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Introduction

Summary

Deep characterization of the frequencies, phenotypes and functionalities
of liver and peripheral blood natural killer (NK), natural killer T (NKT)
and T cells from healthy individuals is an essential step to further inter-
pret changes in liver diseases. These data indicate that CCR7, a chemokine
essential for cell migration through lymphoid organs, is almost absent in
liver NK and T cells. CD56""8" NK cells, which represent half of liver NK
cells, showed lower expression of the inhibitory molecule NKG2A and an
increased frequency of the activation marker NKp44. By contrast, a
decrease of CD16 expression with a potential decreased capacity to per-
form antibody-dependent cellular cytotoxicity was the main difference
between liver and peripheral blood CD56%™ NK cells. Liver T cells with
an effector memory or terminally differentiated phenotype showed an
increased frequency of MAIT cells,T-cell receptor-yd (TCR-yd) T cells and
TCR-af CD8" cells, with few naive T cells. Most liver NK and T cells
expressed the homing markers CD161 and CD244. Liver T cells revealed a
unique expression pattern of killer cell immunoglobulin-like receptors
(KIR) receptors, with increased degranulation ability and higher secretion
of interferon-y. Hence, the liver possesses a large amount of memory and
terminally differentiated CD8" cells with a unique expression pattern of
KIR activating receptors that have a potent functional capacity as well as
a reduced amount of CCR7, which are unable to migrate to regional
lymph nodes. These results are consistent with previous studies showing
that liver T (and also NK) cells likely remain and die in the liver.

Keywords: liver; natural killer; natural killer T and T cells.

cells that include liver sinusoidal endothelial cells, Kupffer
cells, hepatic stellate cells and dendritic cells, which interact

The immune response to pathogens, alloantigens and
tumours is mainly investigated in peripheral blood (PB).
There is limited information concerning the identification
and physiological mechanism of immunological participat-
ing factors in peripheral tissues and organs. The liver-specific
immune response depends on an array of non-parenchymal

with liver-associated lymphocytes.' Previous studies have
attempted to characterize the phenotype of non-parenchymal
liver cells isolated after enzymatic digestion of liver frag-
ments,” and several studies’ > have analysed the phenotypic
and functional characteristics of human-liver mononuclear
cells (LMCs). However, extended phenotypic and functional

Abbreviations: ADCC, antibody-dependent cellular cytotoxicity; APC, allophycocyanin; FITC, fluorescein isothiocyanate;

IFN-y, interferon-y; KIR, killer cell immunoglobulin-like receptors; LMCs, human liver mononuclear cells; NK, natural killer
cells; PB, peripheral blood; PBMC, peripheral blood mononuclear cells; PE, phycoerythrin; PerCP, peridinin chlorophyll protein;
Tcwms central memory T cells; Tk, effector T cells; Tgyy, effector memory T cells; Ty, transitional memory T cells; TCR-y6, T-cell
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studies may be restricted by the limited amount of cells
available from tissues or organs of patients who under-
went surgery for an underlying disease or during liver
transplantation. Recently, LMCs were isolated during the
perfusion of the living donor liver lobe before transplanta-
tion or through perfusion of livers from deceased
donors.*” The advantage of these approaches is that they
avoid tissue destruction and do not require enzymatic
treatment. Previous studies”® have demonstrated that liver
natural killer (NK) cells, CD3" CD56" and CD3" CD56~ T
cells, differ in their phenotypes with peripheral blood
mononuclear cells (PBMCs) but are immersed in a tolero-
genic microenvironment.” NK cells are innate immune
cells that are specialized to eliminate virus-infected cells.
These cells can be divided into functionally distinct
subsets based on their level of CD56 surface expression
as primarily cytotoxic CD56"™ NK cells and more
immunoregulatory cytokine-producing CD56°8" NK
cells. The functions of both NK cell groups are modulated
through inhibitory and activating signals from distinct
classes of receptors. Inhibitory receptors include the poly-
morphic system, killer cell immunoglobulin-like receptors
(KIR)' and members of the C-type lectin-like receptor
CD94/NKG2A family, which recognize HLA-E."" Activat-
ing receptors include natural cytotoxicity receptors
(NKp30, NKp44 and NKp46), NKG2C expressed as a
dimer with CD94, signalling lymphocyte activation mole-
cule family receptors,'? lectin-like receptor NKG2D and
FcyRIIIa receptor (CD16), which mediates antibody-
dependent cytotoxicity.”” KIR expression on NK cells is
largely random and determined based on the KIR gene
contents, polymorphisms and stochastic epigenetic regu-
lation at the promoter level.'*' The interactions between
KIRs and HLA ligands ensure the maintenance of self-
tolerance. Expression of inhibitory receptors is genetically
determined, and in the absence of infection, inflammation
and other diseases, NK cells primarily receive inhibitory
signals. Alternatively, NK cell activation increases the
expression of activating receptors,' enabling NK cells to
reach a more responsive state in the context of infection
and inflammation.

At least for some KIRs, the expression frequencies at
the cell surface level are higher in individuals with two
copies of the respective KIR gene compared with those
with only one copy, suggesting a gene-dose effect.'®'”

These receptors modulate NK cell function for the
rapid targeting and destruction of virus-infected cells
without the need for previous sensitization, making them
an important first line of defence against viral pathogens.

Liver CD3" cells are characterized by a high frequency
of CD8" cells and a subset of NKT cells that are repre-
sented by their expression of CD3 and CD56.>” CD8" T
cells can exist in at least three states of reactivity: naive
CD8" T cells with low reactivity, activated (effector)
CD8" T cells with high reactivity and memory CD8" T
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cells with intermediate reactivity. The overall memory
CD8" T-cell compartment is represented by central and
memory subsets, which can be recognized based on their
phenotype and function.'®'” However, the state of activa-
tion and cell differentiation of liver CD8" T cells remains
controversial. A previous report using liver perfusion
described a relatively high level of CD8" T cells with a
naive phenotype, suggesting that in addition to their role
as a graveyard for antigen-specific activated CD8" T cells,
naive CD8" T cells may enter the liver without previous
activation.”® By contrast, other studies have demonstrated
that the healthy human liver is a site of intense immuno-
logical activity’ and contains a liver-homing/retention
marker-expressing CD8" T-cell pool identified as tissue-
resident memory T cells, which are not observed within
circulating memory CD8" T cells.*

Recently, we showed that expression of KIR genes on T
cells is primarily restricted to liver T cells,”’ potentially
representing highly differentiated T cells.

In the present study, using LMCs isolated from liver
perfusion, we performed extensive analyses of NK cells
and T-cell subsets to obtain novel insights into the preva-
lence of various lymphocyte subsets and the putative use
of KIR genes by intrahepatic NK and T cells.

Patients and methods

Obtaining LMCs from healthy liver donors

Liver wedge samples. Liver samples (10-20 g) were
obtained from hepatic transplant donors, collected in ster-
ile physiological solution, stored at 4°, and processed
within the following 12 hr. After washing with sterile PBS,
the samples were mechanically disintegrated and collected
in a Petri dish with 10 ml of RPMI-1640 containing
0-5 mg/ml collagenase type II (clostridiopeptidase A),
0-02 mg/ml gentamycin, 2 mmol/l r-glutamine (Sigma-
Aldrich, Darmstadt, Germany) and 10% fetal bovine serum
(Natocor, Cordoba, Argentina) and incubated at 37° for
30 min. The samples were subsequently filtered through a
70-mm metal mesh and washed with 1x PBS. Mononu-
clear cells were purified through a Ficoll-Hypaque gradient
(Sigma-Aldrich).

Liver perfusion and cell sample collection. Samples were
collected from donor livers according to Kelly et al.®
Briefly, 23 samples were collected from donor livers dur-
ing orthotropic liver transplantation: 14 donors at the
Austral University Hospital and nine donors at the liver
transplant unit of the Italiano Hospital. During retrieval
(at the time of exsanguination), the donor aorta and supe-
rior mesenteric vein were flushed with University of Wis-
consin (UW) solution (Bristol-Myers Squibb, Uxbridge,
UK) or with HTK (histidine-tryptophan-ketoglutarate)
solution (Custodiol®; Essential Pharmaceuticals, Ewing,
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NJ). After excision of the organ, the liver was flushed
again with UW solution until all blood was removed and
the perfused solution appeared clear. At implantation,
after completion of the upper inferior cava anastomosis,
the livers were flushed with ringer lactate at 4° through
the portal vein to wash out the UW solution before
reperfusion. The perfused hepatic fluid was collected
from the inferior vena cava (600—-1200 ml). Within the
following 12 hr, the samples were sent to the laboratory
and centrifuged at 500 g for 5 min, and the super-
natant was discarded. All pellets were collected, washed
twice with 1x PBS at 500 g for 5 min, and mononu-
clear cells were subsequently isolated through a Ficoll-
Hypaque (GE Healthcare Bio-Sciences, Uppsala, Sweden)
gradient.

All protocols were approved by the Hospital de Clinicas
and Hospital Italiano Institutional Review Board in accor-
dance with the ethical guidelines of the 1975 Declaration
of Helsinki. All samples were identified using a transplant
procedure number provided by the INCUCAI without
the name of the donor. None of the transplant donors
were recruited from a vulnerable population, and all
donors or next of kin provided written informed consent
that was freely given.

Isolation of PBMCs. Peripheral blood mononuclear cells
were obtained from 5 to 20 ml of heparinized blood from
35 adult healthy controls and isolated through a Ficoll-
Hypaque density gradient.

Monoclonal antibodies and flow cytometry. Both PBMCs
and LMCs were stained with unconjugated antibodies
against KIR 3DL1/3DL2 (clone 5.133, courtesy of Dr M.
Colonna), KIR 2DL2/2DS2/2DL3 (clone CHL, courtesy of
Dr S. Ferrini), KIR 2DL1/2DS1 (clone HPMA4), KIR
2DL1/2DS1/2DS3 (clone HP3E4), CD94 (clone 3D9) and
NKG2A (clone Z199) courtesy of Dr M. Bottet and uncon-
jugated isotypes against IgG1, IgG2a, IgG2b and IgM (Bec-
ton Dickinson, San Jose, CA). In addition, mouse
monoclonal antibodies against 3DL1-fluorescein isothio-
cyanate (FITC), 2DL3-phycoerythrin (PE) (Becton Dickin-
son), 2DS4-PE, NKG2C-PE (R&D Systems, Minneapolis,
MN) NKp44-PE, NKp46-PE, 2B4-FITC, CDI16-FITC,
CD57-allophycocyanin (APC), CD8-PE/APC, CD4-FITC,
CD45RA-PE-Cy7, CD28-PE, CD27-PE-CF594, CCR7-
FITC, CD11b-FITC, CD161-APC/PE, HLA-DR-FITC, T-
cell receptor-yo (TCR-y6) -PE and TCR V7.2 MAIT-PE
(Biolegend, San Diego, CA), and labelled isotypes against
IgGl, IgG2a (Biolegend) were used. The amount of anti-
body used was previously determined by a titration experi-
ment performed on PBMCs and LMCs. For the
characterization of T-cell differentiation, anti-CD27, anti-
CD28 and anti-CD45RA were simultaneously labelled, and
for NK differentiation analysis, anti-CD27 and CD11b were
used in conjunction. Incubation of cells with all of the
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above-mentioned antibodies was performed at room tem-
perature for 30 min, and subsequently, the cells were
washed twice with 1 ml of 1x PBS and centrifuged for
5 min at 500 g. For unconjugated antibodies, a subsequent
incubation with 3 pl of an FITC- or PE-conjugated anti-
mouse immunoglobulin antibody (Dako, Glostrup, Den-
mark) was performed for 30 min at room temperature.
After washing, 3 pl of normal mouse serum was added. To
analyse the labelling corresponding to NK, NKT and T
cells, an incubation was performed with 3 pl of anti-CD3
(Becton Dickinson) conjugated to Peridinin chlorophyll
protein (PerCP)/FITC and 5 pl of anti-CD56 conjugated to
PE/APC (Becton Dickinson) or the BV421 antibody (Biole-
gend) for 15 min at room temperature. A suitable fluo-
rochrome combination was performed for each labelling
scheme. In the liver samples, the anti-CD45 pan-leucocyte
marker conjugated with APC-H7 (Becton Dickinson) was
also added. After washing again with 1x PBS, cells were
fixed with 2% paraformaldehyde and subsequently anal-
ysed using a FACSAria II cell sorter (Becton Dickinson)
flow cytometer. The results were analysed using rLowjO
7.6.2 software (Tree Star, Inc., Ashland, OR). Analyses of a
particular population of interest were based on a gate of at
least 100 000 events. For KIR analysis, expression of three
receptors was indirectly inferred: the antibody 3DL1/3DL2
showed two clouds with different mean fluorescence inten-
sity values, where the lower cloud corresponded to 3DL2
and the upper cloud corresponded to 3DL1. As a control
method, in all cases, expression of the upper cloud was
compared with the monoclonal antibody against 3DL1 and
there were no significant differences. Expression of 2DS3
was deduced from the subtraction of expression between
2DL1/2DS1/2DS3 — 2DL1/2DS1. Expression of 2DS1 was
deduced from subtraction of expression between 2DL1/
2DS1 — 2DL1. Finally, we inferred the expression of 2DL2/
2DS2 from subtraction of expression between 2DL2/2DS2/
2DL3 — 2DL3. In all cases, the presence of the KIR gene was
verified.

We have previously assessed the quality of the results
through dead cell staining, demonstrating that dead cell
discrimination by forward/side scatter presented excellent
correlation with the results obtained using the LIVE/
DEAD® Fixable Aqua Dead Cell Stain Kit (Thermo Fisher
Scientific, Waltham, MA), which specifically stains lym-
phocytes (see Supplementary material, Fig. S1). Hence,
dead cells were excluded by forward/side scatter gating.

Functional studies. Mononuclear cells obtained from liver
or PB samples were placed in a 24-well plate at a concen-
tration of 1 x 10° lymphocytes per well in 1 ml of com-
plete RPMI medium. Three wells were used for each
sample according to the following scheme: two wells were
stimulated with phorbol 12-myristate 13-acetate (PMA;
Sigma-Aldrich) at a final concentration of 25 ng/ml and
ionomycin (calcium salt of Streptomyces conglobatus;
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Sigma-Aldrich) at a final concentration of 0-5 pug/ml and
compared with a not stimulated negative control. An
anti-CD107a antibody (Becton Dickinson) conjugated to
FITC was added (20 pl) to the positive and negative con-
trols and 20 pl of the FITC-conjugated IgG1 (Becton Dick-
inson) was included as isotype control. The culture plates
were incubated for 1 hr at 37° in 5% CO,. Subsequently,
1 pl of monensin (BD-Golgi Stop Protein Transport Inhi-
bitor; Becton Dickinson) was added to all wells, and the
plates were incubated for another 5 hr. Cells were washed
with 1 ml of 1x PBS/A and centrifuged at 500 g for 5 min.
Cell surface staining was performed on all samples using
the following monoclonal antibodies (AtcMo): 3 pl of
anti-CD3 PerCP and 5 pl of anti-CD56 APC (Becton
Dickinson). Pan-Leukocyte anti-CD45 APC-H7 (Becton
Dickinson) was included in the liver samples. All samples
were subsequently incubated for 20 min at room tempera-
ture and washed twice with 1x PBS/A. Intracytoplasmic
labelling was performed for the detection of interferon
(IFN-7). The cells were treated with 100 pl of 1x fixation
and permeation solution (Cytofix/Cytoperm; Becton
Dickinson) for 20 min at 4°, washed twice with 1 ml of
1x Perm/Wash buffer (Becton Dickinson), and centrifuged
at 500 g for 5 min. Cells were also incubated with 20 ul of
anti-IFN-y PE (Becton Dickinson), and the isotype control
was incubated with 20 pl of the IgG1l PE (Becton Dickin-
son). The tubes were incubated for 30 min at 4°, followed
by two washes with 1x buffer Perm/Wash. The pellets sus-
pended in 200 pl of 1x PBS/A and fixed with 2%
paraformaldehyde were analysed using the FACSAria II
flow cytometer (Becton Dickinson).

Statistical analysis. Statistical analyses were performed
using GRAPHPAD PRISM 5 (GraphPad Software Inc., San
Diego, CA). Comparisons between samples (PB and liver)
were performed using the Mann-Whitney U-test. The
data are presented as the median and interquartile range
(IQR). The reported P values are two-tailed, and
P < 0-05 was considered significant.

Results

Comparative analysis of liver and PB NK and T-cell
frequencies

In the initial experiments, we analysed the frequencies of
NK and T cells in LMCs by comparing the frequencies of
these cells in samples obtained from liver homogenate
(n=9) and samples obtained from liver perfusion
(n = 14). We observed no significant differences in the
frequencies of NK (CD56" CD37), NKT (CD3" CD56")
and T (CD3") cells collected using these two techniques.
Therefore, because of the low number of cells recovered
from liver homogenates, we collected these cell popula-
tions from liver perfusion eluates.
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Compared with PB, the liver showed different frequen-
cies of T cells, NKT cells and NK cells. Similar to previ-
ous 1reports,2’22’23 we observed more NK cells in the liver.
In particular, CD56"8" NK cells represented almost 50%
of all liver NK cells (14-8% of liver lymphocytes versus
0-7% in PB lymphocytes, P < 0-001), with CD56%™ NK
cells representing almost the other 50% of NK cells
(11-6% versus 8:3% in PB, P = 0-002). Similarly, NKT
cells were also highly increased in the liver (13-4 versus
3-8% in PB, P < 0-001). As indicated in Fig. 1, NK and
NKT populations accounted for approximately 50% of
the liver lymphocyte population. The increased frequen-
cies of liver NK and NKT cells occur at the expense of
the relatively decreased frequencies of T cells (54:7% in
the liver versus 73-2% in PB, P < 0-001).

Comparative expression of T-cell markers in the PB and
liver of healthy individuals

The liver shows a higher frequency of CD8" cells (66-1%
versus 31-:0% in PB, P < 0-001) and a reduced frequency
of CD4" cells (17-7% versus 61-5% in PB, P < 0-001),
with an increased frequency of TCR-yd cells (10-8% ver-
sus 2-0% in PB, P = 0-01) (Fig. 2a). Notably, NKT cells
from PB or liver samples showed similar frequencies of
CD4, CD8 or TCR-y0 T cells (Fig. 2b). These findings
indicated that although NKT cells are a heterogeneous
population, certain common characteristics are indepen-
dently maintained in the tissue studied.

In addition, we analysed the invariant receptor (TCR
Vu7.2) of MAIT cells (mucosal-associated invariant T-cell
antigen). In the liver, 18-4% of T cells expressed TCR-
MAIT versus 5-0% in PB, P < 0-01. This observation was
expected because most MAIT cells are CD8", consistent
with the increased amount of liver CD8" T cells, indicat-
ing that the composition of liver TCRs differs with
respect to PB (Fig. 2a).

100 -
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NK CD5gPright  NK CD569m NKT T

Figure 1. CD56"#" natural killer (NK) cells, CD56%™ NK cells,
NKT and T-cell frequencies detected in peripheral blood and liver.
Data are expressed as the median and interquartile range.
**P < 0-01, **¥*P < 0-001, Mann—Whitney U-test.
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Figure 2. (a) CD4, CD8, T-cell receptor-yd (TCR-yd) and TCR-MAIT cell frequencies within CD3" CD56" natural killer T (NKT) cells from

peripheral blood mononuclear cells (PBMCs) and liver mononculear cells (LMCs). (b) CD4", CD8",

TCR-yd and TCR-MAIT cell frequencies

detected within CD3" in PBMCs and LMCs. Data are expressed as the median and interquartile range. *P < 0-05, **P < 0-01, ***P < 0-001,

Mann-Whitney U-test.

T-cell markers from liver and PB samples identified
different maturation stages

The drastically decreased CCR7 expression in liver T cells
(11-1% versus 74-0% in PB, P < 0-01) was used to identify
cells that lost their capacity to migrate to lymph nodes.
Although the PB expression of CCR7 in NKT cells was low,
its expression in liver NKT cells was even lower (0-7% ver-
sus 6-4% in PB, P < 0-001). The expression of HLA-DR on
CD8 T lymphocytes identified a particular subpopulation
with a regulatory capacity.”* We observed significantly
increased expression of HLA-DR in both NKT liver cells
(15-9% versus 4-0% in PB, P = 0-05) and T liver cells
(19:7% versus 3-2% in PB, P = 0-01) (Fig. 3).

Additionally, liver T cells revealed decreased expression
of CD45RA (31-3% versus 53-7% in PB, P < 0-01) and the
co-stimulatory molecules CD28 (68-7% versus 94-5% in
PB, P < 0-001) and CD27 (58-0% versus 89-7% in PB,
P < 0-001). Notably, CD161, a molecule with ascribed
homing properties, was increased within liver NKT cells
(83-7% versus 53-9% in PB, P < 0-001) and liver T cells
(49-5% versus 17-5% in PB, P < 0-001) (Fig. 3). Expression
of CD45RA, CD27, CD28 and CCR7 enabled characterization
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of different subsets of T cells: naive, effector cells (Tg), cen-
tral memory (Tcy), transitional memory (Try), effector
memory (Tgy) and terminally differentiated T cells. The
strategy used to analyse T-cell differentiation is depicted in
Fig. 4, and the results are summarized in Table 1.

The liver showed a low frequency of CD45RA"
CD27* CD28" CCR7" naive cells (3-2% versus 43-7% in
PB, P < 0-001). The phenotype CD45RA~ CD27" CD28"
CCR7 ", which represents a transitional stage between Ty
and Tgy cells, was increased in the liver (38:7% versus
10-4% in PB, P < 0-05). Interestingly, the Ty CD45RA™
CD27" CD28" CCR7", which represented 33-7% of PB
T cells, was almost undetectable in the liver (3-8%,
P < 0-001). Notably, all Tgy cells were increased in the liver:
CD45RA™ CD27" CD28~ CCR7~ (3-3% versus 0-5% in
PB, P < 0-01); CD45RA~ CD27~ CD28* CCR7~ (13-8%
versus 2:0% in PB, P < 0-001); and CD45RA™ CD27~
CD28~ CCR7™ (10-5% versus 0-6% in PB, P < 0-001).
Finally, terminally differentiated T cells were also increased
in the liver: CD45RA* CD27" CD28~ CCR7™ (6-2% versus
2:6% in PB, P <0-05) and CD45RA" CD27  CD28"
CCR7™ (14-6% versus 1-5% in PB, P < 0-05).
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Figure 3. CD45RA, CCR7, CD28, CD27, CD161 and HLA-DR cell frequencies within CD3" CD56" natural killer T (NKT) cells from peripheral

blood mononuclear cells (PBMCs) and liver mononculear cells (LMCs) (a) and within CD3"

cells from PBMCs and LMCs. (b) Data are

expressed as the median and interquartile range. *P < 0-05, **P < 0-01, ***P < 0-001, Mann—Whitney U-test.
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Table 1. T-cell differentiation pattern

T lymphocytes
Peripheral blood

T lymphocytes
Liver

n=17 n=7

Median, % Median, %

(range) (range) P

CCR7~
45RA™ 27 28~ 0-6 (0-1-3-8) 10-5 (4-6-16-2) < 0-001
45RA" 271 28" 3.1 (1-3-5-7) 4.9 (0-9-8-0) NS
45RA™ 27" 28" 10-4 (5-5-15-2) 387 (4-1-52:2) < 0-05
45RA™ 27~ 28" 2:0 (0-7-3-0) 13-8 (3-7-26-1) < 0-001
45RA™ 271 28~ 0-5 (0-1-2-5) 3.3 (0-5-8-4) < 0-01
45RA™ 277 28" 0-1 (0-0-0-9) 0-6 (0-4-2-0) NS
45RAT 277 28~ 2:6 (0-5-5-0) 62 (2:7-8-8) < 0-05
45RA*T 277 28~ 1-5 (0-5-13-6) 146 (3:-1-61-9) < 0-05
CCR7"

45RA™ 277 28~ 0-0 (0-0-0-1) 0-0 (0-0-0-2) NS
45RA* 27 28" 43.7 (29-1-67-0) 32 (1-5-10:7) < 0-001
45RA™ 277 28" 33.7 (22-4-39-3) 3-8 (1-7-5-9) < 0-001
45RA™ 27~ 28" 1-6 (0-5-2-6) 0-2 (0-1-3-9) NS
45RA™ 271 28~ 0-0 (0-0-0-1) 0-0 (0-0-0-6) NS
45RA* 277 28" 0-0 (0-0-0-1) 0-0 (0-0-0-2) NS
45RAT 277 28~ 0-2 (0-2-0-7) 0-2 (0-1-1-3) NS
45RA* 277 28 0-0 (0-0-0-1) 0-0 (0-0-2-6) NS

Comparison of the T-cell differentiation pattern between peripheral
blood (n =7) and liver (n = 7) CD3" cells. Phenotypes were sepa-
rated into CCR7™ (upper table) and CCR7" (lower table) popula-
tions. Data are expressed as the median (range) of cells positive for
the different T-cell subpopulations according to the combined
expression of CD45RA, CD27 and CD28 referred to as the total
number of T lymphocytes. Mann—Whitney U-test.

Different phenotype of liver and PB NK cells

NKG2A, one of the strongest NK inhibitory receptors, was
detected in 89-4% of CD56"8" NK cells in PB versus
56-3% of CD56""8" NK cells in the liver (P < 0-001), sug-
gesting a lower activation threshold in the liver (Fig. 5).
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Additionally, liver CD56"¢" NK cells showed a slight
decrease in cell surface expression of their NKG2C-activat-
ing counterparts (4-1% versus 16-6% in PB, P < 0-05),
whereas liver CD56%™ NK cells showed a significant
increase of the activator receptor NKp44 (1-1% versus
0-1% in PB, P < 0-01) and decrease of the NK differentia-
tion marker CD57 (8-9% versus 22-5% in PB, P < 0-01).
Occasionally, it is difficult to differentiate liver CD56"8ht
NK cells from CD56%™ NK cells. The comparison between
liver and blood CD56"€" NK cells showed that CD16
expression was not differentially expressed in both subsets.
By contrast, this difference was significant when we anal-
ysed CD56%™ NK cells obtained from blood or liver sam-
ples (31-7% versus 92:0% in PB, P < 0-001; Fig. 6).
Notably, the significantly decreased expression of CD16 on
liver CD56%™ NK cells supports the concept of the poten-
tially decreased capacity of liver NK cells to perform anti-
body-dependent cellular cytotoxicity (ADCC). In an
attempt to further characterize the differences between PB
and liver NK cells, we analysed the expression of CD11b
and CD27, which identifies distinct stages of human NK
cells from different sources.

As shown in Fig. 7, most liver and PB NK cells are
CD11b*. However, liver CD56"#" and CD56%™ NK cells
showed increased CD27" expression (71-3% versus 30-0%
in PB, P < 0-001 and 8-4% versus 4-:6%, P < 0-05, respec-
tively), suggesting that the liver has increased amounts of
CD11b and CD27 double-positive NK cells, which are
associated with a higher secretory capacity.”” However,
under a non-specific stimulus, such as PMA-ionomycin,
we did not detect differences in the secretory or cytotoxic
capacity between PB and liver NK cells (Fig. 9). Addition-
ally, the lowest expression of CD45RA in liver CD56%m
NK cells (96-8% versus 99-6%, P < 0-001) may indicate a
previous antigenic experience.”’

A feature of liver CD56""#" NK cells is their dramatic
loss of CCR7 (0-4% versus 65-1% in PB, P < 0-001), which

© 2017 John Wiley & Sons Ltd, Immunology, 154, 261-273
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may be responsible for their inability to migrate to the
regional lymph node, as also recently described.”® However,
a small but significant increase of CD28 was observed in
liver CD56#" NK cells (6-8% versus 1:1% in PB,
P =0-001). HLA-DR expression, also increased in liver
CD56%™ NK cells (5-8% versus 1-1% in PB, P < 0-05),
may also be associated with their activated state.

Similar to liver NKT and T cells, the CD161 receptor
showed high expression in liver CD56™" NK cells
(95-2% versus 40-3% in PB, P < 0-001) and CD56"™ NK
cells: 85-8% versus 69-5%, P < 0-01 (Fig. 7, respectively.
The functional role of CD161 is not clear because this
protein has been described as both an activation marker
and a homing marker and may also be expressed in cells

with interleukin-17  secretion capacity. The high

© 2017 John Wiley & Sons Ltd, Immunology, 154, 261-273

expression of CD161 observed in liver NK, NKT and T
cells may reflect its homing capacity.”’

Expression of KIRs in PB and liver NK, NKT and T cells

We next compared expression of KIR genes in PB (n = 35),
liver eluates (n = 7) and a few samples of mononuclear
cells obtained from liver biopsies (the number of cells per
sample enabled the analysis of only a few KIRs). The strat-
egy used to analyse expression of KIRs is depicted in Fig. 8,
and the results are summarized in Table 2. In PB, expres-
sion of the KIR genes in NK, NKT and T cells showed the
following  decreasing  order ~ CD56%™ >  NKT >
CD56"8" > T cells. In the liver, KIR expression was as fol-
lows: CD56%™ > NKT > T > CD56"8" cells (Table 2). In
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PB, the expression of KIRs on CD_56bright NK cells never NKT cells of KIR2DL3 (15-9% versus 3-1%, P < 0-01) and
exceeded 10%, but liver CD56°#" NK cells showed KIR2DS1 (2:0% versus 0-0%, P < 0-01). Changes were
increased expression of KIR3DL2 (12-9% versus 4-1% in obvious when we compared KIR expression on liver and
PB, P =0:001) and KIR2DL3 (82% versus 1-7%, PB T cells. Additionally, KIR expression on PB T cells was
P < 0-01). As expected, expression of KIR genes was higher almost negligible, as most KIRs were detected in liver T
in CD56%™ cells, with KIR2DS4 showing the highest cells: KIR2DL3 (12-9% versus 0-2%, P < 0-001), KIR3DL2
expression in PB CD564™ cells (44-1% versus 22-2% in the (8-6 versus 1-6%, P < 0-001), KIR2DS1 (1-0% versus 0-0%,
liver, P < 0-01). Similar comparative analyses between liver P < 0-01), KIR2DS3 (3:1% versus 0-5%, P < 0-05) and
and PB NKT cells revealed increased frequencies in the liver KIR2DS4 (11-3% versus 0-4%, P < 0-001). A trend towards
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Figure 7. CD45RA, CCR7, CD28, CD27, CD11b, CD161 and HLA-DR cell frequencies within CD56"8" cells from peripheral blood mononu-
clear cells (PBMCs) (a) and within CD56%™ NK cells from liver mononculear cells (LMCs) (b). Data are expressed as the median and interquar-
tile range. *P < 0-05, **P < 0-01, ***P < 0-001, Mann—Whitney U-test.
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the expression of 2DL1 in peripheral blood and liver, respectively. b6 and c6 shows the expression of 2D12/2DS2/2DL3, which can be compared with
the expression of 2DL2/2DS2 obtained from subtraction of the signal detected using the anti-2DL3 antibody (b7 and c¢7). b8 and c8 shows the expression
of KIR2DS4. In all cases, the presence of the KIR genes was verified. [Colour figure can be viewed at wileyonlinelibrary.com]
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significance was also observed in KIR2DL2/2DS2. Interest-
ingly, three of these increased KIR genes are activators, and
KIR2DS4 together with the weaker inhibitory KIR2DL3
gene showed the highest expression (Table 2).

Comparative analysis of the cytotoxic and secretor capac-
ity of PB and liver T and NK cells from healthy subjects

The cytotoxic and secretory capacities of liver and PB T
cells were measured by flow cytometry on PMA and ion-
omycin-stimulated T cells. Liver CD3" cells showed an
increased frequency of CD107a’ cells as a marker of
degranulation (25-0% versus 4-5% in PB, P = 0-03),
which are associated with the increased frequency of
CD8" T cells, effector memory T cells and TCR 74 effec-
tor cells, representing CD3" cells. Increased IFN-} secre-
tion was also detected in liver T and NKT cells, but did
not reach statistical significance, most likely because of
the small number of experiments performed (Fig. 9).

It was speculated that decreased expression of NKG2A
conferred a higher cytotoxic capacity on these cells. This
pattern was not reflected in experiments in which PB and
liver CD56"™8" and CD56%™ NK cells showed similar
levels of cytotoxicity and IFN-y secretor capacity (Fig. 9).

Discussion

The present study aimed to characterize and compare the
frequencies, phenotypes and functions of NK, NKT and
different subsets of T cells in PB and liver samples. Con-
sistent with previous reports>**
increased frequency of intrahepatic NK cells, particularly
CD56™" NK cells, which represent almost half of liver
NK cells. These cells, as immediate precursors of CD56%™
NK cells, are rare in PB, but constitute the majority of
NK cells in secondary lymphoid tissues. Peripheral blood
CD56" 8" NK cells are abundant cytokine producers, but
are only weakly cytotoxic before activation.”® There are
limited data regarding the recirculation of NK cells
among human organs. Currently, the available data con-
firmed that human NK cells populate the blood, lym-
phoid organs, lung, liver, uterus (during pregnancy) and

we confirmed the

gut, following an NK cell homing pattern that appears to
be subset-specific.”’ These data indicate that liver NK cells
lack CCR7 expression, which could be necessary to
migrate back to the lymph nodes, although these cells are
able to interact with liver antigen-presenting cells.
Together with the loss of CCR7, liver CD56""¢" NK cells
showed increased expression of CD27 and CD28. Most
PB NK cells were CD56%™ CD11b" CD27~ populations
that exhibited a cytotoxic capacity, whereas NK cells from
cord blood were CD11b" CD27~ and CD11b* CD27"
populations. The most immature CD11b~ CD27~ NK
subset represents the prevalent NK cells present in the
decidua.  Previous reported  that

studies  have

269



A. Podhorzer et al.

*(3x21 295) uorssaxdxa Y[ paLIdyU],

159)~(] ASUNYM—UUBIN 1000 > dsesx ‘100 > s ‘60°0 > d4 Suonendod [, pue [MN ‘uyp9SAD MN 312q9SAD N UIYHM Idjrewr dy1ads
e Jo (a8uer) uerpawr 1) se passardxo oIe IR "S[ENPIAIPUT A)[eaY wWolj paurelqo sajdwres 1oA1] pue poolq [eroyduad ur s[d I, pue [N SIN Ul uorssaidxe 10)dedar ayr-urnqo[Sounwuwr [[20 [Ty

‘poorq reroydurad ‘gq {1, IO[[D] [eInieu ‘[N IO [eInjeu N 101deda1 axI[-urnqo[Sountuur [[90 W[ “YIY  SUONRIAIqQY
L 91 (SSHTT) sxsC 11 (€:9-00) ¥0  (1-09-9-1) 9-CT (sze—T1) T¥ (F67-1-7) x0T (569-6) T'¥F  (SL1-87) €L (1-12-1:0) LS ¥sdc
i4 S1 (9:86-T1-0) «I-€ (97-0:0) S0  (6:770:0) LT (9-67-2:0) 9-€ (S-87-0-%) 1-8C (1-€5-£:0) S-¥1 (0-8-00) LV (9:£1-0-0) T€ £8ae
L e (6:TT00) T°€ (97-0:0) 80  (9¥7—0:0) €S (1-€7-0:0) 6'S (8:61-0°7) ¥L (9:66-6'7) 9-0C (6:€-00) L0 (T€1-0°0) 8°1 (€sdaz/z1ae
S 61 (£€-T:0) x0T (2:0-0-0) 00 (8:9-9:0) %x0°C (6:1-0:0) 00 (T01-1-7) L8 (T1-61-£0) T-9 (£+€1-00) 0°0 (7-51-00) T'1 Isac
L S¢ (TIETY) %x498 (9-71-0-0) 9T (1-66-8-€) 9-SI (€:5¥—2-0) 99 (8-85-0-8) T-1¢ (EVV—6F) €T (8€EFF) %x6-T1 (1-81-0-0) I'¥ c1ae
9 I¢ (1-8-70) T'1 (0-8-0-0) 0 (9:S1—C0) &1 (L¥200) 6'S (79¢—2L°1) 8L (8:65—T¥%) ¥91  (¥81-L0) 1'C (0-11-0-0) T°T 11ag
T ST (69¢€T) #5x6°C1 (9-61-0-0) 0 (3:0S-G-7) xx6:ST  (8-LT—0-0) 1€ (T9%97) 191 (6¥7—¢¥) 611 (6:SIF1) %+T8 (8:87—0-0) L1 €1ac
L ST (6°LS V1) waslS (6:51-0:0) 9T (0-S£=6°T) 9-01 (T¥e—€0) 8:T1 (8-9¢—C1) 0-1¢ (LL9-6L) ¥°1€ (76-87) 6L (Tv1-60) L€ €1dT/cSAT/TIAT
L SE (9°TH90) wxsl€ (19-0:0) 0 (0°€S—I°1) 6°€ (¢:6¢-0:0) LT (1'19-2-6) T-L€ (50£-6'8) 661  (0-£T0°T) LS (§77—9:0) 0% €SAT/1SAT/11AT
L g (T°6L0) x24T1 (I'7-0:0) 00 (¥11-T1) LT (8:92-0-0) T-T (£:66-98) T€I (669-6'7) S-LT  (8€¢H0) 61 (£:02-0:0) ST 1Sde/11de
L i (L:€-70) 01 (8:8-0-0) ¥°0 (LL=€0) T1 (7:06-7°0) 8¢ (1-6%-6°6) 601 (7-0L-1%) 191 (1-020'T) 0°¢ (€:£1-0°0) L1 11ac
u u (o8uer) uerpay  (98uer) uerpay (e8uer) uerpay  (98uer) uerpay (o8uer) uerpay  (98uer) uerpay (o8uer) werpajy  (98uex) WeIpajy
AT 4d ToATT ad TOATT ad T9ATT ad T9ATT ad
L IMN wp9SAO N IR IN

$101d9231 a¥1[-urnqo[Sounwwl [[32 19 Jo uolssaidxy ‘7 Jqel,

© 2017 John Wiley & Sons Ltd, Immunology, 154, 261-273

270



(@)

80 ~
L ]
A
;\? 60 -1 .
N T A ——
9 A
g 01 T 4 T
i N == -
20| o ‘ x
. - Z
. o = o®
0
CDs6YMoM NK  CD569™ NK  NKT T

Phenotype of liver mononuclear cells

D Peripheral blood

° ——— Liver

L) A

GO-TT 'I" T .‘.

2
£ T E
== T
° o L]
A
20 = = ik 3
® A A
. [ ]
° * hd
0
CD56Pright NK  CD56%™ NK NKT T

Figure 9. Comparative cytotoxic capacity measured as the expression of CD107a (a) and the secretory capacity (b) of liver (n = 4) and peripheral
blood (n = 4) CD56" 8", CD56%™ natural killer T (NKT) and total T cells. Figures show the percentage of positive cells. Data are presented as

the means £ SEM. *P < 0-05, Mann—Whitney U test.

CD11b~ CD27" and CDI11b" CD27" NK cells secrete
cytokines.”” Data from the present and previous studies
suggest that once NK cells migrate to the liver, these cells
become tissue-resident cells with particular features and
activities. A previous study showed that some NK cells
can be retained in the liver for up to 2 years.’® A recent
study showed that some NK cells are retained for up to
13 years,” and these long-term resident NK cells represent
an Eomes™ population,™' which are unable to re-enter
the circulation and are long-lived in the liver. In addition
to the differences that we detected between liver and PB
NK cells, the distribution and phenotype of NK cells
across different human organs and tissues was markedly
different. In the normal intestinal mucosa, NK cells show
a phenotype similar to blood CD56"" NK cells.**** NK
cells represent ~ 10% of lymphocytes present in human
normal lung and belong to the CD56"™ CD16" subset.”*
As described above, the most immature CD11b~ CD277,
CD56™ 8" CD16™¢ subset is observed during the first tri-
mester of pregnancy, representing 50-90% of the lym-
phoid cells that infiltrate this tissue.”® Increased
expression of HLA-DR in liver CD56™ NK cells could
also be associated with the activation state of liver NK
cells. At least in mice, activated NK cells expressing MHC
class II have an antigenic presentation.”® Consistently,
liver CD56™8" NK cells also showed an increased fre-
quency of NKp44, associated with decreased expression of
NKG2A, which is one of the strongest NK inhibitory
receptors. These results suggest that this subpopulation
(or at least part of it) may represent activated NK cells,
in coincidence with a previous study showing that liver-
resident CD56"8" NK cells with reduced pro-inflamma-
tory potential had also enhanced degranulation activity.’!
As previously discussed, it is occasionally difficult to dis-
criminate between CD56™€" and CD56%™ NK cells in
the liver. Although we achieved some discrimination

© 2017 John Wiley & Sons Ltd, Immunology, 154, 261-273

between these two subsets based on differences in CD16
expression, we should be cautious with the results
obtained in liver CD56°" 8" cells, considering that some
contamination with CD56%™ cells may occur. In addition
to the contamination of CD56%™ into CD56""" cells,
there can also be a contamination of CD56"" into
CD56%™ cells.

Differentiation of PB CD56"™ NK cells was reported to
involve acquisition of CD57, loss of NKG2A and gain of
KIRs.” In the present study, we observed that in compar-
ison with PB, the NK differentiation marker CD57 is
decreased in liver CD56%™ NK cells, but the expression
of NKG2A and KIR genes (with the exception of
KIR2DS4) did not differ between PB and liver CD56%™
NK cells. These results indicate that in contrast to
CD56"" 8" NK cells, the maturation state of liver and PB
CD56%™ NK cells was similar. The decreased expression
of CD57 in liver CD56%™ NK cells could indicate fewer
terminally differentiated cells. We cannot exclude that
decreased CD57 could be associated with a diminished
memory capacity, as previously suggested.’®*® In addi-
tion, we detected a strong decrease in the differentiation
marker CD16, indicating a potential decreased capacity of
liver NK cells to perform ADCC. Hence, liver CD56"18ht
NK cells could more likely be associated with activation,
whereas the ADCC capacity and maturation stage of
CD56%™ NK cells may be decreased.

Activation of NK cells is governed by the complex
interplay of activating and inhibitory receptors. As
inferred above, increased KIR expression on NK cells is
associated with their maturation, and PB CD56"#" NK
cells showed low KIR gene expression. However, liver
CD56"8" NK cells showed a small but significant
increase in KIR3DL2 and KIR2DL3 expression. In PB,
expression of KIR genes was higher in CD56"™ NK cells,
with KIR2DS4 showing the highest surface expression.
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KIR2DS4 also showed the highest expression at the sur-
face of liver CD56%™ NK cells.

T cells expressing the semi-invariant TCR (TCR Va7.2-
Jo33) are highly abundant in humans. Within the liver,
these cells represent approximately 20% of T cells.
Although this increment is consistent with the increase of
CD8" T cells, liver TCR-MAIT cells showed a fourfold
increase compared with PB, whereas the frequency of
CD8" cells (which include MAIT cells) only showed a
twofold increase, indicating that the TCR repertoire in
the liver is different from that in PB. A subset of TCR-yJ
T cells also increased in the livers of healthy subjects. In
contrast, NKT from PB or liver tissues showed similar
frequencies of CD4, CD8 or TCR-yd T cells.

A main feature of liver T cells is the low frequency of
naive T cells, and most of these cells have been ascribed to
the effector memory phenotype CD45RA™ CD27~ CD28~
and CD45RA™ CD27° CD28 T cells, with a greater
capacity for degranulation and higher secretion of IFN-y.
CD107a, a degranulation marker, is also considered to be a
cytotoxicity marker. However, we should be cautious as
previous studies have reported that liver-resident NK
and T cells have the ability to degranulate but lack cyto-
toxic mediators.

Expression of the C-type lectin CD161 in the liver was
remarkable because, in contrast with PB, CD161 was
expressed in most liver NK, NKT and T cells, Within the
adult circulation, CD161 expression is restricted to T cells
with a memory phenotype. Similarly, CD244 (2B4) is
expressed by memory-phenotype CD8" T cells and all NK
cells.*” The increased expression of these two receptors is
consistent with the memory phenotype of liver T cells.

In contrast with the negligible expression in PB, a
unique pattern of expression of KIR genes was observed
in liver T cells. Expression of the activating KIR genes
KIR2DS1, KIR2DS3 and KIR2DS4 has been associated
with weaker expression of the inhibitory KIR2DL3 gene.
It was previously reported that KIR expression could be
induced after in vitro activation of a substantial fraction
of terminally differentiated effector CD8 T cells.*" ™
Additionally, genetics largely determines the expression of
inhibitory receptors; activation receptors are heavily envi-
ronmentally influenced.'® As previously reported,* liver T
cells primarily comprised effector memory and highly dif-
ferentiated T cells. Hence, differential expression of KIR
genes in liver T cells was expected, indicating their activa-
tion state. Although NK cells are the main KIR-expressing
immune cells, the presence of KIR on CD8 T cells was
reported to enhance their HLA class I-restricted antiviral
effect.

We conclude that the liver has a large amount of CD8*
cells with a prevalence of memory and terminally differ-
entiated phenotypes. The unique expression of KIR-acti-
vating receptors with a high cytotoxic and functional
capacity and decreased amount of CCR7 that are unable

272

to migrate to the regional lymph node support the previ-
ously reported concept’ that liver T cells and NK cells
are differentiated and activated cells that remain and die
in the liver.
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