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The rhesus monkey (RM) is an excellent preclinical model in kidney, heart, and islet transplantation that has provided the

basis for new immunosuppressive protocols for clinical studies. However, there remain relatively few liver transplantation

(LT) models in nonhuman primates. In this study, we analyzed the immune cell populations of peripheral blood mononu-

clear cells (PBMCs) and secondary lymphoid organs along with livers of normal RMs and compared them with those of

rejected LT recipients following withdrawal of immunosuppression. We undertook 5 allogeneic ABO compatible orthotopic

LTs in monkeys using 5 normal donor monkey livers. We collected tissues including lymph nodes, spleens, blood, and recip-

ient livers, and we performed flow cytometric analysis using isolated immune cells. We found that CD4 or CD8 na€ıve T

cells were normally seen at low levels, and memory T cells were seen at high levels in the liver rather than lymphoid organs

or PBMC. However, regulatory cells such as CD41 forkhead box P31 T cells and CD81 CD28– cells remained in high

numbers in the liver, but not in the lymph nodes or PBMC. The comparison of CD4/8T subpopulations in normal and

rejected livers and the various tissues showed that na€ıve cells were dramatically decreased in the spleen, lymph node, and

PBMCs of rejected LT monkeys, but rather, the memory CD4/8T cells were increased in all tissues and PBMC. The nor-

mal liver has large numbers of CD4 regulatory T cells, CD81 CD28–, and myeloid-derived suppressor cells, which are

known immunosuppressive cells occurring at much higher levels than those seen in lymph node or peripheral blood. Memory

T cells are dramatically increased in rejected liver allografts of RMs compared with those seen in normal RM tissues.

Liver Transplantation 24 256–268 2018 AASLD.
Received March 28, 2017; accepted October 29, 2017.

Liver transplantation (LT) remains the gold standard treat-
ment for end-stage liver disease along with acute fulminant
hepatic liver failure and hepatocellular carcinoma.(1) The

liver is a unique anatomical and immunological organ with
the liver’s lymphocyte population selectively enriched in
natural killer (NK) cells and natural killer T cells (NKTs),
which play critical roles in the first lines of immune defense
against invading pathogens as well as modulation of liver
injury and recruitment of circulating lymphocytes.(2) These
unique features have underpinned early graft acceptance
rates following LT, which have seen a significant increase
not only because of the unique nature of the liver but also
due to the development and use of novel targeted immuno-
suppressive drug regimens. However, disappointingly the
rates of late graft failure still remain high and largely
unchanged over the last decade.(1) Clearly then, new thera-
peutic strategies should be developed and used to improve
the outcome of LT focusing on the use of the very unique
nonhuman primate (NHP)model.

Abbreviations: ACR, acute cellular rejection; APC, allophycocyanin;

Cy7, cyanine 7; DC, dendritic cell; ELISPOT, enzyme-linked

immunosorbent spot; FACS, fluorescence-activated cell sorting; FITC,

fluorescein isothiocyanate; FOXP3, forkhead box P3; H & E, hema-

toxylin-eosin; HLA, human leukocyte antigen; IFN, interferon; IHC,

immunohistochemistry; Lin, lineage; LT, liver transplantation; mAb,

mitochondrial antibody; mDC, myeloid or conventional dendritic cell;

MDSC, myeloid-derived suppressor cell; MHC, major histocompati-

bility complex; NHP, nonhuman primate; NK, natural killer; NKT,

natural killer T cell; PBMC, peripheral blood mononuclear cell; PBS,

phosphate-buffered saline; pDC, plasmacytoid dendritic cell; PE, phy-

coerythrin; PerCP, peridinin chlorophyll protein; POD, postoperative

day; RM, rhesus monkey; SSC, standard sodium citrate; Treg, regu-

latory T cell.
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Despite rodents offering some advantages for experi-
mental research, including ease of genetic manipulation
and a vast array of biological tools and resources, they still
do not provide a comprehensive model for all transplan-
tation research. The inbred nature of laboratory rodents
such as their short life span and the scarcity of murine
homologues to human pathogens restricts the successful
transfer of immunological discoveries made in murine
models to the clinical setting(3,4) which makes them less
ideal for this purpose than large animal models. How-
ever, NHPs share significant genetic homology as well as

anatomical, physiological, hematological, and immuno-
logical characteristics with humans, therefore offering a
unique opportunity to carry out mechanistic studies in a
species that more closely mimics human biology.(3) Rhe-
sus monkeys (RM; Macaca mulatta) and baboons have
been shown to be excellent organ transplantation models.
Specifically in regards to kidney, heart, and islet allotrans-
plantation and xenotransplantation, preclinical RM
models have provided the basis for new immunosuppres-
sive protocols for application to clinical studies.(5-9)

Many preclinical studies of kidney and
islet allotransplantation have provided effective guidelines
or developed broadly accepted therapeutic strategies,
which have then been moved into the clinic.(7,10) There
are also many reports of biomarkers and new drug appli-
cations especially in kidney transplantation that quite
readily could be tested in such preclinical models.(11-13)

However, there are relatively few LT models of
NHPs(14-17) that have been undertaken for such. This is
especially true when it comes to investigating immune
cell populations, which are important in monitoring the
immune status of the recipient following LT. In this
regard, it is therefore necessary to understand the back-
ground status of the immune cell populations in lym-
phoid organs, liver, and peripheral blood of normal RMs
to ensure that we have adequate knowledge to compare
them with our transplanted animals. Fortuitously, Mes-
saoudi et al. reviewed recent advances in NHP innate and
adaptive immune systems, specifically in the RM,(3) and
they suggested valuable diverse markers for the immune
cell population of RMs which we are able to use.

In order to establish the normal ranges of immune
cell populations of the liver, secondary lymphoid
organs, and peripheral blood, we analyzed the immune
cell populations of peripheral blood mononuclear cells
(PBMCs) and secondary lymphoid organs and the liv-
ers of normal RMs and then compared them with
those of rejected LT recipients following withdrawal of
immunosuppression. From this, we demonstrate that
the liver has rather unique immunological properties
compared with other organs and establish the basis for
undertaking further trials to establish novel immuno-
suppressive strategies targeted for LT.

Materials and Methods

EXPERIMENTAL ANIMALS

RMs (Macaca mulattas) were used for this study, and 1
donor was used for each recipient with all of them being
male (Table 1). Recipient and donor pairs were selected
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by blood typing and cross-match testing according to
our previous study.(18) We designed the allogeneic
ABO-compatible orthotopic LT model in the RM to
mimic that used in human LTs. The surgical procedures
were the same as those used for human deceased donor
LT but without venovenous bypass using standard cav-
aocaval anastamosis. Immunosuppression was based on
our clinical LT triple-immunosuppressive regimen with
a calcineurin inhibitor (tacrolimus, for 50 days with
1mg/bid; trough level, 5-10ng/mL), rapamycin (for 38
days with 0.5mg/kg; trough level, 3-8 ng/mL), and ste-
roids (for 28 days with 1mg/kg), but we did not use
basiliximab induction therapy.

All animals received the utmost humane standards of
care according to the criteria outlined in the Guide for
the Care and Use of Laboratory Animals prepared by the
National Academy of Sciences and published by the
National Institutes of Health. The experimental proto-
col was approved by the Institutional Animal Care and
Use Committee of Seoul National University Hospital.

COLLECTION OF IMMUNE CELLS
FROM THE LIVER, SPLEEN, AND
LYMPH NODES

For the normal animals, baseline samples collected were
spleen, lymph nodes, and blood samples at the time of
their liver donation. The native liver from the LT recip-
ient was also taken as a normal control. Briefly, all tis-
sues (lymph nodes, spleen, liver) were dissected and
placed in Roswell Park Memorial Institute 1640
medium and kept on ice until processed. For spleen and
lymph nodes lymphocyte purification, the tissues were
gently squashed through a 100-mm cell strainer (Tho-
mas Scientific, Swedesboro, NJ) and washed in
phosphate-buffered saline (PBS) supplemented with
0.2% heat-inactivated bovine serum. To isolate lympho-
cytes from the liver, it was dissected and incubated in
Roswell Park Memorial Institute 1640 medium with
200 U/mL collagenase (Sigma-Aldrich, St. Louis, MO)
and 30 U/mL DNase (Roche, Basel, Switzerland) for

1.5 hours at 37 8C under continuous shaking. Undi-
gested tissue was removed by centrifugation at 800 rpm
for 1 minute, and the fluid containing single cells was
collected, transferred into a new tube, and washed with
PBS supplemented with 0.2% human serum.(19)

PBMC ISOLATION AND
FLUORESCENCE-ACTIVATED
CELL SORTING

Freshly drawn ethylene diamine tetraacetic acid antico-
agulated blood samples were collected from healthy
RMs, and their PBMCs were isolated using Ficoll sep-
aration (Ficoll-PaqueTM PLUS, GE Health Sciences,
Uppsala, Sweden). To monitor immune cell popula-
tions, washed PBMCs were surface-stained with the
following antibodies:

1. Anti-CD45-BV510 was used for lymphocyte gating,
and anti-CD3-phycoerythrin (PE)–cyanine 7 (Cy7),
CD4–peridinin chlorophyll protein (PerCP), CD8–
allophycocyanin (APC)–H7, CD28-PE, CD95-
APC, CD20–fluorescein isothiocyanate (FITC), and
CD27-V450 (BD Bioscience, San Diego, CA) were
used to monitor T cells, memory T cells, and B cells.

2. Anti–lineage (Lin) 3-FITC and CD123-PE, human
leukocyte antigen (HLA)–DR-PE-Cy7 (BD Biosci-
ence), and CD11c-APC (e-bioscience, San Diego,
CA) were used for dendritic cell (DC) analysis.

3. Anti-CD56-FITC, CD3-V450, HLA-DR-PE-
Cy7, CD20-APC-Cy7, CD11b-PE, CD14-PerCP,
and CD33-APC (Milteny Biotech, Auburn, CA)
were used to monitor NK or NKT or monocyte.

For analysis of forkhead box P3 (FOXP3) expres-
sion (eBioscience, San Diego, CA), PBMCs were
used, and the staining protocol was essentially the
same as surface-staining with anti-CD4 and anti-
CD25, except for permeabilization, which was per-
formed using the kit provided with the antibody
according to the manufacturer’s instructions. Staining
patterns were visualized by flow cytometry

TABLE 1. Information of Recipient, Graft Survival, and Complications After Transplantation in RMs
Recipient Donor Group Outcome

Identification
Number

Weight,
kg

Blood
Group

Age,
Months

Identification
Number

Weight,
kg

Blood
Group

Age,
Months Treatment Survival Diagnosis

21-14 3.6 B 47 21-13 3.4 B 45 No IS POD 5 ACR
203 5.5 AB 67 205 4.58 B 62 No IS POD 6 ACR
1105 5.5 AB 36 1171 4.68 B 35 Conventional IS POD 52 Rejection
17RM29 6.2 AB 63 17RM28 5.8 B 63 Conventional IS POD 57 Ongoing
17RM27 5.4 B 56 17RM25 5 B 56 Conventional IS POD 22 Ongoing
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(fluorescence-activated cell sorting [FACS] Canto II
[HTS], BD Bioscience). Data analysis was performed
using FACSDiva software (BD Bioscience).

T AND B CELL SUBSET ANALYSES

To analyze T and B cell populations, we gated with
the CD451 population as an immune cell subset
and then divided it into CD3 and CD20, respec-
tively. Na€ıve and memory B cells were measured as
CD27– or CD271 among CD201 populations.
CD4T and CD8T cells were divided from the CD3
gated population (Fig. 1A). The CD41 and CD81

T cells from among the CD31 gated cells were
divided into CD28 and CD95; na€ıve or memory
phenotypes of CD4T or CD8T subpopulations were
measured by their expression of CD28 and CD95.
Na€ıve cells were defined as a CD281 CD95–
expressing subset, the effector memory cells were
defined as CD28–CD951, and central memory cells
were defined as CD281 CD951 (Fig. 2A).

INNATE CELL ANALYSIS

Innate cells such as NK, NKT, monocyte, myeloid-
derived suppressor cells (MDSCs), and DCs were

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

FIG. 1. Normal rhesus macaques have low levels of T and B cell populations in their livers compared with the spleen, lymph node, or
PBMC. To analyze T and B cell populations, we gated with the CD451 population as an immune cell subset and then divided it into
CD3 and CD20, respectively. Na€ıve or memory B cells were measured by CD27– or CD271 among CD201 populations. (A) CD4T
or CD8T cells were divided from the CD3 gated population. The CD31 T cell population seen in rhesus macaque livers was signifi-
cantly lower when compared with their spleen, lymph node, or PBMC (43.0%6 8.0%, P< 0.01; 48.2%6 5.5%, P< 0.01; and 61.4%6
7.0%, P< 0.001). Most of the CD31 T cells in the liver were CD81 T cells (73.9%6 9.2%), and CD41 T cells were at low levels of
12.66 8.2. CD41 T cells in the liver was lower than the spleen, lymph node, and PBMC (each P< 0.01, 0.001, 0.001). Most B cells
in their spleens were of the na€ıve phenotypes (91.9%6 1.1%) rather than memory phenotypes (8.1%6 1.1%). (B) There were no signifi-
cant differences of B cell subtypes seen between the liver, lymph node, or PBMC (*P< 0.05; **P< 0.01; ***P< 0.001).

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
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analyzed in accordance with previous studies.(3,20)

NK and NKT cells were identified as CD3–
CD561 or CD31 CD561 cells from the CD45
gated cells (Fig. 3A). MDSCs were identified as
CD11b1 CD331 cells from among the CD3–
CD56– CD20– HLA-DR– population. Monocytes
were identified as CD141 cells from among the
CD20– HLA-DR1 populations. DCs were identi-
fied as Lin mitochondrial antibody (mAb) cocktail

(anti-CD3, 214, 219, 220) negative, and HLA-
DR1 populations and were divided into 2 distinct
populations:

1. Myeloid or conventional dendritic cells (mDCs),
which were identified as CD11cpos

CD123dim.(3,14)

2. Plasmacytoid dendritic cells (pDCs), which were
identified as CD11cneg CD123brigt like human
DCs subsets.(3,14)

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

FIG. 2. Normal rhesus macaque CD4 or CD8T subpopulations in the liver, spleen, lymph node, and PBMCs. Na€ıve and memory
phenotypes of CD4T or CD8T subpopulations were measured by CD28 and CD95, and the CD41 and CD81 cells were divided
into CD28 and CD95. (A) Na€ıve cells were defined as CD281 CD95–, effector memory cells were defined as CD28– CD951, and
central memory cells were defined as CD281 CD951. Most CD4T or CD8T cells in the liver existed as memory phenotypes such
as effector memory T cells (28.7%6 14.2% or 48.0%6 12.9%) or central memory T cells (47.4%6 14.4% or 50.0%6 13.8%), and
na€ıve CD4T or CD8T cells were significantly minor populations (13.9%6 8.7% and 1.5%6 1.4%, respectively) compared with other
secondary lymphoid organs and PBMC. (B) However, lymph nodes have abundant na€ıve CD4T and CD8T cells (60.5%6 13.2% or
62.2%6 7.6%) with small numbers of CD4T or CD8T effector memory cells (2.1%6 2.3% or 5.7%6 1.6%) compared with the liver
and others tissues (*P< 0.05; **P< 0.01; ***P< 0.001).

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
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REGULATORY T CELL ANALYSIS

Haanstra et al. showed that the CD41 CD25high cells
of RM have similar phenotypic and functional charac-
teristics to those of the natural regulatory T cells
(Tregs) in humans.(21,22) CD4 Tregs were identified as
FOXP31 populations from among the CD41

CD25high population. CD8 Tregs were identified as
CD81 CD28– T cells from among the CD451 gated
cells.(23,24)

ENZYME-LINKED
IMMUNOSORBENT SPOT
ANALYSIS

The numbers of donor-reactive interferon (IFN) c–
secreting cells were measured by enzyme-linked immu-
nosorbent spot (ELISPOT). The 96-well filtration
plates (Merck Millipore, Darmstadt, Germany) were
coated overnight with purified anti-rhesus IFNc anti-
bodies (MT126L, Mabtech, Nacka Strand, Sweden) at

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

FIG. 3. Normal rhesus macaque innate cell populations in the liver, spleen, lymph node, and PBMC. NK or NKT cells were identi-
fied as CD3– CD561 or CD31 CD561 cells from CD45 gated cells. MDSC were identified as CD11b1 CD331 cells from the
CD3– CD56– CD20– HLA-DR– cells. Monocytes were identified as CD141 cells from CD201 HLA–DR1 populations. (A)
DCs were identified as Lin mAb cocktail (anti-CD3, 214, 219, 220) negative and HLA-DR positive populations and were divided
into 2 distinct populations:

1. mDC, which were identified as CD11cposCD123dim.
2. pDCs, which were identified as CD11c(2) CD123 high the same way as human DCs subset.

NK and NKT cells were seen at significantly higher levels in the liver (4.9%6 3.6% and 4.8%6 3.4%) compared with other lymphoid
organs and PBMC. MDSCs were also seen at high levels in the liver (2.7%6 0.9%) when compared with lymph node or PBMC and
they both had few MDSCs, which were seen at <0.02%. (B) Monocytes were abundant in the liver (8.2%6 3.6%) compared with
the spleen (0.9%6 0.6%) or lymph node (0.1%6 0.1%) or PBMC (2.9%6 2.7%; *P< 0.05; **P< 0.01; ***P< 0.001).

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
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4 8C. Blocking was performed with 1% bovine serum
albumin in PBS for 1 hour at room temperature, after
which plates were washed with washing buffer (0.05%
Tween-20 in PBS). Splenocytes (13 106 cells/well)
were cultured with 25Gy-irradiated donor blood mono-
nuclear cells for 48 hours at 37 8C in a CO2 incubator.
Biotinylated anti-rhesus IFNc antibody (mAB7-B6-1,
Mabtech, Nacka Strand, Sweden) was then added, fol-
lowed by incubation for 1 hour at room temperature.
After washing, streptavidin-horseradish peroxide was
added, followed by incubation for 1 hour at room tem-
perature. After washing, 100lL 3-amino-9-
ethylcarbazole substrate (BD Bioscience) was added to
each well, and the reactions were allowed to proceed for
5 minutes. The ELISPOT plates were analyzed using
an ImmunoSpotTM 3B instrument (CellularTechnolo-
gies, Cleveland, OH).

IMMUNOHISTOCHEMISTRY
ANALYSIS

The liver graft was collected at the study end point from
the recipient at the time of graft rejection. Multiple con-
secutive cross-sectional pieces were obtained from the
graft to evaluate morphological changes and immune
cell infiltration. These multiple liver pieces were fixed in
10% buffered formalin, and 5-mm sections were cut
from the paraffin-embedded tissue for hematoxylin-
eosin (H & E) and IHC. For immunohistochemistry
(IHC), antigen retrieval was performed using pressure
cooking at 1258C for 60 seconds and then at 908C for
10 seconds. The slides were incubated for 30 minutes
with the primary antibody—polyclonal anti-human
CD4, Santa Cruze or anti-human CD8, Abcam or anti-
human neutrophil elastase (Abcam, Cambridge, UK)—
which were diluted 1:50, 1:200, or 1:500, respectively.
After washing with a wash buffer (310) containing tris
(hydroxymethyl) aminomethane (Tris)/hydrochloric acid
and sodium chloride (catalog number S3006, Dako,
Glostrup, Denmark) and peroxidase blocking, the tissue
was incubated with an Envision1 System–labeled poly-
mer/horseradish peroxidase anti-rabbit antibody (catalog
number SH25-500D, Dako).(25)

STATISTICAL ANALYSIS

Statistical analysis was performed with Prism 6 for
Windows (GraphPad, San Diego, CA). Data are
shown as mean6 standard error of the mean and sig-
nificance of differences was analyzed using a 1-way
analysis of variance and Tukey’s correction.

Results
Five RMs weighing a mean of 5.26 1.0 kg received LTs
from 5 donor animals weighing a mean of 4.76 0.9 kg.
All 5 transplants were successful with immediate graft
function as seen by liver function tests. Of the 5 LTs, 2
were performed without the use of immunosuppression
and 3 cases with conventional immunosuppression which
included tacrolimus, rapamycin, mycophenolate mofetil,
and steroids. The 2 control animals that had no immuno-
suppression lost their liver grafts from rejection on day 5
and 6 after transplantation. The 3 animals that received
conventional immunosuppression showed no features of
rejection and also had normal liver function tests. How-
ever, liver function test and C-reactive protein levels
increased following withdrawal of immunosuppression
on postoperative day (POD) 50 and immediately signs of
rejection were seen from POD 51 onward until the graft
was removed at completion of the experiment within sev-
eral days, and the others still have normal liver functions
with immunosuppression (data not shown).

NORMAL RHESUS MACAQUES
HAVE LOW LEVELS OF T AND B
CELL POPULATIONS IN THEIR
LIVER COMPARED WITH THE
SPLEEN, LYMPH NODE, OR PBMC

In the normal nontransplanted rhesus macaque livers, the
CD31 T cell population was significantly lower
(20.81%6 10.54%) than those in the spleen, lymph node,
or PBMC (43.0%6 8.0%, P< 0.01; 48.2%6 5.5%,
P< 0.01; and 61.4%6 7.0%, P< 0.001). The majority of
the liver CD31 T cells were CD81 T cells (73.9%6

9.2%) with CD41 T cells seen at the level of 12.6%6

8.2%. Interestingly, the CD41 T cell population of the
liver was significantly lower than those seen in the spleen
(P< 0.01), lymph node (P< 0.001), and PBMC
(P< 0.001).On further analysis, we found thatmost B cells
from their spleens were of na€ıve phenotypes (91.9%6

1.1%) rather than memory phenotypes (8.1%6 1.1%).
However, there were no differences seen in the B cell sub-
types of their livers, lymph nodes, and PBMCs (Fig. 1B).

NORMAL RHESUS MACAQUE CD4
OR CD8T SUBPOPULATIONS IN
THE LIVER, SPLEEN, LYMPH
NODE, AND PBMCS

Most CD4 or CD8T cells present in the normal liver were
effector memory T cells (28.7%6 14.2% or
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48.0%6 12.9%) or central memory T cells (47.4%6

14.4% or 50.0%6 13.8%), and the percentages of na€ıve
CD4T and CD8T cells were significantly lower (13.9%6

8.7% and 1.5%6 1.4%, respectively) than those in the sec-
ondary lymphoid organs or PBMCs. Compared with
normal livers, the normal RM spleens had a significantly
higher percentage ofCD4T centralmemory cells (63.0%6

8.0%), but the CD4T effector memory cells were seen at
low levels (3.2%6 1.7%), which were in similar percen-
tages as seen in the lymph node and PBMCs. Their lymph
nodes had abundant na€ıve CD4TorCD8T cells (60.5%6

13.2% or 62.2%6 7.6%) and small proportions of CD4T
or CD8T effector memory cells (2.1%6 2.3% or 5.7%6

1.6%). Their PBMCs had a higher number of na€ıve
CD4T cells (55.3%6 14.6%), but their CD4T effector
memory cells were present at significantly lower levels
(2.1%6 2.3%) than those in the liver (P< 0.01; Fig. 2B).

NORMAL RHESUS MACAQUE
INNATE CELL POPULATIONS IN
THE LIVER, SPLEEN, LYMPH
NODE, AND PBMC

The percentages of NK and NKT cells were signifi-
cantly higher in the liver (4.9%6 3.6% and

4.8%6 3.4%, respectively) than those in other lym-
phoid organs or PBMC. MDSCs were seen at higher
levels in the liver (2.7%6 0.9%) than in the lymph
node or PBMC, which both had extremely low levels
of MDSCs< 0.02%. Monocytes were abundant in the
liver (8.2%6 3.6%) when compared with the spleen
(0.9%6 0.6%), lymph node (0.1%6 0.1%), or PBMC
(2.9%6 2.7%). Interestingly, DCs were a very minor
population with a proportion of <1% in the liver,
spleen, lymph node, and PBMC, and there were no
significant differences among these tissues (Fig. 3B).

NORMAL RHESUS MACAQUE
REGULATORY CELL
POPULATIONS OF THE LIVER,
SPLEEN, LYMPH NODE, AND
PBMC

FOXP31 CD4 Tregs were seen at higher levels in the
liver (0.46 0.3) compared with the lymph node
(0.16 0.0; Fig. 4). CD81 CD28– Tregs were also
abundantly found in the liver (35.06 6.4) compared
with the spleen (20.06 6.5), lymph node (4.26 0.8),
or PBMC (12.36 6.0). CD81 CD281 T cells in the
liver were seen at higher levels than those in the spleen

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

FIG. 4. Normal rhesus macaque regulatory cell populations of the liver, spleen, lymph node, and PBMC. CD4 Tregs were identified
as FOXP31 populations from among the CD41 CD25high cell population. (A) The CD8 Tregs were identified as CD81CD28– T
cells from the CD451 gated cells. FOXP31 CD4 Tregs were seen at significant numbers in the liver (0.4%6 0.3%) when compared
with the lymph node (0.1%6 0.0%). (B) CD81 CD28– Tregs were also abundant in the liver (35.0%6 6.4%) when compared with
the spleen (20.0%6 6.5%), lymph node (4.2%6 0.8%), and PBMC (12.3%6 6.0%; *P< 0.05; **P< 0.01; ***P< 0.001).
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or PBMC, but they were seen at the same level with
no significant difference between the liver and lymph
node. However, the ratio of CD81 CD28– versus
CD81 CD281 T cells was higher in the liver
(1.46 0.5) than in the lymph node (0.26 0.0).

THE CD4/8T SUBPOPULATION IN
RECIPIENTS AFTER LIVER TPL
REJECTION

Distinct features of rejection became apparent in the
recipient as soon as immunosuppression was with-
drawn on POD 50 (data not shown). The changes of

the recipient immune cell subsets were estimated in
comparison to those of the normal monkeys. The
percentages of na€ıve CD4T cells from the rejected
LT recipients were dramatically decreased in the
liver (0.3%), spleen (3.6%), lymph node (14.7%),
and PBMC (20.6%) compared with those in the
controls (25.7%, 32.7%, 61.9%, and 38.5% respec-
tively). The percentages of na€ıve CD8T cells from
the rejected LT recipients were also dramatically
decreased in the liver (0.0%), spleen (0.8%), lymph
node (4.9%), and PBMC (0.5%) compared with
those in the controls (3.3%, 16.1%, 66.1%, and 9.1%
respectively). Of specific importance is the fact that
the numbers of both effector and central memory
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FIG. 5. The CD4/8T subpopulation in recipients after liver TPL rejection. Na€ıve CD4T or CD8T cells of the rejected recipient
were seen at dramatically decreased levels in the liver, spleen, lymph node, and PBMC when compared with the controls where there
was no rejection seen. (A) Also both effector and central memory CD4T or CD8T cells were increased in all tissues and also the
PBMC. There were no other differences seen in other subpopulations from the rejected recipient. The frequencies of IFNc-secreting
cells in the spleens from LT recipients with immunosuppression were measured upon stimulation with irradiated donor mononuclear
cells by ELISPOT analysis. (B) Even without any sign of rejection, the frequency of alloreactive IFNc-secreting cells gradually
increased with time after LT, suggesting the accumulation of donor-reactive T cells in the immune system.
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CD4T and CD8T cells were increased in all tissues
and PBMC (Fig. 5A). There were no differences in
other subpopulations in tissues and blood from
rejected LT recipients.

The frequencies of IFNc-secreting cells in the
spleens from LT recipients with immunosuppression
were measured upon stimulation with irradiated donor
mononuclear cells by ELISPOT analysis. Even with-
out any sign of rejection, the frequency of alloreactive
IFNc-secreting cells gradually increased with time fol-
lowing LT, suggesting the accumulation of donor-
reactive T cells in the immune system (Fig. 5B). After
withdrawal of immunosuppression, the frequency of
splenic alloreactive IFNc-secreting cells dramatically
dropped presumably due to the recruitment of donor-
reactive T cells into the liver.

CD8T CELLS DOMINANTLY
INFILTRATE INTO THE
REJECTED LIVER GRAFT

Following withdrawal of all immunosuppressive treat-
ment by POD 52, grafts demonstrated marked lym-
phoplasma cell infiltration in the portoperiportal area
of the liver with some but not all bile ducts revealing
infiltration by lymphocytes. However, at this time
point, degenerative changes of cholangiocytes and loss
of bile ducts were not present. Most of the central vein
and portal venules revealed severe endothelialitis with
edematous change to the vascular walls. Sinusoidal
spaces were mildly dilatated with some neutrophilic
aggregates. Most of the infiltrating lymphocytes were
identified as CD81 T cells (Fig. 6). The histological
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FIG. 6. CD8T cells dominantly infiltrate into the rejected liver graft. This figure shows the histology from a rejected liver graft from
POD 52. The graft shows marked lymphoplasma cell infiltration in the portoperiportal area, and some bile ducts revealed infiltration
of lymphocytes. Most of the central vein and portal venules revealed severe endothelialitis with edematous change of vascular wall.
Most of the infiltrative lymphocytes were CD81 T cells. Histological findings suggest severe acute cellular rejection.
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findings were consistent with severe acute cellular
rejection.

Discussion
LT has rather unique advantages over other solid organ
transplants because it can be spontaneously accepted
even indefinitely in some species such as murine mod-
els. They have even been shown to be able to be trans-
planted across major histocompatibility complex
(MHC) incompatible barriers as seen in some porcine
transplant studies.(26-29) In addition, LTs have also
been shown to be able to induce donor-specific toler-
ance in otherwise immune-competent recipients.(28,29)

Racanelli and Rehermann undertook a review on the
liver and showed that it is truly a unique anatomical
and immunological site,(2) and these unique features
may provide LT with appropriate cell populations that
can potentially provide tolerizing properties to other
conjointly transplanted organs. Although these
remarkable properties were described many years ago,
the specific mechanisms responsible for the ‘‘liver toler-
izing effect’’ remain obscure.(30) As such, to understand
these mechanisms would provide a major breakthrough
in transplantation immunology because it could be
beneficially applied to prevent rejection of the liver and
other solid organ transplants in humans. The NHP
LT model is therefore a valuable tool to be able to pro-
vide such unknown information and to be able to pro-
vide a better understanding of the mechanisms of
tolerance and therefore provide a means to use this to
for a novel therapeutic approach. To gain a better
understanding of the immune response in LT, we
clearly need to understand and define the immune cell
properties of normal monkeys. This study is a land-
mark paper that for the first time defines the diverse
immune cell subsets that are seen in the normal tissues
of RM. More importantly, it clarifies which cells form
the basis of those cells involved in rejection and poten-
tially for developing tolerance in LT.

The basic concepts of graft tolerization are thought
to be based on induction of Tregs following transplan-
tation with FOXP31 Tregs found in operationally tol-
erant patients after LT.(20,31) Ciubotariu et al.
suggested that human regulatory CD81CD28– T-
suppressor cells exhibit suppressive functions and
inhibit T-helper cell activation and proliferation by
allogeneic cells.(32,33) In our study, we found that regu-
latory CD4T cells or CD8T cells preferentially resided
in the liver rather than in any other tissues including

the spleen, lymph node, or PBMC. Interestingly,
MDSCs which are known as suppressive regulators of
the immune responses,(34) also resided in high num-
bers in the liver when compared with the spleen,
lymph node, and PBMC.

Because of the multifactorial and rather complex
processes involved, it is still unclear how na€ıve, effec-
tor, and memory T cells interact to induce allograft
rejection. It has been suggested that the trafficking
pathways of these T cell subsets are different and that
this affects their respective behavior during transplan-
tation. Na€ıve T cells, which lack adhesion molecules
and chemokine receptors required to enter peripheral
tissues,(26,35) are precluded from recognizing donor
peptide/MHC complexes expressed by the allograft.
Instead, na€ıve T cells recirculate via blood and lymph
through the secondary lymphoid organs, and it is here
where they encounter donor antigens presented by
DCs.(36) In our results, we have shown that lymph
nodes and peripheral blood have high levels of both
CD4 or CD8T cells in the form of na€ıve cells but the
liver has large numbers of memory cells with relatively
few na€ıve cells. Clearly, this difference in cell popula-
tions and the process of na€ıve cell presentation are of
great importance to the better understanding of how
the liver can force tolerization processes to occur when
transplanted.

Additionally, several studies have shown that the
presence of alloreactive memory T cells are a major bar-
rier to the induction of tolerance in kidney or
islet allografts(37-39) and tried to suppress alloreactive
memory T cells. Koyama et al. showed that they could
increase central memory CD8T cells in recipients fol-
lowing appropriate conditioning. This conditioning
consisted of depletion of the various T cell subsets by
low-dose total body irradiation, thymic irradiation,
antithymocyte globulin, and anti-CD154 antibody fol-
lowed by a brief course of a calcineurin inhibitor. They
more effectively achieved cellular depletion by the addi-
tion of treatment with humanized anti-CD8 monoclo-
nal antibody (cMT807), and these recipients
successfully achieved mixed chimerism and tolerance.(38)

Oura et al. also showed that effector memory CD4T
cells were increased in their induction treatment group,
which was treated with anti-CD40 antibody for 2
weeks, but there was no increase of memory cells when
they compared them with their longterm treatment
group which was treated with anti-CD40 antibody for 6
months following LT on cynomolgus monkeys.(17)

Consistent with these findings, we also found that
effector memory CD4T or CD8T cells were increased
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in peripheral blood secondary lymphoid organs as well
as the liver, but na€ıve cells were decreased in the LT
recipients after rejection.

In summary, we have shown that the normal liver
has large numbers of C4 Tregs or CD81 CD28– or
MDSC, which are known immune suppressive cells
that favor the liver as an organ uniquely capable of pro-
viding an environment to encourage tolerance far more
than secondary lymphoid organs or peripheral blood.
As such, tolerance regimens can be developed in this
rather unique RM LT model and then potentially
directly applied to clinical therapy.

Acknowledgments: We thank Hyun-Il Son and Woo-
Tae Park for providing daily animal care to the high-
est ethical standards. We also want to thank Min-
Young Park for providing great assistance in this
study. This study was supported by a grant from
Ministry of Health and Welfare, Republic of Korea
(HI15C2939).

REFERENCES

1) Natarajan S, Thomson AW. Tolerogenic dendritic cells and

myeloid-derived suppressor cells: potential for regulation and

therapy of liver auto- and alloimmunity. Immunobiology 2010;

215:698-703.

2) Racanelli V, Rehermann B. The liver as an immunological organ.

Hepatology 2006;43:S54-S62.

3) Messaoudi I, Estep R, Robinson B, Wong SW. Nonhuman pri-

mate models of human immunology. Antioxid Redox Signal

2011;14:261-273.

4) Hein WR, Griebel PJ. A road less travelled: large animal models

in immunological research. Nat Rev Immunol 2003;3:79-84.

5) Stewart JM, Tarantal AF, Hawthorne WJ, Salvaris EJ,

O’Connell PJ, Nottle MB, et al. Rhesus monkeys and baboons

develop clotting factor VIII inhibitors in response to porcine

endothelial cells or islets. Xenotransplantation 2014;21:341-352.

6) Yamada Y, Ochiai T, Boskovic S, Nadazdin O, Oura T,

Schoenfeld D. et al. Use of CTLA4Ig for induction of mixed

chimerism and renal allograft tolerance in nonhuman primates.

Am J Transplant 2014;14:2704-2712.

7) Lo DJ, Anderson DJ, Weaver TA, Leopardi F, Song M, Farris

AB, et al. Belatacept and sirolimus prolong nonhuman primate

renal allograft survival without a requirement for memory T cell

depletion. Am J Transplant 2013;13:320-328.

8) Mohiuddin MM, Singh AK, Corcoran PC, Thomas ML 3rd,

Clark T, Lewis BG, et al. Chimeric 2C10R4 anti-CD40 anti-

body therapy is critical for long-term survival of

GTKO.hCD46.hTBM pig-to-primate cardiac xenograft. Nat

Commun 2016;7:11138.

9) Hawthorne WJ, Salvaris EJ, Phillips P, Hawkes J, Liuwantara D,

Burns H, et al. Control of IBMIR in neonatal porcine islet xeno-

transplantation in baboons. Am J Transplant 2014;14:1300-1309.

10) Pilat N, Klaus C, Schwarz C, Hock K, Oberhuber R, Schwaiger

E, et al. Rapamycin and CTLA4Ig synergize to induce stable

mixed chimerism without the need for CD40 blockade. Am J

Transplant 2015;15:1568-1579.

11) Dun H, Song L, Ma A, Hu Y, Zeng L, Bai J, et al. ASP0028

in combination with suboptimal-dose of tacrolimus in Cynomol-

gus monkey renal transplantation model. Transpl Immunol 2017;

40:57-65.

12) Ezzelarab MB, Raich-Regue D, Lu L, Zahorchak AF, Perez-

Gutierrez A, Humar A, et al. Renal allograft survival in nonhu-

man primates infused with donor antigen-pulsed autologous reg-

ulatory dendritic cells. Am J Transplant 2017;17:1476-1489.

13) Hotta K, Aoyama A, Oura T, Yamada Y, Tonsho M, Huh KH,

et al. Induced regulatory T cells in allograft tolerance via tran-

sient mixed chimerism. JCI Insight 2016;1:e86419.

14) Oura T, Yamashita K, Suzuki T, Watanabe M, Hirokata G,

Wakayama K, et al. A technique for orthotopic liver transplanta-

tion in cynomolgus monkeys. Transplantation 2014;98:e58-60.

15) Calne RY, Davis DR, Pena JR, Balner H, de Vries M,

Herbertson BM, et al. Hepatic allografts and xenografts in pri-

mates. Lancet 1970;1:103-106.

16) Neuhaus P, Neuhaus R, Pichlmayr R, Vonnahme F. An alterna-

tive technique of biliary reconstruction after liver transplantation.

Res Exp Med (Berl) 1982;180:239-245.

17) Oura T, Yamashita K, Suzuki T, Fukumori D, Watanabe M,

Hirokata G, et al. Long-term hepatic allograft acceptance based

on CD40 blockade by ASKP1240 in nonhuman primates. Am J

Transplant 2012;12:1740-1754.

18) Kim H, Chee HK, Yang J, Hwang S, Han KH, Kang J, et al.

Outcomes of alpha 1,3-GT-knockout porcine heart transplants

into a preclinical nonhuman primate model. Transplant Proc

2013;45:3085-3091.

19) Valentin A, McKinnon K, Li J, Rosati M, Kulkarni V,

Pilkington GR, et al. Comparative analysis of SIV-specific cellu-

lar immune responses induced by different vaccine platforms in

rhesus macaques. Clin Immunol 2014;155:91-107.

20) Tokita D, Mazariegos GV, Zahorchak AF, Chien N, Abe M,

Raimondi G, Thomson AW. High PD-L1/CD86 ratio on plas-

macytoid dendritic cells correlates with elevated T-regulatory cells

in liver transplant tolerance. Transplantation 2008;85:369-377.

21) Haanstra KG, van der Maas MJ, ’t Hart BA, Jonker M. Charac-

terization of naturally occurring CD41CD251 regulatory T cells

in rhesus monkeys. Transplantation 2008;85:1185-1192.

22) Magalhaes I, Vudattu NK, Ahmed RK, K€uhlmann-Berenzon S,

Ngo Y, Sizemore DR, et al. High content cellular immune pro-

filing reveals differences between rhesus monkeys and men.

Immunology 2010;131:128-140.

23) Lo DJ, Anderson DJ, Song M, Leopardi F, Farris AB, Strobert

E, et al. A pilot trial targeting the ICOS-ICOS-L pathway in

nonhuman primate kidney transplantation. Am J Transplant

2015;15:984-992.

24) Shin JS, Kim JM, Kim JS, Min BH, Kim YH, Kim HJ, et al.

Long-term control of diabetes in immunosuppressed nonhuman

primates (NHP) by the transplantation of adult porcine islets.

Am J Transplant 2015;15:2837-2850.

25) Kozlowski T, Andreoni K, Schmitz J, Hayashi PH, Nickeleit V.

Sinusoidal C4d deposits in liver allografts indicate an antibody-

mediated response: diagnostic considerations in the evaluation of

liver allografts. Liver Transpl 2012;18:641-658.

26) Benseler V, McCaughan GW, Schlitt HJ, Bishop GA, Bowen

DG, Bertolino P. The liver: A special case in transplantation tol-

erance. Semin Liver Dis 2007;27:194-213.

27) Calne RY, Sells RA, Pena JR, Davis DR, Millard PR,

Herbertson BM, et al. Induction of immunological tolerance by

porcine liver allografts. Nature 1969;223:472-476.

28) Kamada N. The immunology of experimental liver transplanta-

tion in the rat. Immunology 1985;55:369-389.

LIVER TRANSPLANTATION, Vol. 24, No. 2, 2018 KIM ET AL.

ORIGINAL ARTICLE | 267



29) Qian S, Demetris AJ, Murase N, Rao AS, Fung JJ, Starzl TE.

Murine liver allograft transplantation: tolerance and donor cell

chimerism. Hepatology 1994;19:916-924.

30) Crispe IN, Giannandrea M, Klein I, John B, Sampson B,

Wuensch S. Cellular and molecular mechanisms of liver toler-

ance. Immunol Rev 2006;213:101-118.

31) Koshiba T, Li Y, Takemura M, Wu Y, Sakaguchi S, Minato N,

et al. Clinical, immunological, and pathological aspects of opera-

tional tolerance after pediatric living-donor liver transplantation.

Transpl Immunol 2007;17:94-97.

32) Lin YX,Wang LL, Yan LN, Cai P, Li B, Wen TF, Zeng Y. Analysis

of CD81CD28- T-suppressor cells in living donor liver transplant

recipients. Hepatobiliary Pancreat Dis Int 2009;8:241-246.

33) Ciubotariu R, Vasilescu R, Ho E, Cinti P, Cancedda C, Poli L,

et al. Detection of T suppressor cells in patients with organ

allografts. Hum Immunol 2001;62:15-20.

34) Ochando J, Conde P, Bronte V. Monocyte-derived suppressor

cells in transplantation. Curr Transplant Rep 2015;2:176-183.

35) Mackay CR, Marston WL, Dudler L. Naive and memory T-

cells show distinct pathways of lymphocyte recirculation. J Exp

Med 1990;171:801-817.

36) Mempel TR, Henrickson SE, Von Andrian UH. T-cell priming

by dendritic cells in lymph nodes occurs in three distinct phases.

Nature 2004;427:154-159.

37) Yamada Y, Boskovic S, Aoyama A, Murakami T, Putheti P,

Smith RN, et al. Overcoming memory T-cell responses for

induction of delayed tolerance in nonhuman primates. Am J

Transplant 2012;12:330-340.

38) Koyama I, Nadazdin O, Boskovic S, Ochiai T, Smith RN, Sykes

M, et al. Depletion of CD8 memory T cells for induction of tol-

erance of a previously transplanted kidney allograft. Am J Trans-

plant 2007;7:1055-1061.

39) Marino J, Paster JT, Trowell A, Maxwell L, Briggs KH, Crosby

Bertorini P, Benichou G. B cell depletion with an anti-CD20

antibody enhances alloreactive memory T cell responses after

transplantation. Am J Transplant 2016;16:672-678.

KIM ET AL. LIVER TRANSPLANTATION, February 2018

268 | ORIGINAL ARTICLE


