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Liver transplantation (LT) is currently considered an important method in treating hepatocellular carcinoma (HCC) and an 
alternative treatment for other liver malignancies. Here, we demonstrated that the graft-versus-tumor (GVT) effect exists in 
allogeneic liver transplantation (allo LT). Recipient-derived T cells played a critical role in the GVT process of allo LT, as 
demonstrated by extensive infiltration and significant activation of recipient T cells in the tumor after surgery. Moreover, this 
process was related to donor-derived T/B cells by improving the immune microenvironment in the tumor, as demonstrated 
by elevated levels of interferon-γ (IFN-γ), tumor necrosis factor-α (TNF-α), interleukin-2 (IL-2), IL-6, IL-16, chemokine  
(C-X-C motif ) ligand 10 (CXCL10), and CXCL11 and decreased levels of IL-10 and IL-4 at tumor sites. Additionally, tac-
rolimus (FK506) treatment inhibited the GVT effect on allo LT. Donor liver-derived T/B cells infiltrate extrahepatic tumors 
to trigger a strong T-cell-mediated immune response and thus improve the tumor immune microenvironment.
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Allogeneic hematopoietic stem cell transplanta-
tion (allo HSCT) has become an effective treatment 
option for a variety of hematologic malignancies or 
solid tumors.(1,2) One of the distinctive characteris-
tics of allo HSCT is that the stem cell graft contains 

immunologically competent donor lymphocytes that 
are capable of mediating a reaction against malig-
nant tumor cells, referred to as the graft-versus-tumor 
(GVT) effect, which could potentially eradicate disease 
and induce remission in hematological cancer patients 
who have relapsed.(3,4) Major histocompatibility com-
plex (MHC) and/or minor histocompatibility antigen 
mismatch is the target of alloreactive T cells, which 
are mediators of GVT and graft-versus-host disease 
(GVHD) after allo HSCT.(5,6) Thus, exploitation of 
MHC-mismatched allo HSCT is an appropriate way 
to reduce relapse. In addition, although donor T cells 
are considered the principal mediators of the antitu-
mor effect following allo HSCT,(7,8) some other obser-
vations have also confirmed that recipient-derived 
immune cells may also play a role as key effectors.(9-11)

Liver transplantation (LT) has much in common 
with hematopoietic stem cell transplantation (HSCT). 
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First, mixed chimeras of donor and recipient immune 
cells are present after both LT and HSCT.(12) There 
is a migration of donor immune cells after LT, which 
may be the cause of spontaneous immune tolerance.(13) 
Second, the mixed chimeras partly change the immune 
function of recipients after LT.(14,15) The immune tol-
erance of the liver graft appears to protect other organs 
to a certain extent in combined organ transplantation. 
Transfer of hepatitis B virus–specific immunity from 
immunized living liver donors to recipients was also 
confirmed. Third, although GVHD exists after LT, it 
is far more infrequent (0.4%-2% of cases) compared 
with that after stem cell transplant.(16,17) On the basis 
of this evidence, we speculate that the liver graft may 

affect the immune microenvironment of the tumor and 
even lead to the GVT effect similar to HSCT.

Here, we evaluated the antitumor effects of liver 
grafts using a mouse LT model. The CT-26 mouse 
colon cancer cell line was used as a model of an extra-
hepatic tumor to investigate the role and mechanism of 
GVT in LT. Our study demonstrated that allogeneic 
liver grafts induced a strong immune response and pro-
moted tumor apoptosis. Notably, donor liver-derived 
immune cells, especially MHC-mismatched T/B cells, 
migrated into tumors early after mouse allogeneic liver 
transplantation (allo LT) and then induced immigra-
tion and activation of the recipient T cells, which even-
tually exerted antitumor effects. Our findings provide 
the first evidence that the GVT effect also exists in LT. 
Rational use of this effect, combined with appropriate 
human leukocyte antigen (HLA)–matching principles 
and donor lymphocyte infusion (DLI) therapy, may 
improve the prognosis of LT for malignant tumors and 
reduce postoperative recurrence.

Materials and Methods
MICE
Male wild-type (WT) BALB/c (H2d) mice, male 
WT C57BL/6 (H2b) mice, female WT BALB/c 
(H2d) mice, male Recombination Activating Gene 
1 (RAG1)−/− C57BL/6 (H2b) mice, male enhanced 
green f luorescent protein (EGFP)+ transgenic 
C57BL/6 mice that ubiquitously express EGFP, and 
BALB/c nude mice aged 6-8 weeks were purchased 
from the Model Animal Research Center of Nanjing 
University (Nanjing, China). All animals were kept in 
the Laboratory Animal Center of Zhejiang University 
(Hangzhou, China). Animal feeding practices and 
all experiments involving animals were conducted 
in accordance with the Guide for the Care and Use of 
Laboratory Animals and approved by the Animal Ethics 
Committee of Zhejiang University.

CELL LINES AND CELL CULTURE
The BALB/c mouse mammary carcinoma cell line 
(EMT-6) and the BALB/c mouse colon cancer cell line 
(CT-26) were purchased from the China Center for 
Type Culture Collection (Shanghai, China). EMT-6 
cells were cultured in Dulbecco’s modified Eagle’s 
medium (10566, Gibco, Gaithersburg, MD) supple-
mented with 10% fetal bovine serum (FBS; Gibco), 
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1% penicillin-streptomycin, and 1% glutamine. CT-26 
cells were cultured in Roswell Park Memorial Institute 
1640 medium (Gibco) supplemented with 10% FBS, 
1% penicillin-streptomycin, and 1% glutamine.

ALLOGENEIC AND SYNGENEIC 
ORTHOTOPIC LT IN MICE
WT C57BL/6 mice weighing 24-26 g were used as 
donors, and WT BALB/c mice weighing 26-28 g 
were used as recipients. All of the mouse orthotopic 
LTs of C57BL/6 (H2b)–BALB/c (H2d), ie, allo LT, 
and BALB/c (H2d)–BALB/c (H2d), ie, syngeneic liver 
transplantation (syn LT), were performed by 2 pro-
ficient surgeons who were licensed for animal surgery 
using the improved double cuff method as described 
previously.(18) The warm ischemia/cold ischemia time of 
each transplantation was strictly controlled to eliminate 
the deviation caused by ischemia/reperfusion injury. 
After the postoperative recovery of body temperature 
and rehydration, mice were sent to the independent 
ventilation cage facility for further housing. The donor 
and recipient mice were both male in the experimental 
models using the CT-26 cell line, whereas the donor 
mice were male and the recipient mice were female in 
the experimental models using the EMT-6 cell line.

MOUSE TUMOR MODELS
BALB/c mice were given subcutaneous injections 
with a count of 5 × 106 EMT-6 cells or CT-26 cells 
in 0.1-mL Hank’s balanced salt solution (SH30030, 
HyClone, Logan, Utah, USA) immediately after 
transplantation. Detailed methods for all mouse mod-
els can be found in the Supporting Methods, and the 
information on survival and rejection in the different 
strain combinations employed in our experiments can 
be found in Supporting Table 1.

In the CT-26 models, tumors were measured 
2-dimensionally with Vernier calipers every day, and 
tumor volume was calculated as (length × width2)/2. In 
the EMT-6 model, tumors were measured 2-dimension-
ally with Vernier calipers every other day. Body weights 
were measured at least 3 times every week. Mice were 
killed when tumor volume approached 1000 mm3, weight 
loss exceeded 20%, or the tumors began to ulcerate.

TACROLIMUS TREATMENT
The tacrolimus (FK-506) stock (Fujisawa Pharmaceutical, 
Osaka, Japan) was dissolved with phosphate-buffered 

saline (PBS) to obtain a working concentration of  
0.08 mg/mL. In allo LT with the FK-506 treatment 
models, recipients were given intraperitoneal injec-
tion with FK-506 1.0 mg/kg/day every day after 
transplantation.(19-21)

DLI TREATMENT
A count of 2 × 107 lymphocytes isolated from the liver 
of donor C57BL/6 mice was resuspended with 0.1 mL 
of PBS and injected into the tail vein of BALB/c donor 
mice immediately and at 2 days after transplantation.

ISOLATION OF LEUKOCYTES 
FROM DIFFERENT ORGANS AND 
FLOW CYTOMETRY ANALYSIS
Spleens, lungs, blood, and tumors were harvested, and 
the leukocytes were prepared as described.(19) The an-
tibodies used for f low cytometry are described in the 
Supporting Methods.

Acquisition was performed on Canto II flow cytom-
etry (BD Biosciences, San Jose, CA) using CellQuest 
software (BD Biosciences). Analysis was performed 
using FlowJo 7.6.1 software (Tree Star, Inc., Ashland, 
OR). All results were pooled from at least 3 indepen-
dent experiments (n = 3 for each model in each inde-
pendent experiment). Isotype control and single-color 
control were set in each experiment. When measur-
ing intracellular factors, the isolated leukocytes were 
cocultured with Leukocyte Activation Cocktail with 
BD GolgiPlug (BD Biosciences, San Jose, CA) for  
6 hours. The biomarkers of cell classification were as 
follows: natural killer (NK) cells (CD3− CD49b+),  
T cells (CD45+ CD3+), B cells (CD19+ CD3−), 
Kupffer cells, and macrophages (CD3− SCC-ALOW 
F4/80+). T cells were further classified as CD4+ and 
CD8+ groups. CD4+ T cells were then divided into 
regulatory T cells (Tregs; CD4+ CD25+ forkhead box 
P3+) and T helper 1 (Th1; CD4+ interferon γ [IFNγ]+) 
and T helper 2 (Th2; CD4+ interleukin [IL] 4+).

IMMUNOFLUORESCENT 
STAINING
For immunofluorescent staining, organs and tissues 
were embedded in paraffin and sectioned into 4-μm 
slides and dewaxed. Antigen retrieval and goat serum 
blocking were first performed, and then paraffin- 
embedded tissue sections were incubated with 
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anti-CD45, anti-Ki-67, and anti-CD31 (Abcam, 
Cambridge, UK) overnight at 4°C followed by staining 
with Alexa Fluor 488–labeled goat anti-mouse or an-
ti-rabbit secondary antibodies (Invitrogen, Carlsbad, 
CA) for 2 hours at room temperature. Images were 
taken under a f luorescent microscope or confocal mi-
croscopy at a magnification of 400×.

MULTIFACTOR DETECTION
We used Bio-Plex Pro Mouse Chemokine Panel 33-
Plex (#12002231, Bio-rad, Hercules, CA) to detect the 
contents of various factors in tumor tissues.

STATISTICS
All of the data were presented as mean ± standard de-
viation (SD) and analyzed using GraphPad Prism, ver-
sion 5.0.1 (GraphPad Prism Software, Inc., La Jolla, 
CA). Student t test was used to assess data obtained 
from different models, and a 2-sided P  <  0.05 was 
considered to be statistically significant.

Results
ALLOGENEIC MICE LT INHIBITED 
EXTRAHEPATIC TUMOR 
GROWTH
To examine whether allo LT can exert an antitumor 
effect, colon tumor mouse models were established 
by subcutaneous injection of CT-26 cells (5  ×  106) 
into the right axilla of BALB/c mice immediately 
after transplantation. Syn LT and sham operations 
were carried out as normal controls (Fig. 1A). Tumor 
growth kinetics of syn LT and sham models had no 
significant difference (P >  0.05), indicating that LT 
was not relevant to GVT (Fig. 1B). However, sig-
nificantly stronger tumor suppression was shown in 
allo LT models compared with the syn LT models 
(P < 0.05; Fig. 1B,C). To further study this GVT ef-
fect, tumor tissues were harvested 7 days after surgery 
for the assessment of tumor apoptosis, proliferation, 
and angiogenesis by performing Ki-67, terminal de-
oxynucleotidyl transferase–mediated deoxyuridine 
triphosphate nick-end labeling (TUNEL), and CD31 
immunofluorescent staining. As expected, the propor-
tion of TUNEL+ tumor cells in allo LT models was 
significantly higher than in syn LT and sham models 
(P  <  0.001; Fig. 1D). However, tumor proliferation 

and angiogenesis showed no difference among these 
models (P > 0.05; Supporting Fig. 1). In addition, sim-
ilar tumor inhibition effects were observed in EMT-6 
experiments (Supporting Fig. 2). These results indi-
cated that allo LT has a powerful effect on tumor inhi-
bition. However, the underlying mechanisms required 
further investigations.

DONOR T/B CELLS PARTICIPATED 
IN GVT PROCESS OF ALLO LT
CT-26 (H2d) and EMT-6 (H2d) tumors grew pro-
gressively in syngeneic hosts (BALB/c mice) but 
were rejected by allogeneic hosts (C57BL/6 mice; 
Supporting Fig. 3). This indicated that H2d was im-
munogenic in immunocompetent allogeneic hosts. 
Thus, we first focused our research on allogeneic 
donor leukocytes. To trace the migration of donor- 
derived leukocytes after transplantation in allo LT 
models, allogeneic liver grafts from EGFP+ C57BL/6 
mouse donors were transplanted into WT BALB/c 
mice recipients, which allowed us to easily distinguish 
donor leukocytes (CD45+ EGFP+) by f low cytome-
try. Donor leukocytes could be found in the tumor 
at 6 hours and gradually decreased over time up to 4 
days after allo LT (Fig. 2B). Similar results were also 
found in peripheral blood and other organs of mice 
recipients (Fig. 2B). In terms of cell classification, 
these donor tumor-infiltrating leukocytes (TILs) 
were mainly T/B cells with a small number of NK 
and other cells (Fig. 2C). These results demonstrated 
that donor leukocytes migrated very rapidly into the 
recipient tumor after allo LT.

Although donor TILs were detected in tumors early 
after LT, there was no direct evidence of their involve-
ment in the GVT process. To determine the immuno-
logic function of donor leukocytes in the GVT effect, 
allogeneic livers from lethally irradiated C57BL/6 
donors (donor leukocytes deleted) were transplanted 
into WT BALB/c recipients. Significant increases 
in tumor weight and decreased tumor apoptosis 
were observed in irradiated mouse models compared 
with allo LT models at 7 days after transplantation 
(P < 0.001; Fig. 3A,B). Because there was no donor 
leukocyte migration in peripheral blood of recipients 
4 days after LT (Fig. 2B), tumor cells were injected at 
4 days after allo LT, and tumor growth was measured 
to reconfirm the immunologic function of donor leu-
kocytes in the GVT effect. A significant increase in 
tumor growth was observed in this model compared 
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with allo LT models at 7 days after tumor implantation 
(P  <  0.001; Fig. 3A,B). These results indicated that 
the donor TIL participated in the GVT process.

To further investigate the functional subsets of 
donor-derived leukocytes, we performed allo LT 
with RAG1−/− C57BL/6 mice donors, NK cells, or 
Kupffer cell–deleted C57BL/6 mice donors and WT 
BALB/c mice recipients. Antibodies of different con-
centration gradients were injected into donor mice 
preoperatively to confirm the efficient concentration 
for leukocyte clearance. The clearance efficiency of 
20-µg anti-asialo monosialotetrahexosylganglioside 
antibody was >95%, and the efficiency of 300-µL 

clodronate liposomes was >70% within 5 days after 
LT (Supporting Fig. 4A,B).

A significant increase in tumor growth and reduc-
tion in tumor apoptosis were observed in RAG1−/− 
mouse models compared with allo LT models at 7 days 
after transplantation (P < 0.001; Fig. 3C,D). However, 
no difference in tumor weight and tumor apoptosis was 
detected between the NK cell and Kupffer cell deletion 
models compared with the allo LT models (P > 0.05; 
Fig. 3C,D). To restore donor leukocytes to infiltrate 
the tumor in the RAG1−/− model, 2 × 107 C57BL/c 
donor-derived hepatic cells were injected through the 
tail vein of recipients immediately after LT. Tumor 

FIG. 1. Tumor growth after liver transplantation in mice. (A) Schematic diagram for mouse liver transplantation models. (B) Short-
term tumor growth curve after surgery in allo LT, syn LT, or sham models. Tumor volumes were calculated on day 10 after implantation. 
Significant tumor suppression was observed between allo LT and syn LT models (2-tailed t test; n = 6). (C) Measurement of tumor 
weight at 7 days after implantation. A significant difference was obtained between allo LT and syn LT models (2-tailed t test; n = 6). 
(D) Apoptosis of tumor cells was detected by TUNEL (green) staining (n = 6). Representative images from 1 experiment are shown 
at a magnification of 400×. The percentage of TUNEL+ tumor cells in total cells was counted and calculated for statistical analysis. 
Results are presented as mean ± SD for each model. **P < 0.01, ***P < 0.001.
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growth was significantly inhibited in these models 
compared with untreated RAG1−/− models and was 
close to allo LT models (P < 0.001; Fig. 3C,D). These 
results suggested that donor T/B cells are important 
for the GVT process.

RECIPIENT T CELLS PLAYED A 
CRITICAL ROLE IN THE GVT 
PROCESS OF ALLO LT
As reported in previous studies, recipient-derived im-
mune cells played a critical role in the antitumor effect 
of allo HSCT and DLI.(20) The previous f low cytome-
try results confirmed that TILs were almost exclusively 
derived from the recipient 4 days after transplantation, 
suggesting that recipient immune cells may partic-
ipate in the antitumor responses observed after allo 
LT (Fig. 2B). To investigate whether there is an ac-
tive recruitment of leukocytes to primary tumor sites 
in allo LT models, we examined the level of leukocyte 
infiltration in tumor tissues. As expected, we found 
that the number of TILs at 7 days after transplanta-
tion was significantly higher in allo LT models com-
pared with syn LT models or sham models (P < 0.001;  
Fig. 4A). Particularly, the results of f low cytometry anal-
ysis demonstrated that TILs were mostly T cells 2 days 
after surgery in the allo LT group (Fig. 4B). Moreover,  

we found no significant change in the proportion of T 
cells in peripheral blood after LT (P > 0.05), indicating 
that the increasing of TILs was independent (Fig. 4B).  
By exploring T cell–activating biomarkers CD25, 
CD69, and CD44 with f low cytometry, we found that 
tumor-infiltrating T cells in the allo LT model showed 
relatively more activity than the syn LT group, mani-
fested by an increasing proportion of CD69+, CD25+, 
or CD44+ T cells (P <  0.05; Fig. 5A). Additionally, 
there were fewer CD4+ T cells in allo LT models than 
in the syn LT models at 4 days after transplantation. 
Meanwhile, there were more CD8+ T cells compared 
with syn LT models (P < 0.05). However, no signif-
icant difference was found at 7 and 10 days after LT. 
The proportion of granzyme B (GRZB)+ or perforin 
(PFR)+ CD8+ T cells was significantly higher in allo 
LT models than in syn LT models at 4, 7, and 10 days 
after LT (P < 0.05; Fig. 5B). Flow cytometry analysis 
of T cells in tumor tissues demonstrated a significantly 
increased proportion of Th1 cells and a reduced pro-
portion of Th2 and Tregs in tumor tissues from allo 
LT models compared with the syn LT models at 4, 7, 
and 10 days after LT, suggesting that allo LT reshaped 
the tumor microenvironment (P  <  0.05; Fig. 5C). 
Analysis of cytokines and chemokines in tumor tissues 
from allo LT models also showed the improvement 
of the immune microenvironment by significantly 

FIG. 2. Migration, distribution, and composition of donor-derived leukocytes after transplantation in allo LT models. (A) Schematic 
diagram for mouse liver transplantation models of EGFP+ graft. (B) Analysis of the migration of donor-derived leukocytes (EGFP+ 
cells). (C) Analysis of the composition of tumor-infiltrating donor cells at 6 hours after LT.
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elevated levels of IFNγ, IL2, and tumor necrosis factor 
α (TNF-α); decreased levels of IL10 and IL4; and sig-
nificantly elevated levels of T cell–related chemokines 
(IL16, chemokine [C-X-C motif] ligand [CXCL] 10, 
CXCL11) compared with syn LT models at 4, 7, and 
10 days after LT (P < 0.05; Fig. 5D). These findings 
supported the conclusion that allo LT improved the 
tumor immune microenvironment.

Given the possibility that recipient T cells exerted 
an antitumor effect in allo LT mouse models, we next 
performed transplantation of allogeneic livers from WT 
C57BL/6 donors into immunodeficient BALB/c nude 
mice (H2d), a model with T cell deficiency due to the lack 
of thymus. A significant increase in tumor weight and 

reduction in tumor apoptosis were observed in this model 
compared with allo LT models at 7 days after transplan-
tation (P < 0.001; Fig. 5E), indicating that recipient T 
cells participate in the GVT process of allo LT.

EXTENSIVE INFILTRATION OF 
RECIPIENT-ACTIVATED T CELLS 
WAS RELATED TO DONOR T/B 
CELLS
Acute rejection after allo LT could activate syngeneic 
effector T cells (H2d), which may also enhance the an-
titumor effect in recipient mice. To determine whether 
rejection could induce antitumor reactions in recipient 

FIG. 3. Donor T/B cells participated in the GVT process of allo LT. (A) A comparison of tumor weight at 7 days after LT with irradiated 
donor, delayed tumor implantation, and allo LT models. A significant difference was achieved between allo LT and irradiated donor 
or delayed tumor implantation models (2-tailed t test; n = 6). (B) Apoptosis of tumor cells was detected by TUNEL (green) staining in 
irradiated donors and in the delayed tumor implantation and allo LT models. Representative images from 1 experiment are shown at 
a magnification of 400×. The percentage of TUNEL+ tumor cells in the total cells was counted and calculated for statistical analysis.  
(C) Cross comparison of tumor weight at 7 days after LT with allo LT, NK cell deletion, Kupffer cell deletion, RAG1−/− graft, and 
RAG1−/− graft with DLI models. A significant difference was achieved between allo LT and RAG1−/− graft models (2-tailed t test; 
n = 6). (D) Apoptosis of tumor cells was detected by TUNEL (green) staining in allo LT, NK cell deletion, Kupffer cell deletion, 
RAG1−/− graft, and RAG1−/− graft with DLI models. Results are presented as mean ± SD for each model. ***P < 0.001.
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mice, we transplanted allogeneic livers from lethally 
irradiated C57BL/6 donors (donor leukocytes deleted) 
into WT BALB/c recipients. Although significant 
increased activation of recipient T cells in the spleen 
was found compared with syn LT models (P < 0.05; 
Supporting Fig. 5), the similar tumor weight, tumor 
apoptosis, infiltration, and activation of recipient TILs 
was found between irradiated mouse models and syn 
LT models (P > 0.05; Fig. 6A-D). These results sug-
gested that acute rejection had limited antitumor ef-
fects after allo LT.

Considering the key role of donor leukocytes in 
GVT, we investigated the relationship between donor 
leukocytes and recipient T cells. Although simi-
lar activation of recipient T cells in the spleen was 
found between irradiated mouse models and allo LT 
models (P  >  0.05; Supporting Fig. 5), significantly 
reduced infiltration of TILs and activation of recip-
ient T cells in the tumor were observed in irradiated 
mouse models compared with allo LT models at 7 days 

after LT (P  <  0.001), suggesting that donor leuko-
cytes could activate recipient T cells (Fig. 6C,D). To 
further investigate which subsets of donor leukocytes 
play the role, we used RAG1−/− C57BL/6 mice, NK 
cell mice, or Kupffer cell deletion C57BL/6 mice as a 
source of allogeneic donor livers transplanted into WT 
BALB/c recipients. Significantly reduced infiltration 
of TILs and activation of recipient T cells in the tumor 
were observed in RAG1−/− mouse models compared 
with allo LT models at 7 days after LT (P  <  0.01;  
Fig. 6C,D). Moreover, significantly increased infiltra-
tion of TILs and activation of recipient T cells were 
observed in RAG1−/− mouse models with DLI treatment 
compared with untreated RAG1−/− models (P < 0.01;  
Fig. 6C,D).

These results suggested that the infiltration of 
TILs and activation of recipient T cells were related 
to the infiltration of donor T/B cells (Fig. 6C,D). 
Contrarily, similar infiltration of TILs and activation 
of recipient T cells were found between NK cell or 

FIG. 4. A large number of T cells infiltrated the tumor after allo LT. (A) TILs were detected by CD45 (green) staining in the allo  
LT, syn LT, or sham models. The counts of CD45+ cells/HPF were counted and calculated for statistical analysis. The counts of TILs 
at 7 days after transplantation were significantly higher in allo LT models compared with syn LT or sham models. (B) Peripheral blood 
and tumor leukocyte classification. Results are presented as mean ± SD for each model. ***P < 0.001.
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Kupffer cell deletion models and allo LT models at 
7 days after LT (P > 0.05), suggesting that neither 
donor NK cells nor donor Kupffer cells could affect 
the infiltration of TILs and activation of recipient 
T cells. In addition, significantly decreased levels of 
IFNγ, IL2, and TNF-α and T cell–related chemo-
kines (IL16, CXCL10, and CXCL11) as well as 
elevated levels of IL10 and IL4 were observed in 
RAG1−/− mouse models compared with allo LT mod-
els at 7 days after LT (P < 0.05; Fig. 6E), suggest-
ing that donor T/B cells could improve the tumor 
immune microenvironment.

FK-506 TREATMENT INHIBITED 
THE GVT EFFECT ON ALLO LT
FK-506 is a conventional immunosuppressant widely 
used in clinical LT, which is effective in not only pre-
venting acute rejection but also prolonging allograft 
survival time by inhibiting the function of T cells. 
Therefore, we investigated whether FK-506 treat-
ment inhibited GVT effects on allo LT. Significant 
increases in tumor weight and reductions in tumor 
apoptosis were observed in allo LT mouse models with 
FK-506 treatment compared with allo LT models 

FIG. 5. Activation and classification of tumor-infiltrating T lymphocytes. (A) Tumor-infiltrating T lymphocyte activation was detected 
with CD25, CD69, and CD44 markers by f low cytometry analysis. (B) Tumor-infiltrating T lymphocytes are divided into CD4+ T 
cells and CD8+ T cells. Meanwhile, CD8+ T cell activation was detected by GRZB and PFR markers. (C) The proportion of Th1, Th2, 
and Tregs in CD4+ T cells was detected. All indicators were compared in the syn LT and allo LT models (2-tailed t test; n = 3). (D) T 
cell–associated cytokines and chemokines in tumor tissue were compared in the syn LT and allo LT models. A significant difference 
was achieved between the allo LT and syn LT models (2-tailed t test; n = 3). (E) Comparison of tumor growth at 7 days after LT with 
BALB/c nude recipient and allo LT models. Results are presented as mean ± SD for each model. *P < 0.05, **P < 0.01, ***P < 0.001.
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without FK-506 treatment at 7 days after transplan-
tation (P < 0.01; Fig. 7A,B). Moreover, a significantly 
reduced number of TILs and activated recipient T 
cells in the tumor were observed in allo LT mouse 
models with FK-506 treatment compared with allo 
LT models at 7 days after transplantation (P < 0.05;  
Fig. 7C,D). These results suggest that FK-506 treat-
ment will inhibit the GVT effect on allo LT. In 
addition, significant reductions in tumor weight and 
increases in tumor apoptosis were also observed in this 
model compared with syn LT models at 7 days after 

transplantation (P < 0.01; Fig. 7A,B), suggesting that 
allo LT with FK-506 treatment still has GVT effects, 
although relatively weak.

Discussion
Allo HSCT from an HLA-compatible donor has been 
widely used to treat hematologic malignancies.(21) 
Allo HSCT not only replaces the marrow affected 
by the disease but also exerts an immune GVT effect 

FIG. 6. Extensive infiltration of recipient-activated T cells was related to donor T/B cells. (A) Comparison of tumor weight at 7 days 
after LT with irradiated donor and syn LT models. No significant difference was achieved (2-tailed t test; n = 6). (B) Comparison of 
tumor apoptosis at 7 days after LT with irradiated donor and syn LT models. No significant difference was achieved (2-tailed t test; 
n = 6). (C) TILs were detected by CD45 (green) staining in syn LT, irradiated donor, allo LT, NK cell deletion, Kupffer cell deletion, 
RAG1−/− graft, and RAG1−/− graft with DLI models. The counts of CD45+ cells/HPF were counted and calculated for statistical 
analysis. (D) Tumor-infiltrating T lymphocyte activation was detected with CD25, CD69, and CD44 markers by f low cytometry 
analysis in syn LT, irradiated donor, allo LT, NK cell deletion, Kupffer cell deletion, RAG1−/− graft, and RAG1−/− graft with DLI 
models. (E) T cell–associated cytokines and chemokines in tumor tissue were compared in syn LT, irradiated donor, allo LT, NK cell 
deletion, Kupffer cell deletion, RAG1−/− graft, and RAG1−/− graft with DLI models. Results are presented as mean ± SD for each 
model. *P < 0.05, **P < 0.01, ***P < 0.001.
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mediated by donor lymphocytes.(22) The development 
of nonmyeloablative conditioning regimens before allo 
HSCT has allowed this therapy to be used in elderly 
and disabled patients.(23) This allogeneic GVT ef-
fect has been observed in a number of patients with 
renal, breast, colorectal, ovarian, and pancreatic cancer 
treated with allo HSCT.(20,24) In general, the tumor 
response is associated with the development of acute 
and chronic GVT disease.(25,26)

The liver is rich in immune cells as well and has 
unique immune characteristics.(27) A liver graft may 
not only take on new functions by transplantation but 
also may bring the immune characteristics of the donor 
to the recipient by carrying donor-derived immune 
cells.(13,15) Our previous research found that immune 
changes in MHC-mismatched donor livers caused by 
rejection may accelerate the growth of intrahepatic 
tumors after LT.(28) However, the role of rejection and 

migration of donor-derived immune cells in extrahe-
patic tumors has not been studied.

This study showed that allo LT had a strong anti- 
extrahepatic tumor effect in the recipient. However, 
unlike the mechanism of GVT in bone marrow trans-
plantation, donor-derived immune cells were not the 
main force of the antitumor effect in allo LT. Infiltration 
of allogeneic liver-derived leukocytes changed the 
immune microenvironment of extrahepatic tumors, 
which resulted in an increase in the levels of IL2, 
IFNγ, and TNF-α (the activation cytokines related 
to T cells) and an increase in the levels of CXCL10, 
CXCL11, IL6, and IL16 (the chemokines related to T 
cells). These led to the wide infiltration and activation 
of recipient-derived T cells, which promoted tumor 
apoptosis and the antitumor effect. Similar results 
were found in DLI treatment studies.(29,30) Low doses 
(approximately 4%) of peripheral blood DLI induced 

FIG. 7. FK-506 treatment inhibited the GVT effect on allo LT. (A) Comparison of tumor weight at 7 days after LT with allo LT 
with FK-506 and syn LT or allo LT models. (B) Comparison of tumor apoptosis at 7 days after allo LT with FK-506 and syn LT or 
allo LT models. (C) TILs were detected by CD45 (green) staining in allo LT with FK-506 and syn LT or allo LT models. (D) Tumor-
infiltrating T lymphocyte activation was detected with CD25, CD69, and CD44 markers by f low cytometry analysis in allo LT with 
FK-506 and syn LT or allo LT models. Results are presented as mean ± SD for each model. *P < 0.05, **P < 0.01, ***P < 0.001.
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renal tumor regression. This proportion is like that of 
donor-derived leukocytes in peripheral blood in the 
early stage of allo LT. However, previous studies did not 
reveal the mechanism of how low-dose DLI inhibited 
tumor growth, even though it was attributed to the role 
of donor-derived leukocytes. Our study demonstrated 
that chimeras with such a small number of donor- 
derived leukocytes could decrease tumor growth.

Both HLA-mismatched HSCT and DLI have a 
stronger antitumor effect than HLA-matched HSCT, 
but they may also bring a greater risk of GVHD, one of 
the fatal complications after HSCT.(31-34) Therefore, 
efforts have been made over the last 2 decades to 
explore the difference between the mechanism of 
GVT and GVHD and to design strategies to sepa-
rate GVT from GVHD.(35,36) One important differ-
ence is that the threshold number of T cells triggering 
GVT is relatively lower. This assumption is supported 
by clinical experience that low-dose DLI is generally 
sufficient to reduce the risk of relapse of the tumor 
without GVHD.(29,30) Similarly, considering the low 
level of donor-derived immune cells in chimerism, 
MHC-mismatched LT may have an appreciable anti-
tumor effect without the occurrence of GVHD. Our 
study showed that in mouse models, the number of 
donor-derived immune cells after LT just exceeded the 
threshold of triggering the GVT effect but would not 
cause GVHD (no GVHD was found in this mouse 
model). With the decrease of GVHD incidence, the 
GVT effect of LT was much weaker than that of 
HSCT but was still observable in our mouse model.

Surprisingly, our study confirmed that recipient- 
derived cells were also involved in the GVT response 
in LT. Although previous studies of GVT considered 
donor-derived immune cells as the major mediator of 
the antitumor effect in allo HSCT, growing evidence 
has been shown to support that recipient-derived 
immune cells also played an important role in the anti-
solid tumor effect. Some studies showed that recipi-
ent leukocyte infusion may lead to a host-versus-graft 
reaction, which was associated with recipient-derived 
T cells, resulting in full donor graft rejection and a 
significant anti-leukemia response without a risk for 
GVHD.(11) Another indirect evidence showed that 
graft antitumor immunity could be achieved even 
when the allogeneic donor cells were already fully 
rejected: Sustained antitumor response was seen in 
50% of rechallenged longterm survivors of animals that 
underwent allogeneic lymphocyte infusion.(37) In addi-
tion, in a mouse model of treating renal cell carcinoma 

by inducing low donor chimerism to trigger antitumor 
effects through DLI, the TILs were almost exclusively 
of recipient origin.(29)

The results of our study and previous studies 
demonstrated the limited effect of inactivated recip-
ient-derived immune cells on tumors.(38) However, 
when recipient-derived cells were activated, they had 
a strong antitumor effect on recipient-derived tumors 
(Supporting Fig. 6). In our allo LT mouse model, we 
found there were 2 factors that led to the activation of 
recipient leukocytes. One was the immune rejection, 
and the other was the infiltration of donor-derived leu-
kocytes into the tumor. Rejection led to the activation 
of peripheral immune cells, especially T cells, which 
may enhance the antitumor response, but was not the 
key factor that caused the activation of GVT-related 
recipient cells. When we used RAG1−/− mouse models 
or irradiated mouse models (with rejection but without 
donor cell infiltration), spleen recipient–derived leu-
kocytes were activated but did not cause a significant 
antitumor effect.

These results suggested that rejection had a limited 
effect on recipient T cell–mediated antitumor response. 
However, when we removed tumor-infiltrating 
donor-derived T/B cells through RAG1−/− mouse 
models, the activation degree of tumor-infiltrating  
T cells was significantly reduced. Then, after increas-
ing the infiltration of donor-derived lymphocytes 
in tumors by intravenous infusion, the activation of 
tumor-infiltrating T cells was significantly elevated 
and the antitumor effect was enhanced, suggesting that 
donor lymphocyte infiltration was the main activating 
factor of the antitumor reaction. A similar antitumor 
immune response was found following DLI in mixed 
chimeras as well. Colvin et al. reported that immedi-
ately after donor-derived cell infusion, a cytokine storm 
was induced, which was thought to break immune 
tolerance of recipient immune cells toward tumors in 
patients with various hematologic malignancies.(39)

Although previous studies have confirmed that LT 
is an excellent treatment option for patients with hepa-
tocellular carcinoma (HCC) in accordance with the 
Milan criteria, it is not recommended for those who 
exceed Milan criteria or suffer from other liver malig-
nancies (metastatic tumors, intrahepatic cholangio-
carcinoma, and so on).(40) Two possible risks need to 
be assumed for these patients. First, circulating tumor 
cells (CTCs) after LT increased the risk of tumor 
recurrence.(41) Second, for metastatic tumors, whether 
the primary tumor is completely resected affected the 
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prognosis of patients. Previous studies have analyzed 
various solid tumors and found that T cell infiltration 
was an important factor affecting prognosis.(42-44) In 
patients with early colorectal cancer, the presence of 
intratumoral or peritumoral CD8+ T cells affected 
tumor recurrence. In addition, because many studies 
focused on the role of NK cells in CTC clearance, 
some reports provided circumstantial evidence for the 
correlation between CTC and T cell immunity.(45) In 
this study, we confirmed that allo LT changed the dis-
tribution of T cells inside and outside the tumor. Such 
changes in T cell distribution and activation may be 
beneficial to patients in the early stage after LT.

Although allo LT mice showed a significant anti-
tumor effect, clinical application still requires further 
research. First, considering that a strict match of HLA is 
not required in clinical LT, HLA-mismatched LT may 
be performed to reduce the postoperative recurrence 
of HCC. However, more clinical studies are required 
to verify the effect of HLA-mismatched LT on HCC 
patients. Second, the usage of traditional immunosup-
pressive agents after LT will significantly affect T cell 
function, which will surely impact the GVT effect. This 
is the reason that there is no significant GVT effect in 
clinical LT. Therefore, how to balance rejection and the 
GVT effect with an appropriate regimen of immuno-
suppressors needs further study. In summary, the GVT 
effect of an allogeneic liver graft indeed existed in mice 
LT. Our results demonstrated the key roles of donor- 
and recipient-derived immune cells in the GVT effect. 
Broadening the therapeutic strategy of LT for malig-
nant liver tumors could be beneficial.

REFERENCES
	 1)	 Copelan EA. Hematopoietic stem-cell transplantation. N Engl J 

Med 2006;354:1813-1826.
	 2)	 Demirer T, Barkholt L, Blaise D, Pedrazzoli P, Aglietta M, 

Carella AM, et al.; for EBMT Solid Tumors Working Party. 
Transplantation of allogeneic hematopoietic stem cells: an 
emerging treatment modality for solid tumors. Nat Clin Pract 
Oncol 2008;5:256-267.

	 3)	 Barrett AJ, Mavroudis D, Tisdale J, Molldrem J, Clave E, 
Dunbar C, et al. T cell-depleted bone marrow transplantation 
and delayed T cell add-back to control acute GVHD and con-
serve a graft-versus-leukemia effect. Bone Marrow Transplant 
1998;21:543-551.

	 4)	 Karimi MA, Bryson JL, Richman LP, Fesnak AD, Leichner 
TM, Satake A, et al. NKG2D expression by CD8+ T cells con-
tributes to GVHD and GVT effects in a murine model of allo-
geneic HSCT. Blood 2015;125:3655-3663.

	 5)	 Fleischhauer K, Beelen DW. HLA mismatching as a strategy 
to reduce relapse after alternative donor transplantation. Semin 
Hematol 2016;53:57-64.

	 6)	 Sefrioui H, Billiau AD, Waer M. Graft-versus-leukemia ef-
fect in minor antigen mismatched chimeras given delayed 
donor leucocyte infusion: immunoregulatory aspects and 
role of donor T and ASGM1-positive cells. Transplantation 
2000;70:348-353.

	 7)	 Giralt SA, Kolb HJ. Donor lymphocyte infusions. Curr Opin 
Oncol 1996;8:96-102.

	 8)	 Kolb HJ, Schattenberg A, Goldman JM, Hertenstein B, 
Jacobsen N, Arcese W, et al.; for European Group for Blood and 
Marrow Transplantation Working Party Chronic Leukemia. 
Graft-versus-leukemia effect of donor lymphocyte transfusions 
in marrow grafted patients. Blood 1995;86:2041-2050.

	 9)	 Rubio MT, Kim YM, Sachs T, Mapara M, Zhao G, Sykes M. 
Antitumor effect of donor marrow graft rejection induced by 
recipient leukocyte infusions in mixed chimeras prepared with 
nonmyeloablative conditioning: critical role for recipient-derived 
IFN-gamma. Blood 2003;102:2300-2307.

	 10)	 De Somer L, Sprangers B, Fevery S, Rutgeerts O, Lenaerts C, 
Boon L, et al. Recipient lymphocyte infusion in MHC-matched 
bone marrow chimeras induces a limited lymphohematopoietic 
host-versus-graft reactivity but a significant antileukemic effect 
mediated by CD8+ T cells and natural killer cells. Haematologica 
2011;96:424-431.

	 11)	 Rubio MT, Saito TI, Kattleman K, Zhao G, Buchli J, Sykes M. 
Mechanisms of the antitumor responses and host-versus-graft 
reactions induced by recipient leukocyte infusions in mixed chi-
meras prepared with nonmyeloablative conditioning: a critical 
role for recipient CD4+ T cells and recipient leukocyte infu-
sion-derived IFN-gamma-producing CD8+ T cells. J Immunol 
2005;175:665-676.

	 12)	 Starzl TE, Demetris AJ, Trucco M, Ramos H, Zeevi A, Rudert 
WA, et al. Systemic chimerism in human female recipients of 
male livers. Lancet 1992;340:876-877.

	 13)	 Tay SS, Lu B, Sierro F, Benseler V, McGuffog CM, Bishop GA, 
et al. Differential migration of passenger leukocytes and rapid 
deletion of naive alloreactive CD8 T cells after mouse liver trans-
plantation. Liver Transpl 2013;19:1224-1235.

	 14)	 O’Leary JG, Demetris AJ, Friedman LS, Gebel HM, Halloran 
PF, Kirk AD, et al. The role of donor-specific HLA alloan-
tibodies in liver transplantation. Am J Transplant 2014;14: 
779-787.

	 15)	 Schumann A, Lindemann M, Valentin-Gamazo C, Lu M, 
Elmaagacli A, Dahmen U, et al. Adoptive immune transfer of 
hepatitis B virus specific immunity from immunized living liver 
donors to liver recipients. Transplantation 2009;87:103-111.

	 16)	 Taylor AL, Gibbs P, Bradley JA. Acute graft versus host dis-
ease following liver transplantation: the enemy within. Am J 
Transplant 2004;4:466-474.

	 17)	 Smith DM, Agura E, Netto G, Collins R, Levy M, Goldstein 
R, et al. Liver transplant-associated graft-versus-host disease. 
Transplantation 2003;75:118-126.

	 18)	 Qian S, Fung JJ, Sun H, Demetris AJ, Starzl TE. Transplantation 
unresponsiveness induced by liver allografts in mouse strains 
with various histocompatibility disparities. Transplant Proc 
1992;24:1605-1606.

	 19)	 Yu Z, Zhou X, Yu S, Xie H, Zheng S. IL-15 is decreased upon 
CsA and FK506 treatment of acute rejection following heart 
transplantation in mice. Mol Med Rep 2015;11:37-42.

	 20)	 Dierckx de Casterlé I, Billiau AD, Sprangers B. Recipient and 
donor cells in the graft-versus-solid tumor effect: it takes two to 
tango. Blood Rev 2018;32:449-456.

	 21)	 Daniel-Moreno A, Lamsfus-Calle A, Raju J, Antony JS, 
Handgretinger R, Mezger M. CRISPR/Cas9-modified he-
matopoietic stem cells-present and future perspectives for stem 



Yu et al.� Liver Transplantation,  August 2019

1264  |  Original Article

cell transplantation. Bone Marrow Transplant 2019. https​://doi.
org/10.1038/s41409-019-0510-8.

	 22)	 Appelbaum FR. Graft versus leukemia (GVL) in the therapy of 
acute lymphoblastic leukemia (ALL). Leukemia 1997;11(suppl 
4):S15-S17.

	 23)	 Brunstein CG, Barker JN, Weisdorf DJ, DeFor TE, Miller JS, 
Blazar BR, et al. Umbilical cord blood transplantation after 
nonmyeloablative conditioning: impact on transplantation out-
comes in 110 adults with hematologic disease. Blood 2007;110: 
3064-3070.

	 24)	 Elahimehr R, Scheinok AT, McKay DB. Hematopoietic stem 
cells and solid organ transplantation. Transplant Rev (Orlando) 
2016;30:227-234.

	 25)	 Porter DL, Roth MS, McGarigle C, Ferrara JL, Antin JH. 
Induction of graft-versus-host disease as immunotherapy for 
relapsed chronic myeloid leukemia. N Engl J Med 1994;330: 
100-106.

	 26)	 Porter DL, Stadtmauer EA, Lazarus HM. “GVHD”: graft-versus-
host disease or graft-versus-Hodgkin’s disease? an old acronym 
with new meaning. Bone Marrow Transplant 2003;31:739-746.

	 27)	 Sheth K, Bankey P. The liver as an immune organ. Curr Opin 
Crit Care 2001;7:99-104.

	 28)	 Yan S, Ding Y, Tian Y, Lu Z, Wang Y, Zhang Q , et al. MHC-
mismatched mice liver transplantation promotes tumor growth 
in liver graft. Cancer Lett 2014;351:162-171.

	 29)	 Harano M, Eto M, Iwai T, Tatsugami K, Kiyoshima K, Kamiryo 
Y, et al. Renal cancer treatment with low levels of mixed chime-
rism induced by nonmyeloablative regimen using cyclophospha-
mide in mice. Cancer Res 2005;65:10032-10040.

	 30)	 Kröger N, Shimoni A, Zagrivnaja M, Ayuk F, Lioznov M, 
Schieder H, et al. Low-dose thalidomide and donor lympho-
cyte infusion as adoptive immunotherapy after allogeneic stem 
cell transplantation in patients with multiple myeloma. Blood 
2004;104:3361-3363.

	 31)	 Zeng Y, Stokes J, Hahn S, Hoffman E, Katsanis E. Activated 
MHC-mismatched T helper-1 lymphocyte infusion enhances 
GvL with limited GvHD. Bone Marrow Transplant 2014;49: 
1076-1083.

	 32)	 Kawase T, Matsuo K, Kashiwase K, Inoko H, Saji H, Ogawa S, 
et al.; for Japan Marrow Donor Program. HLA mismatch com-
binations associated with decreased risk of relapse: implications 
for the molecular mechanism. Blood 2009;113:2851-2858.

	 33)	 Pidala J, Lee SJ, Ahn KW, Spellman S, Wang HL, Aljurf M, 
et al. Nonpermissive HLA-DPB1 mismatch increases mortality 

after myeloablative unrelated allogeneic hematopoietic cell trans-
plantation. Blood 2014;124:2596-2606.

	 34)	 Peng B, Liu H, Zhuang Q , Cheng K, Ming YZ. Detecting chi-
merism contributes to diagnosis of graft versus host disease after 
orthotopic liver transplantation. Hepatobiliary Pancreat Dis Int 
2018;17:363-366.

	 35)	 Brennan TV, Yang Y. PD-L1 serves as a double agent in separat-
ing GVL from GVHD. J Clin Invest 2017;127:1627-1630.

	 36)	 Zheng CC, Zhu XY, Tang BL, Zhang XH, Zhang L, Geng LQ , 
et al. Clinical separation of cGvHD and GvL and better GvHD-
free/relapse-free survival (GRFS) after unrelated cord blood 
transplantation for AML. Bone Marrow Transplant 2017;52: 
88-94.

	 37)	 Katz DH, Ellman L, Paul WE, Green I, Benacerraf B. 
Resistance of guinea pigs to leukemia following transfer of im-
munocompetent allogeneic lymphoid cells. Cancer Res 1972;32: 
133-140.

	 38)	 Fu X, Yang Y, Xie J, Pan X, Yang X, Du Z, Hao E. Subcutaneous 
inoculation position affects the immune environment in CT26 
carcinomas. Biochem Biophys Res Commun 2019;512:244-249.

	 39)	 Colvin GA, Berz D, Ramanathan M, Winer ES, Fast L, 
Elfenbein GJ, Quesenberry PJ. Nonengraftment haploidenti-
cal cellular immunotherapy for refractory malignancies: tumor 
responses without chimerism. Biol Blood Marrow Transplant 
2009;15:421-431.

	 40)	 Schaefer B, Zoller H, Schneeberger S. Con: liver transplanta-
tion for expanded criteria malignant diseases. Liver Transpl 
2018;24:104-111.

	 41)	 Zhang Y, Shi ZL, Yang X, Yin ZF. Targeting of circulating he-
patocellular carcinoma cells to prevent postoperative recurrence 
and metastasis. World J Gastroenterol 2014;20:142-147.

	 42)	 Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, 
Lagorce-Pagès C, et al. Type, density, and location of immune 
cells within human colorectal tumors predict clinical outcome. 
Science 2006;313:1960-1964.

	 43)	 Pagès F, Berger A, Camus M, Sanchez-Cabo F, Costes A, 
Molidor R, et al. Effector memory T cells, early metastasis, and 
survival in colorectal cancer. N Engl J Med 2005;353:2654-2666.

	 44)	 Gajewski TF, Schreiber H, Fu YX. Innate and adaptive immune 
cells in the tumor microenvironment. Nat Immunol 2013;14: 
1014-1022.

	 45)	 Mohme M, Riethdorf S, Pantel K. Circulating and disseminated 
tumour cells: mechanisms of immune surveillance and escape. 
Nat Rev Clin Oncol 2017;14:155-167.

https://doi.org/10.1038/s41409-019-0510-8
https://doi.org/10.1038/s41409-019-0510-8

