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Abstract—— It remains unclear as to whether there are differences that exist in the types 
and functional status of immune cells within different areas of the liver lobules after 
rejection of liver transplantation. The composition of infiltrating T cells in liver allografts 
during liver transplantation rejection is indistinct and difficult to visualize within the same 
biopsy slide. In an attempt to rectify this problem, we applied multiplex immunofluorescent 
assays to assess the spatial distribution of various types of infiltrating T cells in differ-
ent areas of the liver lobules after liver transplantation. In identical areas of the hepatic 
lobules, the percentage of  CD4+ T,  CD8+ T, and regulatory T (Treg) cells in the rejection 
group was greater than that observed in the non-rejection and normal groups. Within all 
three groups, the percentage of  CD4+ T,  CD8+ T, and Treg cells from the periportal to 
perivenous zones initially increased and then decreased. In the rejection group, the per-
centage of  CD8+ T cells gradually increased from the periportal to perivenous zones, with 
maximal levels in the perivenous as compared with that in the transitional and periportal 
zones. In conclusion, levels of  CD8+ T cells within different regions of liver lobules are 
closely related to levels of rejection after liver transplantation. Liver transplantation rejec-
tion may be linked with increases in  CD8+ T cells within the perivenous zone. Although 
the regional percent of increase in  CD4+ T cells may not reflect level of the rejection, the 
overall numbers of both of  CD4+ and  CD8+ T cells within different regions were closely 
related to rejection levels.

KEY WORDS: spatial distribution; infiltrating T cells; hepatic lobule regions; liver transplantation rejection; 
multiplex immunofluorescence.
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INTRODUCTION

Rejection is a major obstacle to the long-term sur-
vival of liver grafts and prognosis of patients after liver 
transplantation [1, 2]. Rejection includes cell-mediated 
cell rejection and humoral antibody-mediated immune 
response [3]. Recent findings have indicated that changes 
in T cell subsets are associated within transplant rejec-
tion. Some examples of such T cell subsets include  CD4+ 
T cells, which can stimulate T cell clonal expansion and 
differentiation by recognizing allogeneic antigens and 
secrete interleukin (IL)-2. These cells can then induce 
acute rejection by activating  CD8+ cytotoxic T cells [4]. 
T helper (Th)17 cells, which are immune cells, mainly 
secrete IL-17A, IL-17F, and other cytokines to mediate 
the inflammatory responses [5]. T regulatory (Treg) cells 
represent another member of these T cell subsets. These 
cells play an important role in inhibiting transplanta-
tion immune rejection and induce immune tolerance [6].  
Interestingly, the proportions of  CD4+ T,  CD8+ T and Th17 
cells in the peripheral blood of patients with acute rejection 
is increased, while the proportion of Treg cells is increased 
in peripheral blood of patients without acute rejection [7].  
Similar changes in  CD4+ T,  CD8+ T, Th17, and Tregs 
cells are observed in liver tissue.

To date, the exact phenotypes of these immune cells 
have not yet been specified. However, results from dif-
ferent phenotypic and molecular studies have suggested 
that the composition of the infiltrating lymphocytes may 
be an important factor as related to rejection. The liver 
consists of approximately 1 million hepatic lobules, and 
blood flows from the peripheral portal area to the cen-
tral vein [8]. As there are gradient changes in nutrition, 
oxygen concentration, hormones, and other aspects in 
hepatocyte plates of the hepatic lobule, different meta-
bolic functional areas are formed [9]. Hepatic lobules are 
divided into three regions according to their metabolic 
functions: perivenous, transitional, and periportal zones 
[8, 9]. Halpern et al. [10] divided the porto-central lobule 
axis into nine layers and developed a probabilistic infer-
ence algorithm to calculate the likelihood of each cell 
belonging to any of these layers based on the expression 
of our panel of landmark genes. The functional status 
of corresponding non-hepatic parenchymal cells (e.g., 
endothelial and immune cells) may be different due to 
the different partitions of the hepatic lobules.

It has been reported that Kupffer cells are enriched 
near periportal regions, with those closest to portal tri-
ads showing distinct phenotypic properties [11]. And 

there are quantitative data detailing this patterning, with 
 MHCIIhi or  MHCIIint Kupffer cells showing similar dis-
tances to the central vein [12]. These data reveal that the 
hepatic lobules contain a spatially polarized immune sys-
tem, an “immune zonation.” In contrast, the distribution 
of diverse resident immune cell types, the cellular and 
molecular mechanisms underlying the spatial organiza-
tion of the liver immune system, and the functional con-
sequences of asymmetric immune cell localization remain 
to be clarified. In specific, there are no reports regarding 
the spatial distribution of infiltrating T cells and changes 
in immune microenvironments within discrete areas of 
hepatic lobules during liver transplantation rejection. In 
part, this lack of information is due to the complexity 
of hepatic lobule structure, differences in gene expres-
sion patterns of the spatial axis from the central vein 
to the portal zone, and the gradual changes that occur 
in their function. This is especially problematic in the 
traditional hepatic lobule transitional zone, where many 
important genes are expressed. An intriguing related issue 
is whether differences exist in the types and functional 
status of immune cells within different regions of hepatic 
lobules. In response to this issue, we studied the infil-
tration and distribution of T cells in different regions of 
hepatic lobules under conditions of rejection versus non-
rejection after liver transplantation.

While immunohistochemical or immunofluorescent 
techniques have been applied to detect changes in CD4 
and CD8 cells as well as other indicators in grafts [13, 
14], these techniques only reveal a certain type of T cell 
distribution as based on one or two indicators. Here, we 
employed a direct method that generated readouts consist-
ing of a comprehensive panel of biomarkers from liver 
biopsies of liver transplantation patients. With multiplex 
immunofluorescent staining, it was possible to simul-
taneously label multi-cellular markers and, in this way, 
observe various cell types, their functional status, and 
interactions. Accordingly, critical details regarding the 
spatial localization of immune cells within different tis-
sues are revealed to provide an enhanced comprehension 
of the immune microenvironment within organs and tis-
sues [15]. Our findings indicate that infiltrated immune 
cells show spatial specificity which offers new insights 
into the changes which occur within discrete areas after 
liver transplantation. In specific, we found that the distri-
bution of  CD8+ T cells within different regions of hepatic 
lobules was closely related to the rejection level, with 
rejection appearing to be associated with increases in 
the percentage of  CD8+ T cells in the perivenous zone. 
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Although the regional percent change in  CD4+ T cells 
does not appear to reflect the level of rejection, the overall 
numbers of both of  CD4+ T and  CD8+ T cells in different 
regions were closely related to the rejection level.

MATERIALS AND METHODS

Patients and Clinical Data Collection
Patients who underwent liver transplantation at the 

Liver Transplantation Center of the Beijing Friendship 
Hospital, Capital Medical University, over the period 
between January 2017 and July 2020 were included 
in this study. Demographic, medical, transplantation 
and follow-up data were obtained from all recipients 
(Table 1). Medical data included etiology of the liver dis-
ease and laboratory data. Data related to transplantation 
consisted of ABO blood group, donor sex and age, graft 
type, operation time, and warm ischemic time. Labora-
tory data included determinations of tacrolimus trough 
concentrations of tacrolimus and liver function tests such 
as albumin, aspartate aminotransferase (AST), alanine 
aminotransferase (ALT), and total bilirubin (TB). All 
liver grafts were voluntarily donated after cardiac death 
or by living donors, and all donations were approved by 
the Ethics Committee of the Beijing Friendship Hospital, 
Capital Medical University. Immunosuppressive regimens 
included intraoperative methylprednisolone and postop-
erative tacrolimus + mycophenolate mofetil + prednisone. 
Trough concentrations of tacrolimus were monitored after 
liver transplantation, and tacrolimus doses were adjusted 
according to post transplantation times and blood concen-
trations of tacrolimus.

Group Management of Liver Transplantation 
Patients

All liver transplantation patients were divided into 
either a rejection (R) or non-rejection (NR) group as based 
on the Banff schema for grading acute liver allograft rejec-
tions [16]. In addition, a normal group (N) was included. 
A total score of rejection activity index (RAI) was 9, and 
patients with scores < 3 were classified as non-rejection, 
while those with scores of 3–9 were considered rejection.

Liver Histology

Liver biopsies were performed using the Menghini 
method while patients were under deep propofol sedation 

[17]. Biopsies were performed by two experienced clini-
cians who used a 17-gauge needle to obtain a specimen 
of ≥ 2 cm in length. Normal liver tissues were obtained from 
living donors. The liver tissue samples were fixed in 4% 
mediosilicic isotonic formaldehyde for 24 h, dehydrated and 
embedded in paraffin. Sections (4-μm) were cut from each 
paraffin-embedded tissue and stained with hematoxylin and 
eosin (HE) to evaluate pathology of the liver.

Immunocytochemistry

Immunocytochemistry staining was used for deter-
minations of protein expression and distribution after 
microwave treatment with a citrate antigen retrieval solu-
tion. Following incubation in 3%  H2O2 for 10 min, anti-
bodies against CD4 (Abcam, catalog number: ab133616, 
Cambridge, MA, USA), CD8 (Abcam, catalog num-
ber: ab237709, Cambridge, MA, USA), IL-17 (Abcam, 
catalog number: ab79056, Cambridge, MA, USA), and 
FOXP3 (Abcam, catalog number: ab22510, Cambridge, 
MA, USA) were added and incubated at 4 °C for 12 h. 
The specimens were incubated with secondary antibodies 
at 37 °C for 1 h, followed by diaminobenzidine staining. 
Negative controls (PBS instead of primary antibody) were 
run simultaneously with these samples.

Multiplex Immunofluorescent Assays [18]

Tissue multiplex immunofluorescent staining was 
performed using the Opal Polaris 5 color IHC stain-
ing kit (Akoya Biosciences). Briefly, formalin-fixed, 
paraffin-embedded (FFPE) tissue sections of (4 μm) 
were baked for 2 h at 60 °C before staining. Slides were 
rehydrated with a series of graded ethanol solutions in 
deionized water. Antigen retrieval was performed at pH 
6 for 20 min at 95 °C. Slides were serially stained with 
the following antibodies: anti-CD4, -CD8, -IL-17, and 
-FOXP3. Anti-mouse/rabbit horseradish peroxidase (Cell 
Signaling Technology, Danvers, MA, USA) was used as 
the secondary antibody. TSA-conjugated fluorophores 
(PerkinElmer) were used to visualize each biomarker 
consisting of Opal 690 (IL-17), Opal 620 (FoxP3), Opal 
570 (CD4), and Opal 520 (CD8) with incubation times 
for each primary antibody being 1 h. Subsequently, anti-
rabbit/mouse Polymeric Horseradish Peroxidase (Opal 
IHC Detection Kit, Akoya Biosciences) was applied as 
a secondary label with an incubation time of 10 min. 
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Antibody signals were visualized following a 10-min 
incubation period of the slides using the correspond-
ing Opal Fluorophore (Akoya Biosciences). Slides were 
mounted with anti-fade mounting medium (P36965, 
Life Technologies) and stored at 4 °C before imaging. 
Image acquisitions (200 × magnification as multispectral 
images) were performed using the Vectra Polaris multi-
spectral imaging platform (Akoya Biosciences), with the 
entire slide image being scanned and 3–5 representative 
regions of interest chosen by the pathologist. DAPI was 
used to count number of cells per slide. Again, negative 
controls (PBS instead of primary antibody) were run 
simultaneously with these samples.

Hepatic Lobule Zone

Hepatic lobules are divided into three regions: 
perivenous, transitional, and periportal zones, as previ-
ously described [8].

Statistical Analysis

The data were expressed as means ± standard devia-
tion. Differences among the three groups were analyzed 
using a one-way analysis of variance and Newman-Keuls 
test for post hoc comparisons. SPSS version 22.0 was 
used for these analyses. A P value < 0.05 was required for 
results to be considered as statistically significant.

RESULTS

Pathological Changes in Liver
Histopathological features within the rejection 

group consisted of three major lesion components: 
inflammation of portal tracts, bile duct damage, and 
endotheliitis. A pleomorphic infiltration of lympho-
cytes, neutrophils, and plasma cells was observed within 
the portal tract. As compared with that of the normal 
group, considerable balloon-like degeneration, chol-
estasis, necrosis, phlebitis, and fibrosis were present in 
the rejection group. As compared with that of the non-
rejection group, HE staining showed that the infiltrations 
of immune cells in portal areas and hepatic lobules were 
significantly increased in the rejection group. Moreover, 
bile duct and endothelial injury, along with hepatocyte 
edema and necrosis, were increased in this rejection ver-
sus non-rejection group (Fig. 1A).

Expressions and Distributions of CD4, CD8, 
IL‑17, and FOXP3 in Liver Tissue

Different staining of CD4, CD8, IL-17 and FOXP3 
in identical liver tissue section areas were determined 
with use of immunohistochemistry (Fig. 1B). CD4 was 
mainly expressed in the membrane and cytoplasm of sinu-
soidal endothelial cells, Kupffer cells, and lymphocytes. 
In the normal liver tissue of this report, CD4 was mainly 
expressed in liver sinusoidal endothelial cells, Kupffer 
cells, and T cells. Within the rejection group, infiltrat-
ing immune cells and  CD4+ T cells were significantly 
increased, while the number of  CD4+ liver sinusoidal 
endothelial cells and Kupffer cells were decreased. In the 
non-rejection group, infiltrating immune cells and  CD4+ 
T cells were significantly reduced, while the number of 
 CD4+ liver sinusoidal endothelial cells and Kupffer cells 
were increased. Overall, the expressions and distributions 
of  CD8+ T cells were similar to those of  CD4+ T cells. 
In normal liver tissue, there were few  CD8+ T cells, with 
the few present being mainly concentrated in the portal 
area, and very limited infiltration into hepatic lobules. In 
the rejection group, there was a significant increase in the 
number of  CD8+ T cells. In the non-rejection group,  CD8+ 
T cells were significantly decreased as compared with that 
of rejection group. IL-17 is mainly expressed in hepato-
cytes, endothelial cells, and immune cell cytoplasm. In 
the rejection group, there was an increased expression of 
IL-17 in lymphocytes as compared with that observed in 
the normal and non-rejection groups. Finally, FOXP3 is 
mainly expressed in nucleus and immune cells.  FOXP3+ 
T cells were almost not found in normal liver tissue. 
There were significantly more  FOXP3+ T cells than that  
in the non-rejection group.

Use of Multiplex Immunofluorescence 
to Measure Dynamic Changes in Infiltrating T 
Cells in Liver Rejection

Multiplexed immunofluorescent assays for CD4, 
CD8, IL-17, and FOXP3 were used as a means to visu-
alize changes in the composition of immune infiltrates 
as associated with liver rejection (Fig. 2A). The propor-
tion of various T cells types in each slice was calculated 
(N% = number of certain T cells/total number of cells in 
each slice × 100%), and differences in T cells among the 
three groups were compared. The results revealed that 
an increase in infiltrating  CD4+ T cells was observed in 
both the rejection and non-rejection groups as compared  
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with that of the normal group. Maximal and statistically  
significant levels of  CD4+ T cells were obtained in the 
rejection group (Fig. 2B, P < 0.001). The number of 
infiltrating  CD8+ T cells was highly variable among 
patients in there groups (Fig.  2C, P < 0.001). Infil-
trating FOXP3 + regulatory T cells  (CD4+FOXP3+ T 
and  CD8+FOXP3+ T cells) were also observed in the 
liver.  CD4+FOXP3+ T (Treg) and  CD8+FOXP3 + T 
cells were rarely observed in the livers of the normal 
and non-rejection groups, but statistically significant 
increases in the proportion of Treg and  CD8+  FOXP3+ 
T cells were present in the rejection group (Fig. 2D 
and E, P < 0.001). We also found that the number of 
 CD4+IL-17+ T (Th17) and  CD8+IL-17+ T cells and the 
proportion of Th17 cells in the rejection group were 
significantly increased (Fig. 2F, P < 0.001). Although 
the overall number of  CD8+IL-17+ T cells in liver tissue 
was low, the greatest proportion was present with in the 
rejection group (Fig. 2G, P < 0.001). Taken together, 
these results demonstrate that the proportions of  CD4+ 
T,  CD8+ T, Treg, and Th17 cells were all increased in 
rejection after liver transplantation, and suggest that 
these cells are involved in the formation of rejection 
or immune tolerance after liver transplantation. Under 
conditions of decreased levels or no rejection, these T 
cell types were either decreased or absent.

Distribution of Infiltrating T Cells in Hepatic 
Lobules and Portal Areas

Due to differences in the structure of hepatic lob-
ules and portal areas (Fig. 3A and B), inflammatory cell 
infiltration distributions also differ. As achieved with 
the use of multiple staining techniques, we observed 
differences in T cell distribution in hepatic lobules and 
portal areas, and summarized the characteristics of T 
cell spatial distributions in the liver under different 
immune states of liver transplantation (Fig. 3C). In the 
normal group, few infiltrating T cells were present in 
the hepatic lobules, and only small number of  CD8+ T, 
 CD4+ T,  CD4+  FOXP3+ T (Treg), and  CD4+ IL-17+ T 
(Th17) cells were observed. In the rejection group, the 

number of infiltrating T cells including  CD8+ T cells 
was significantly increased. The number of infiltrating 
T lymphocytes in the non-rejection group was lower 
than that in the rejection group. While  CD8+ T and 
 CD4+ T cells were present in the non-rejection group, 
Treg and Th17 cells were rarely observed. In the nor-
mal group, infiltrating T cells were present in the portal 
area and mainly consisted of  CD8+ T and  CD4+ T cells, 
while a small number of Th17 but no Treg cells were 
observed. In the rejection group, infiltrating T cells were 
seen in the portal area, with large numbers of  CD8+ T 
and  CD4+ T cells, along with Treg and Th17 cells also 
being observed. The number of infiltrating T cells in 
non-rejection group was lower than that in the rejection 
group. While  CD8+ T and  CD4+ T cells were present in 
the non-rejection group, fewer Treg and Th17 cells were 
observed (Fig. 3C). These results show that the distribu-
tion of infiltrating T cells differs in terms of incidence as  
well as location of T cell types in the hepatic lobules and 
portal areas. In general, infiltrating T cells are mainly 
concentrated in the portal area, while relatively few infil-
trate the hepatic lobules.

Distribution of T Cell Infiltration Within 
Different Areas of Hepatic Lobules

The hepatic lobule is divided into perivenous, 
transitional, and periportal zones (Fig. 4A and B). The 
percentage of  CD4+ T,  CD8+ T, and Treg cells in each 
region was statistically analyzed (n% = the number of T 
cells/total number of cells in the each zone × 100%), and 
differences in the percentage of these cells within each 
zone were compared among the three groups. Figure 4D 
contains a summary of the spatial distribution within the 
periportal zone of  CD4+ T,  CD8+ T, and Treg cells in 
the normal, rejection, and non-rejection groups. Results 
from multiplex immunofluorescent staining revealed that 
the percentage of Treg cells in the rejection group was 
significantly greater than that of the other two groups 
(P < 0.001). In addition, the percentage of  CD4+ T and 
 CD8+ T cells within both the rejection (P < 0.01) and 
non-rejection (P < 0.05) groups were greater than that 
in the normal group. While the percentage of  CD4+ 
T cells in the non-rejection group was significantly 
decreased versus that in the rejection group, these lev-
els were significantly increased over that in the normal 
group (P < 0.05). In the transitional zone, the percent-
age of  CD4+ T and Treg cells in the rejection group was 
significantly increased over that of the other two groups 

Fig. 1  Expressions of T cell related markers in liver tissue. A HE staining 
was used to observe pathological changes within liver tissue of each group 
(× 200, scale bars = 50 μm). B  Different staining of CD4, CD8, IL-17 and 
FOXP3 in identical liver tissue section areas in each group were detected 
with use of immunohistochemistry (× 200, scale bars = 50 μm). Negative 
controls were simultaneously run with these samples.

◂
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(P < 0.01) and the percentage of  CD8+ T cells was greater 
than that of the normal group (P < 0.05). Within this 
zone, a significantly greater percentage of  CD4+ T cells 
obtained in the rejection group was significantly higher 
than in the non-rejection group (P < 0.05). Overall, the 
percentage of  CD4+ T,  CD8+ T, and Treg cells was sig-
nificantly lower in the rejection group as compared with 
the normal group (P < 0.05). In the perivenous zone, the 
proportion of  CD4+ T,  CD8+ T, and Treg cells in the 
rejection group was found to be significantly increased as 
compared with the other two groups (P < 0.05). The per-
centage of  CD4+ T and  CD8+ T cells in the non-rejection 
group was significantly lower than that in the rejection 
group, but significantly higher as compared with that in 
the normal group (P < 0.05).

We also observed differences in T cell spatial 
distributions within different regions of liver tissue in 
the same group (Fig. 4E). While varying percentage of 
 CD4+ T cells and Treg cells were observed within dif-
ferent regions in the normal group, these differences 
failed to achieve statistical significance (P > 0.05). 
In the transitional zone of the normal group, the per-
centage of  CD4+ T cells was significantly higher than 
that of the other two regions (P < 0.05). In the rejec-
tion group, the percentage of  CD4+ T cells from the 
periportal to perivenous zones was not statistically 
different (P > 0.05), while the percentage of  CD8+ T 
cells showed a gradual increase from the periportal 
to perivenous zones, with a statistically significant 
increased being obtained in this perivenous versus the 
other two zones (P < 0.05). In this rejection group, the 
percentage of Treg cells in the transitional zone was 
significantly greater than that observed in the perivenous 
zone (P < 0.05). For the non-rejection group, the per-
centage of  CD4+ T and  CD8+ T cells from the peripor-
tal to perivenous zones failed to achieve a statistically 
significant difference (P > 0.05), while the percentage 
of Treg cells in the transitional zone was found to be 
significantly greater than that obtained in the other two 
regions (P < 0.05).

DISCUSSION

T cells play an important role in the rejection of allo-
geneic liver transplantation [19], through their capacity 
to participate in the recognition of transplantation anti-
gens, immune regulation, cell dissolving effects, and other 
immune responses [20, 21]. In order to assess the phe-
notype and quantity of T cells as associated with differ-
ent levels of liver rejection, changes in  CD4+ T,  CD8+ T, 
Treg, and Th17 cells in peripheral blood were determined 
using flow cytometry or immunohistochemistry. Follow-
ing liver transplantation, the blood levels of  CD4+ T cells 
were maximal in the rejection group and significantly 
higher than that observed in the non-rejection group [22]. 
Treg and Th17 cells are known to be involved in alloreac-
tive responses of organ transplantation. Wang et al. [23] 
investigated whether the circulating Treg/Th17 ratios were 
associated with acute allograft rejection in liver transplan-
tation. Under conditions of rejection, the frequency of cir-
culating Treg cells was significantly decreased, whereas 
the frequency of circulating Th17 cells was significantly 
increased. The Treg/Th17 ratio shows a negative corre-
lation with liver damage indices and scores of rejection 
activity index after liver transplantation.

With immune rejection, large numbers of T cells, 
such as CD4 and CD8 subsets, infiltrate the graft, which 
enhances the aggravation of rejection [24]. The most 
notable histological changes associated with rejection 
involve mixed inflammatory cell infiltration of the con-
fluence area [25]. Krukemeyer et al. [26] reported that 
greater numbers of B lymphocytes and plasma cells 
migrated to the liver in patients experiencing rejection 
as compared with that in non-rejection patients. How-
ever, the experimental techniques used in that study have 
some limitations, as the exact composition of leukocyte 
infiltration during allograft liver rejection was difficult to 
comprehend and visualize in the same biopsy slide. Some 
of these limitations have been resolved with the develop-
ments in science and technology, in particular, multiplex 
immunofluorescent assays.

Recent advances in multiplexed imaging platforms 
have enabled the simultaneous detection of multiple 
epitopes in the same tissue, which has thus emerged as 
a powerful tool for the study of the immune context of 
organs and tissues [27]. In specific, multiplex immuno-
fluorescent assays can serve as a means to significantly 
improve the understanding of tissue microenvironments, 
which can then aid in the identification of new therapeutic 
targets and prognostic and predictive biomarkers, as well  

Fig. 2  Increased T-cell infiltration was related to rejection after liver 
transplantation. A Multiplexed immunofluorescent staining of immune 
cell marker panels (CD4-red, CD8-light blue, IL-17-yellow, FOXP3-
green) and DAPI (blue) of liver tissue in each group (× 200, scale 
bars = 100 μm). B The percentage of  CD4+T,  CD8+T, CD4 +  FOXP3+T, 
 CD8+FOXP3+T,  CD4+IL-17+T, and  CD8+ IL-17 + T cells within liver 
tissue of each group. Negative controls were simultaneously run with 
these samples. *P < 0.05, **P < 0.01, ***P < 0.001 compared with R 
group.
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as in the development of translational studies [28]. Prior to 
this current report, this new technology was mainly used 
in oncology studies to better characterize in situ immune 
cell infiltration in tumors [29–31]. When immunohisto-
chemical or immunofluorescent techniques have been 
applied to detect changes in  CD4+ T,  CD8+ T, Th17, and 
Treg cells as well as other indicators in grafts, these serial 
tissue sections make it difficult to analyze the cellular 
interplay and precise location of these cells. In contrast, 
with present multiplex immunofluorescent assays, it is 
possible to generate readouts for a comprehensive panel 
of biomarkers from liver biopsies of liver transplantation 
patients. Our findings reveal that increased infiltrations of 
 CD4+ T and  CD8+ T cells were present in both the rejec-
tion and non-rejection groups as compared with that in 
the normal group, with the rejection group showing the 
highest proportions of these cells. In addition, although 
it was difficult to observe Treg cells in the normal and 
non-rejection groups, the proportion of Treg and Th17 
cells were maximal in the rejection group. These results, 
demonstrating that the proportions of  CD4+ T,  CD8+ T, 
Treg, and Th17 cells were all increased with rejection 
after liver transplantation, suggest that these cells were 
involved in the development of rejection or immune toler-
ance after liver transplantation. With the use of multiplex 
immunofluorescent assays, Calvani et al. [32] were able to 
simultaneously detect NK cells, macrophages, and T cells 
to determine their intra- or extra-vascular localization in 
kidney allograft rejections. Accordingly, that study dem-
onstrated the feasibility and utility of applying multiplex 
immunofluorescent imaging to study and better under-
stand these cells along with their discrete localizations 
as associated with the rejection process. The results of 
this study show that different types of lymphocytes are 
associated with differential immune state infiltrations after 
organ transplantation and thus reveal that the mechanisms 
through which different immune cells participate in rejec-
tion or immune tolerance can be quite diverse.

With acute rejection, interlobular bile ducts and 
vascular endothelial cells represent the primary targets 
of immune assualt [33]. Many immune cells infiltrate the 
mixed portal area and hepatic lobules, which results in 

venous endothelial and bile duct inflammations [34]. Sim-
ilarly, our immunofluorescent staining results showed that 
infiltrating T cells were observed in the portal area in the 
rejection group and included large numbers of  CD8+ T, 
 CD4+ T, Treg, and Th17 cells. In contrast, the number of 
infiltrating T lymphocytes in the non-rejection group was 
significantly less than that in the rejection group. We also 
observed the novel phenomenon that the amount of lym-
phocyte infiltration within hepatic lobules was related to 
the level of rejection, while the number of CD4 + sinusoi-
dal endothelial and Kupffer cells decreased significantly. 
The exact function and role of these  CD4+ sinusoidal 
endothelial and Kupffer cells is indefinite due to the lack 
of relevant research on this topic. In particular, the role of 
 CD4+ sinusoidal endothelial cells and Kupffer cells in the 
process of liver transplant rejection or immune tolerance 
is unknown. Results from previous studies have demon-
strated that tissue-resident immune cells are important for 
organ homeostasis and defense and their epithelia may 
contribute to these functions either directly or via cross-
talk with immune cells [35]. The mechanisms of inter-
action between T cells and sinusoidal endothelial cells 
in rejection of liver transplantation require further study.

Our results reveal the differential distribution of 
infiltrating T cells that occurs within hepatic lobules and 
portal areas. Due to the complexity of the hepatic lobule, 
this structure can be divided into three regions accord-
ing to the different metabolic functions found in these 
regions. Interestingly, the variations in gene expression 
patterns of the spatial axis from the central vein to portal 
area are accompanied with ongoing variations in func-
tion [10]. As liver lobules contain a spatially polarized 
immune system, an “immune zonation,” the types and 
numbers of immune cells infiltrating hepatic lobules dif-
fer as a function of the specific disease state [12]. For 
example, Kupffer cells can localize infiltrating neutro-
phils to the periportal regions of the lobule, thereby lim-
iting damage to cells that reside around the central vein 
[36]. Whether differences are present in the types and 
functional status of immune cells within different regions 
of hepatic lobules under varying conditions of rejection 
remains unclear. In an attempt to assess this possibility, 
we used multiple immunofluorescent staining to exam-
ine the infiltration and spatial distribution of various 
types of T cells within different areas of hepatic lob-
ules under conditions of rejection versus non-rejection  
after liver transplantation. Our results revealed that 
infiltrated immune cells do, in fact, demonstrate varying 
degrees of spatial specificity after liver transplantation. 

Fig. 3  Distribution of infiltrating T cells in hepatic lobules and por-
tal areas. A Pattern of hepatic lobules and portal areas. B Schematic 
diagram of boundary between hepatic lobules and portal area (× 200, 
scale bars = 100  μm). C Multiplexed immunofluorescent staining of 
immune cell marker panel (CD4-red, CD8-light blue, IL-17-yellow, 
FOXP3-green) and DAPI (blue) in hepatic lobules and portal areas in 
each group (× 200, scale bars = 100 μm).
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In specific, within identical areas of the hepatic lobule, 
the percentage of  CD4+ T,  CD8+ T, and Treg cells in 
the rejection group was greater than that observed in the 
normal and non-rejection groups. These findings dem-
onstrate the discriminatory increases in these T cells 
within the hepatic lobule that result in response to rejec-
tion. Within all three groups, the percentage of  CD4+ 
T,  CD8+ T, and Treg cells from the periportal zone to 
perivenous zone initially increased and then decreased. 
Interestingly, the percentage of  CD8+ T cells from the 
periportal to perivenous zones increased gradually, 
with maximal levels of these cells being observed in 
the perivenous zone of the rejection group. It has been 
reported that in kidneys, renal allograft biopsies with 
c-aABMR show a predominance of infiltrating  CD8+ T 
cells, and increased numbers of interstitial  FOXP3+ T 
cells are associated with inferior allograft survival [37]. 
Similarly, the distribution of  CD8+ T cells in different 
regions of hepatic lobules, as observed in this current 
investigation, may be closely related to the level rejec-
tion after liver transplantation.

There are some limitations in our study. The limited 
number of clinical samples, difficulty in obtaining liver 
biopsy specimens, and the incomplete structure of hepatic 
lobules from liver biopsy tissue represent some of the 
more salient limitations. Therefore, future work in this 
area will require procedures directed at resolving these 
issues. In conclusion, our results suggest that the percent-
age of  CD8+ T cells within different regions of hepatic 
lobules is closely related to the level of rejection that can 
occur after liver transplantation. We observed a signifi-
cant degree of heterogeneity in the global composition of 
inflammatory burdens during liver allograft rejection. In 
specific, we found that rejection of liver transplantation 
was associated with increases in the percentage of  CD8+ 
T and Treg cells in the perivenous region. Moreover, 

the number and proportion of  CD8+ T cells gradually 
increased from the periportal to perivenous zones as a 
function of the degree of rejection. Although regional 
changes in the percentage of  CD4+ T cells did not appear 
to reflect the level of rejection, the overall numbers of 
 CD4+ and  CD8+ T cells within different regions were 
closely related to the level of rejection.
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