treated with anti-
CD3 (BioLegend, San Diego, CA) and anti-CD28 
antibodies (BioLegend, San Diego, CA) for acti-
vation of Th cell. At 48 hours after incubation, 
the medium was changed with Roswell Park 
Memorial Institute (RPMI)-1640 medium with 1 
ng/ml interleukin-12 (IL-12) for another 24 
hours. The cells were then treated with 1) CVC 
(1 nM); 2) anti-CCR5 antibodies (1 ng/ml); 3) 
anti-CCR2 antibodies (1 ng/ml); and 4) anti-
CCR5 antibody (1 ng/ml) + anti-CCR2 antibody 
(1 ng/ml) for 24 hours. Cells (2 × 105) were fur-
ther plated in Chemo-TX plates containing 
CCL3, CCL4, and CCL5 and incubated at 37°C 
for 30 minutes. Cell counting kit 8 (CCK-8) 
(Dojindo, Japan) analysis was used to quantify 
cells that penetrated the membrane. 
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acrylamide gel electrophor- 
esis and transferred topoly-
vinylidene difluoride memb- 
ranes. The membranes we- 
re blocked with Tris-buffer- 
ed saline/0.1% Tween 20 
containing 5% bovine ser- 
um albumin and incubated 
with specific primary anti-
bodies (all 1:1000 dilution) 
for 6 hours. The membran- 
es were then washed (3 ti- 
mes; 30 minutes per wash) 
with Tris-buffered saline/ 
0.1% Tween 20 and incu-
bated with appropriate hor- 
seradish peroxidase (HRP)-
conjugated secondary anti-
bodies (all 1:2000 dilution). 
All antibodies were bought 
from Cell Signaling Techno- 
logy except the HRP-conju- 
gated secondary antibod-
ies (Beyo-time Institute of 
Biotechnology, Shanghai, 
China).

ELISA

The supernatants were col-
lected and stored at 4°C. 
Concentrations of IL-2, IL-6, 
IFN-ã, IL-10, TGF-â were 
detected using commercial 
ELISA kits (R&D Systems, 
Inc.).

Hematoxylin and eosin 
staining

The tissue samples of skin, 
intestine, and liver harvest-
ed from the rat were fixed 
with 4% paraformaldehyde 

Western blot analysis

Samples of cell lysate pro-teins (40 mg) were 
separated by 10% sodium dodecylsulfate-poly-

for 24 h. After conventional dehydration, wax 
infiltration, and paraffin embedding, the tissues 
were sectioned at intervals of 4 µm and stained 
with hematoxylin and eosin.

Figure 1. CVC treatment ameliorated LTx-aGVHD in a rat model of liver trans-
plantation. A. Kaplan-Meier survival analysis of LTx rats. CVC treatment induced 
a significant elongation of survival time after LTx (**P < 0.01). B. Representa-
tive images of each group. Rats were carefully observed after LTx. Represen-
tative images of each rat taken 21 days after liver transplantation. C. Hema-
toxyin and eosin (H&E) staining of skin, intestine, and liver samples. Rats that 
received LTx, aGVHD LTx, and CVC + LTx-aGVHD were observed after LTx. Skin, 
intestine, and liver samples were collected after death. H&E staining was con-
ducted as previously described.

Table 1. Mortality of acute graft-versus-host disease and survival time in different groups
Groups n Mortality Survival Time [days (numbers of animals)] Mean Survival Time (days)
Control 11 100% 22 (1), 25 (2), 27 (3), 30 (1), 31 (1), 33 (1), 38 (1), 42 (1) 27
CVC 11 100% 25 (2), 29 (1), 37 (1), 40 (1), 50 (2), 57 (1), 60 (2), 63 (1) 50*
*P < 0.05 Versus Control Group; CVC, Cenicriviroc. Rats were randomly divided into two groups: 1) Control and 2) CVC. Each 
group contained 11 pairs of experimental rats. All liver transplant recipients died within 100 days after surgery. The survival 
time of each rat was documented. Mean survival times were calculated and displayed in Table 1.
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Statistical analysis

The results were analyzed using SPSS v11.0 
(IBM Corp., Armonk, NY, USA) and data are pre-
sented as the mean ± standard deviation (SD). 
All in vitro experiments were repeated at least 
three times. One-way analysis of variance was 
used to compare group variables, followed by 
least-significant difference post hoc testing if 
required. P < 0.05 was considered significant.

Results

CVC inhibited inflammation in the LTx-aGVHD 
model

The LTx-aGVHD model was constructed as pre-
viously described [14]. Donor livers were har-
vested from GFP transgenic Lewis rats, and 
transplanted to Lewis × BN F1 rats. Rats that 
survived the operation were randomly divided 
into two groups (n = 11), one receiving 20 mg/
kg CVC and one receiving saline injected th- 
rough tail vein once a day from day 7 to 14 after 
LTx. The survival time of each LTx rat was docu-
mented. As shown in Table 1, the mean survival 
time of the CVC group was longer than that of 
the control group (50 days vs. 27 days, P < 
0.05). Kaplan-Meier survival analysis was per-
formed and displayed in Figure 1A. The rats in 
the control group suffered from severe diarrhea 
and body weight loss after LTx; however, the 
rats that received CVC had normal body shapes 
and no diarrhea. Representative photographs 
of the two groups were taken and are shown in 
Figure 1B. Skin, small intestine, and liver sam-
ples of each rat were collected after death and 
mounted on slides. H&E staining was per-
formed for each slide and the results are dis-
played in Figure 1C. Diffusive infiltration of neu-
trophils was observed in the skin and intestine 
samples of the GVHD rats. The number of infil-
trated neutrophils decreased after CVC treat-
ment. However, no obvious differences in the 
hepatic microstructure were observed between 
the groups. Additional, histology assay showed 
that the expression of CCR2 decreased after 
CVC treatment (Figure 6).

CVC treatment decreased the percentage of 
donor CD4+/CD4+CD25- Th cells

Serum samples of LTx rats were collected 
before (4 days after LTx) and after (12 days 
after LTx) CVC treatment. Flow cytometry was 
performed to quantify CD4, CD25, and GFP 
positive Th lymphocytes (Figure 2A). The per-
centages of donor T lymphocytes and Th cells 
among PBMCs was calculated and are dis-
played in Figure 2B and 2C. CD4+GFP+ and 
CD+CD25-GFP+ cell numbers decreased after 
CVC treatment. Taken together, CVC reduced 
the numbers of donor T lymphocytes and Th 
cells. 

CVC decreased donor T lymphocytes in vitro 
via blockage of CCR5

Th lymphocytes were activated in vitro. As 
shown in Figure 3A, isolated PBMCs were incu-
bated with CD3 (5 µg/ml) and CD28 (2 µg/ml) 
antibodies, and increased levels of interferon-
gamma (IFN-ã) were observed. Then, isolated 
PBMCs were treated with Interleukin-12 (IL-12) 
and the cell number was counted. Th lympho-
cytes proliferated markedly after IL-12 treat-
ment (Figure 3B). The chemotaxis of activated 
Th cells was evaluated using Chemo-TX plates 
incubated with CCL3, CCL4, and CCL5. The 
CCK-8 method was used to quantify amount of 
cells penetrating Chemo-TX plate. As displayed 
in Figure 3C, the CCL5 Chemo-TX plate showed 
the most Th cells among all the groups. Fur- 
thermore, we mixed donor and recipient Th 
cells in a ratio of 2:1. Mixed cells were then 
treated with CVC (1 nM), anti-CCR5 antibodies 
(1 ng/ml), anti-CCR2 antibodies (1 ng/ml), and 
anti-CCR5 antibodies (1 ng/ml) + anti-CCR2 
antibodies (1 ng/ml). GFP+ cells were quantified 
using flow cytometry (Figure 3D). CVC treat-
ment showed a similar decrease in GFP+ cells 
to those treated with anti-CCR5 antibodies. The 
anti-CCR2 antibodies had no obvious effect on 
proportion of GFP+ cells. Protein samples were 
collected from each group and western blotting 
was conducted to evaluate the levels of CCR2 
and CCR5. The levels of CCR2 and CCR5 de- 
creased significantly after CVC treatment. 

Figure 2. The proportion of CD4+GFP+/CD4+CD25-GFP+ T effector lymphocytes among PBMCs. CVC treatment was 
given for 7 days after LTx. PBMC samples were collected at day 4 and 12 after LTx and prepared for flow cytometry. 
A. Flow cytometry analysis of CD4+CD25-GFP+ lymphocytes in the control group and CVC treatment group. B. The 
proportion of CD4+GFP+ donor-derived Th lymphocytes in PBMCs at day 4 and 12. C. The proportion of CD4+CD25-

GFP+ donor-derived T effector cells in PBMCs 4 days and 12 days after LTx. 
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CVC inhibited the inflammatory response 
through blockage of CCR5

We mixed donor and recipient Th lymphocytes 
and treated them with CVC, anti-CCR5 antibod-
ies, anti-CCR2 antibodies, anti-CCR5 + anti-
CCR2 antibodies as previously described. The 
supernatant of each group was collected and 
prepared for ELISA detection. As shown in 
Figure 4, CVC significantly decreased the levels 
of pro-inflammatory cytokines, including IL-2 
(Figure 4A), IL-6 (Figure 4B), and IFN-ã (Figure 
4C). By contrast, the levels of anti-inflammatory 
factors IL-10 and TGF-â were increased after 
CVC treatment. The anti-CCR2 antibodies sh- 
owed no significant difference compared with 
the control group. The anti-CCR5 antibodies 
had a similar effect to that of CVC treatment. 

CVC inhibited the aGVHD-induced inflamma-
tory reaction in vivo

We collected small intestine and liver samples 
for western blotting analysis. CVC treatment 
downregulated the levels of CCL5, CCR2, and 
CCR5 in the intestine (Figure 5A) and liver 
(Figure 5C). The relative levels of CCL5, CCR2, 
and CCR5 in the intestine (Figure 5B) and liver 
(Figure 5D) were calculated and displayed. CVC 
treatment significantly decreased the levels of 
CCL5, CCR2, and CCR5 (P < 0.001). Moreover, 
we collected serum samples of each LTx rat 
before (4 days after LTx) and after (12 days 
after LTx) CVC treatment. The supernatant of 
each sample was prepared for enzyme linked 
immunosorbent assay (ELISA) detection. The 
secretion of pro-inflammatory cytokines IL-2, 
IL-6, and IFN-ã was abrogated by CVC treat-
ment. However, the levels of anti-inflammatory 
chemokines IL-10 and TGF-â chemokines in- 
creased after CVC treatment (P < 0.05).

Discussion

Although it has been 30 years since aGVHD 
after LTx was firstly proposed [4], the mecha-

nism and treatment of aGVHD after LTx remains 
undetermined. The most widely accepted theo-
ry of LTx-aGVHD is disordered immune regula-
tion, similar to the development of GVHD after 
bone marrow transplantation [15]. Recently, 
the relationship between T lymphocytes and 
GVHD was studied. FOXP3+ T regulatory (Tregs) 
cells derived from the donor were proven to be 
protective by decreasing the probability of 
developing GVHD after allogeneic stem cell 
transplantation [16]; and CD4+CD25+CD62L+ T 
regulators protected recipients from lethal 
aGVHD after allogeneic bone marrow trans-
plantation [17]. By contrast, Th lymphocytes 
showed an adverse effect by exacerbating the 
severity of GVHD. CXCR3-induced Th lympho-
cyte migration was responsible for the induc-
tion of aGVHD after bone marrow transplanta-
tion [7]; and GVHD was prevented by blockage 
of CD28-induced Th lymphocyte deactivation 
[18]. Thus, the balance of Tregs and Th cells 
play a pivotal role in development of GVHD [19].

Previously, Tregs, which are regarded as nega-
tive modulators of T lymphocyte activity in LTx-
aGVHD, were studied and the severity of aGVHD 
was associated with a decrease in CD4+CD- 
25+FOXP3+ Tregs [20]; rapamycin, tacrolimus 
[21] and OSI-027 [22] rescued LTx-aGVHD 
through the induction of Tregs. However, less 
attention has been paid to the physiology of Th 
cells in LTx-aGVHD. In the present study, we 
constructed a rat model of LTx-aGVHD and 
found that over-activated Th cells were respon-
sible for severity of LTx-aGVHD.

CCR are widely recognized as key mediators in 
T-cell-associated liver diseases including He- 
patitis B [23], Hepatitis C [24], and non-alcohol-
ic fatty liver disease (NAFLD) [25]. Recently, 
attention has been paid to connect CCRs with 
liver fibrosis. Seki et al. discovered that CCR1 
and CCR5 in Kupffer and stellate cells are 
directly involved in the development of hepatic 
fibrosis [26]. Lefebvre et al. found the CCR2 

Figure 3. CVC inhibited the proliferative ability of T effector cells in vitro. A. PBMCs from the spleen were isolated 
and cultured in vitro. Anti-CD3 antibodies (5 µg/ml) and anti-CD28 antibody (2 µg/ml) treatment was to activate T 
effector lymphocytes. A significant increase in the IFN-ã level in the supernatants was detected using ELISA (***P 
< 0.001). B. 1 ng/ml IL-12 was added to isolated PBMCs to stimulate proliferation of T effector cell. C. Chemotaxis 
analysis of isolated T effector lymphocytes. The cells were cultured in a Chemo-TX plate embedded with CCL3, CCL4, 
and CCL5. The amounts of cells penetrating the membrane were measured using the CCK-8 method. An elevated 
amount of penetrating cells was observed in the CCL5 group (***P < 0.001). Activated T effector lymphocytes were 
mixed with F1 T effector cells in a ratio of 2:1 and treated with CVC (1 nM), anti-CCR5 antibodies (1 ng/ml), anti-
CCR2 antibodies (1 ng/ml), and anti-CCR5 antibodies (1 ng/ml) + anti-CCR2 antibodies (1 ng/ml). D. Flow cytometry 
was performed to examine the proportion of GFP+ cells. E. Western blotting was used to evaluate levels of CCR2 and 
CCR5 in each group. 
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and CCR5 antagonist CVC reversed fibrosis in 
the liver and kidney in a rat model [27]. Ambade 

et al. proved that CVC was effective in amelio-
rating alcohol-induced liver steatosis and fibro-

Figure 4. Secretion of pro-inflammatory and anti-
inflammatory cytokines after CVC treatment. Acti-
vated T effector lymphocytes were mixed with F1 
T effector cells in a ratio of 2:1 and treated with 
CVC (1 nM), anti-CCR5 antibodies (1 ng/ml), anti-
CCR2 antibodies (1 ng/ml), and anti-CCR5 anti-
bodies (1 ng/ml) + anti-CCR2 antibodies (1 ng/
ml). Cytokine secretion levels were measured us-
ing ELISA. A. IL-2, B. IL-6. C. IFN-ã. D. IL-10. E. TGF-
â. CVC significantly decreased the expression of 
pro-inflammatory cytokines and increased the ex-
pression of anti-inflammatory cytokines through 
inhibition of CCR5 (**P < 0.01, ***P < 0.001).
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Figure 5. CVC inhibited the expression of CCL5, CCR2, CCR5, and pro-inflammatory cytokines, and increased the expression of anti-inflammatory cytokines in vivo. 
Twenty-one days after LTx, intestine (A and B) and liver (C and D) samples were collected, and western blotting was conducted to evaluate the expression of CCL5, 
CCR2, and CCR5. CVC treatment decreased the levels of pro-inflammatory cytokines IL-2 (E), IL-6 (F), and IFN-ã (G); and induced the expression of anti-inflammatory 
cytokines IL-10 (H) and TGF-â (I).
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GVHD through inhibition of 
CCR5, which further decre- 
ased inflammatory cytokine 
secretion. CVC inhibited Th 
lymphocyte activation, whi- 
ch was independent of CC- 
R2 inhibition. The expres-
sion of CCR2 was signifi-
cantly inhibited in the liver 
and intestines, which are 
the target organs of GVHD-
associated injury, after CVC 
treatment. It is undeniable 
that CVC participates in the 
inhibition of LTx-GVHD; how-
ever, the exact role of CVC 
in CCR2 inhibition and the 
underlying molecular mech-
anism remained unknown. 
Further study focusing on 
CVC blockade of CCR2-as- 
sociated macrophage che-
motaxis and activation is 
required.

sis [13]. In addition, CVC is now under observa-
tion in a Phase 2b clinical trial to treat adults 
with non-alcoholic steatohepatitis (NASH) and 
liver fibrosis [28]. Among the CCRs, CCR2 ex- 
erts its effect by regulating monocyte chemo-
taxis [29]. CCR5, by contrast, is believed to be 
closely related to Th lymphocyte activation 
[30]. Donor-derived Th lymphocytes play a very 
important role in the development of GVHD [9, 
31]. Therefore, in the present study, we focused 
on modulation of Th lymphocyte activation th- 
rough CVC-mediated CCR5 inhibition. Several 
studies have already connected CCR5 with 
GVHD physiology. Deletion of CCR5 may induce 
or accelerate the development of GVHD in bone 
marrow transplantation [32, 33]; however, CC- 
R5 blockade showed promising results in the 
prophylaxis and treatment of GVHD [11, 34, 
35]. Our research favors the hypothesis that 
CCR5 blockade results in attenuated GVHD-
induced organ injury after liver transplantati- 
on.

CVC was first discovered as an anti-HIV drug 
[12]. It has also been shown as effective to 
attenuate NASH and reversing liver fibrosis. 
However, little attention has been paid to CVC’s 
function in an LTx-GVHD model. We demon-
strated that CVC ameliorated the severity of 

In the present study, we found that CVC injec-
tion rescued LTx-GVHD in a rat model of liver 
transplantation. A decrease in CD4+CD25+ Th 
lymphocytes was observed after treatment 
with CVC. In terms of the mechanism, CVC 
deactivated Th lymphocytes through CCR5 inhi-
bition but not CCR2 inhibition. Taken together, 
the results showed that the clinical application 
of CVC is promising to prevent and treat 
LTx-GVHD.
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