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lymphocytes in the liver and map the
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lymphocyte compartment after liver and
heart transplantation in mice. The graft
becomes significantly altered in
comparison to a native organ, with
implications for infection control and graft
function.
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SUMMARY

The heterogeneous pool of tissue-resident lymphocytes in solid organs mediates infection responses and
supports tissue integrity and repair. Their vital functions in normal physiology suggest an important role in
solid organ transplantation; however, their detailed examination in this context has not been performed.
Here, we report the fate of multiple lymphocyte subsets, including T, B, and innate lymphoid cells, after mu-
rine liver and heart transplantation. In major histocompatibility complex (MHC)-matched transplantation,
donor lymphocytes are retained in liver grafts and peripheral lymphoid organs of heart and liver transplant
recipients. In MHC-mismatched transplantation, increased infiltration of the graft by recipient cells and
depletion of donor lymphocytes occur, which can be prevented by removal of recipient T and B cells. Recip-
ient lymphocytes fail to recreate the native organs’ phenotypically diverse tissue-resident lymphocyte
composition, even in MHC-matched models. These post-transplant changes may leave grafts vulnerable

to infection and impair long-term graft function.

INTRODUCTION

Transplantation of a functioning solid organ from one individual
to another remains one of the greatest modern medical advance-
ments and is the final treatment option for end-stage organ fail-
ure. Despite significant advances in the prevention of acute
rejection of transplanted organs, 30%-70% of liver, kidney,
heart, and lung transplants fail within 10 years (ANZCOTR,
2018; ANZDATARegistry, 2018; ANZLITR, 2020; OPTN/SRTR,
2020). Contributors to graft failure include ongoing chronic rejec-
tion, impaired infection control, and immunosuppressant drug
toxicities, highlighting the significant clinical need for improved
understanding in this field.

It has long been appreciated that organ transplantation in-
volves the simultaneous transfer of immune cells, historically
termed donor passenger leukocytes, which were originally pre-
sumed to be of myeloid origin (Elkins and Guttmann, 1968).
More recently, tissue-resident lymphocytes (TRLs) have been
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described that do not recirculate in the blood or lymphatics
and occupy nonlymphoid tissues (Fan and Rudensky, 2016;
Steinert et al., 2015). Retention of TRLs in tissue is achieved by
repression of egress through downregulation of cell migration
molecules such as S1PR1, CCR7, and CD62L and promotion
of active retention through binding of receptors and integrins,
including CD69, CD49a, and CD1083, to extracellular matrix com-
ponents (Mackay and Kallies, 2017; Mackay et al., 2016).

TRLs reside predominantly at sites of previous infection and
common pathogen entry (Belz et al., 2020). Here, they orches-
trate the control of invading pathogens via rapid production of
cytokines and instigation of cellular recruitment to infected tissue
(Ariotti et al., 2014; Fan and Rudensky, 2016). TRLs also
contribute to repair of damaged tissue, cancer surveillance,
and homeostasis by production of growth factors and immuno-
modulatory cytokines (Gebhardt et al., 2018; Klose and Artis,
2016). Damaged tissue repair is an inevitable requirement after
transplantation surgery, and the protective functions of TRLs
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may contribute to the resolution of infections and latent viral re-
activation, both of which are common post-transplant complica-
tions (Prosser et al., 2018; Sen et al., 2019).

The persistence of donor-derived CD8 and CD4 T cells has
been described within grafts after liver, lung, and kidney trans-
plantation in humans (de Leur et al., 2019; Pallett et al., 2020;
Snyder et al., 2019). However, because of the difficulties in ob-
taining human graft tissue, detailed analysis of other TRL subsets
has not been performed. Human studies are confounded by the
genetic and clinical heterogeneity of study subjects and the
treatment of patients with divergent systemic immunosuppres-
sive regimes. TRL biology has predominantly been studied using
murine parabiosis experiments but rarely in rodent models of
transplantation, primarily because of their high level of technical
difficulty. So far, only one study of murine orthotopic liver trans-
plantation has described the limited retention of donor lympho-
cytes 48 h after transplantation, without studying tissue resi-
dency in detail (Tay et al., 2013). Murine models of solid organ
transplantation offer the advantages of controlled genetic het-
erogeneity without tissue sampling limitations, underscoring
their suitability to increase our knowledge of TRL biology that
has been gathered from human transplantation and parabiosis
approaches.

Here, we have examined 13 lymphocyte subsets before and
after major histocompatibility complex (MHC)-matched and
MHC-mismatched murine liver and heart transplantation. These
subsets include conventional T (CD8a. and CD4) cells and reg-
ulatory T (Treg) cells; B cells; unconventional T cells, including
natural killer T (NKT) cells, mucosal-associated invariant T
(MAIT) cells, y3 T cells, CD8x.*f~ (CD8aa) T cells, and TCRB*
CD4 CD8™ double-negative (DN) T cells; and innate lymphoid
cells (ILCs), including conventional natural killer (cNK), ILC1,
ILC2, and ILC3 populations. After MHC-matched transplanta-
tion, phenotypically heterogeneous donor TRLs were retained
in the liver graft while recirculating donor lymphocytes were
found in the peripheral lymphoid organs of liver and heart trans-
plant-recipient mice. In contrast, complete MHC-mismatched
transplantation led to donor lymphocyte deletion and greater
recipient infiltration to both liver and heart grafts. In a model of
nonpharmacological immunosuppression using T cell- and B
cell-deficient recombinase activating gene 1 knockout (Rag? /")
mice as recipients, donor lymphocytes were retained in both
MHC-matched and MHC-mismatched liver transplants. Liver
and heart graft organs developed persistent changes in their
lymphocyte numbers, composition, and phenotype compared
with baseline organs. Overall, these data provide insights into
the dynamics of tissue-resident immunity fluctuations after solid
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organ transplantation with or without MHC mismatch and the
impact that recipient immune pressure has on these changes.

RESULTS

Liver TRLs are retained and proliferate after
transplantation

We analyzed the fate of liver TRLs after MHC-matched liver trans-
plantation using congenically matched mouse strains for distinc-
tion between donor (CD45.1) and recipient (CD45.2) leukocytes.
Pretransplant baseline livers from CD45.1 mice were flushed
before processing to replicate the transplantation procedure and
to remove most circulating lymphocytes. On average, 10° lympho-
cytes were detected per liver, most of which were B cells, followed
by similar proportions of conventional and unconventional T cells
and a smaller population of ILCs (Figures 1A, S1A, and S1B). After
MHC-matched transplantation, 56% of total donor lymphocytes,
including >85% of donor B, conventional T, and cNK cells, were
lost from the graft within one day, whereas <16% of donor uncon-
ventional T cells and ILC1 had exited the graft at the same time
point (Figures 1B and 1C). Donor ILC2 and ILC3 were undetectable
by day 14 and were not investigated further (Figure 1B). Although
only 19% of the baseline number of donor lymphocytes were re-
tained at day 28, unconventional T cells and ILC1 became the pre-
dominant subsets (Figures 1B and 1C).

The canonical markers of T cell tissue residency, CD69 and
CD49a, were measured on donor T cells at baseline and those
retained in the liver graft for >14 days after transplantation (Fig-
ure 1D). At baseline, the liver contained heterogeneous popula-
tions of all T cells, with most conventional T cells expressing
neither CD69 nor CD49a. Combined with the observed loss of
most these cells from the graft within one day, this indicates
that they were not resident but likely recirculating cells. Donor
T cell subsets that were retained in the liver graft for >14 days
were enriched for a CD69*CD49a* phenotype, although conven-
tional T cells retained significant heterogeneity. In contrast, NKT
and CD8aa. T cells retained their predominantly CD69*CD49a™*
phenotype from baseline to >14 days after transplantation.

Extensive proliferation of most donor lymphocyte populations
occurred after transplantation, indicating their potential to self-
renew (Figure 1E). Compared with other populations, Treg cells
were the most proliferative before and immediately after trans-
plantation, peaking at day one post-transplant. Thus, although
most donor conventional lymphocyte subsets were rapidly lost
from the transplanted liver, a small proportion of these cells,
along with most unconventional T cells and ILC1, were retained
and proliferated in the graft.

Figure 1. Donor lymphocytes are retained and proliferate after MHC-matched liver transplantation and do not all express a canonical tissue-

resident phenotype

(A) Baseline liver lymphocytes (n = 5-10). Percentages are means of total lymphocytes.
(B) Donor lymphocyte numbers in the liver after transplantation (n = 2-10, unpaired t test and Mann-Whitney test). Percentages are means of baseline numbers at

days 1 and 28.

(C) Liver graft donor lymphocyte composition (n = 3-7). Percentages are means of baseline numbers.
(D) Donor T cell expression of CD69 and CD49a at baseline (n = 5-10) and day >14 (n = 4-6). Bar graphs show means of donor cell numbers expressing a
CD69*CD49a* phenotype (black bars) or not (white bars). Percentages are mean expression frequencies of a CD69*CD49a* phenotype.

(E) Donor lymphocyte Ki67 expression (n = 2-10).

Data are means with SEM. Symbols indicate: **p < 0.01; ***p < 0.001; ****p < 0.0001. See also Figures S1 and S3.
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Donor lymphocytes that exit the liver persist in the
periphery but differ from TRLs

After MHC-matched liver transplantation, donor lymphocytes
were detected in the spleen, lymph nodes (LNs), bone marrow
(BM), and blood, with greatest numbers found in the spleen (Fig-
ures 2A and S2A). Generally, B cells and conventional T cells per-
sisted in the periphery at higher numbers than unconventional
T cells and ILC1. Preservation of the total donor lymphocyte
pool transplanted with the liver was assessed by summation of
donor cell numbers from the liver graft, spleen, LNs, BM, and
blood at day 28 post-transplant (Figure S2B). At day 28, donor
lymphocyte numbers had increased by >2-fold, driven by expan-
sion of B, CD8af T, CD4 T, Treg, and cNK cells. These subsets
proliferated predominantly in the liver graft, and at later time
points, B and Treg cells proliferated in the LNs (Figures 1E and
S2C).

The phenotype of donor tissue-resident T cells retained in the
liver for >14 days was then compared with donor cells in the
spleen (Figures 2B and 2C). Markers of T cell memory, chemo-
kine receptors, activation, co-inhibition, and transcription factors
were assessed. CD8a.3 T, CD4 T, and Treg cells were examined
as the T cell subsets with the largest egress to the periphery and
contrasted to NKT cells, which were mostly retained in the liver.
Across the subsets, expression of CD69, CD44, CXCR6, and T-
bet was enriched in graft-resident compared with splenic donor
conventional T cells, whereas CD62L was increased on splenic
cells. Liver-resident CD8a T cells also had increased expres-
sion of the inhibitory receptors LAG3, PD1, and TIM3 compared
with their splenic counterparts, with PD1 expression also
increased on tissue-resident Treg cells. Graft-resident and
splenic donor NKT cells did not differ in phenotype.

Donor graft-resident and splenic T cells were further character-
ized by measurement of their functional capacity at day 7 (Figures
2D and S2D). Granzyme B and interferon v (IFNy) production was
increased in liver-resident cells, with 40% of graft-resident CD8a.3
T and NKT cells expressing granzyme B compared with 0%-15%
in the spleen (Figure 2D). All resident CD8a.a. T cells produced
granzyme B, with most co-expressing IFNy. IFNy was also ex-
pressed by more liver-resident than splenic donor CD8af3 and
CDA4 T cells. Interleukin-10 (IL-10) expression was low for all donor
subsets, and donor Treg cells in both the liver and the spleen pro-
duced little granzyme B, IFNy, or IL-10. These data highlight the
significant phenotypic and functional differences between donor
T cells resident in the liver graft and those that recirculated to
the periphery after transplantation.

Recipient lymphocytes rapidly infiltrate the liver graft
and differ from donor TRLs

Recipient lymphocytes entered the graft within one day of MHC-
matched liver transplantation, dominating most subsets after
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transplantation (Figure 3A). After this initial influx, further
accumulation of recipient cells did not occur. The abundant pop-
ulation of recipient lymphocytes at day 28 post-transplant were
predominantly B cells and conventional T cells, with limited
numbers of unconventional T cells and ILCs (Figure 3B).

At day 28, most graft-infiltrating recipient T cells robustly ex-
pressed CD69, with substantial co-expression of CD49a by
NKT and CD8a.a. T cells, similar to their donor counterparts (Fig-
ures 1D and 3C). A small proportion, yet translating to substantial
numbers, of CD8af and CD4 T cells were also CD69*CD49a”*
(Figure 3C). No recipient Treg cells were CD69*CD49a*, and
recipient, unlike donor, Y3 T cells were predominantly
CD69 CD49a™ (Figures 1D and 3C). Further phenotypic analysis
revealed recipient CD8a T and NKT cells were most similar to
their tissue-resident donor counterparts, whereas CD8aa and
CD4 T cells were most dissimilar to donor cells, particularly in
expression of memory markers and chemokine receptors
(Figure 3D).

Donor and recipient T cells also exhibited some differences in
functional capacity by expression of granzyme B, IFNy, and IL-
10 (Figure 3E). Donor CD8afp and CD8aa T cells expressed
more granzyme B than recipient cells, whereas IFNy expression
was similar among all donor and recipient T cell subsets. IL-10
was not significantly expressed by any subset tested from either
donor or recipient. Altogether, these data show that some pop-
ulations of recipient cells infiltrating MHC-matched liver grafts
acquire a tissue-resident phenotypic and functional profile,
whereas others remain distinctly different.

The preponderance of recipient cells in the graft resulted in a
significantly altered lymphocyte pool compared with a baseline
liver. Combined donor and recipient cell data revealed a 1.95-
fold increase in total lymphocyte number and altered subset
composition, predominantly because of B cell and CD8af
T cell infiltration (Figures S3A-S3C). The overall phenotype of
T cells in the day 28 graft showed an increase in expression of
memory and exhaustion markers and of chemokine receptors
compared with baseline (Figure S3D). Thus, transplantation
even in MHC-matched settings substantially alters liver lympho-
cyte number, composition, and phenotype.

Cardiac lymphocyte composition is altered after MHC-
matched transplantation

We next studied alterations to the cardiac lymphocyte pool after
heterotopic heart transplantation. Despite being a lymphocyte-
poor organ compared with the liver, all subsets were detected
in the baseline heart (Figure 4A). B cells formed most of the
lymphocyte pool, with substantial numbers of CD8af3 and CD4
T cells and low numbers of Treg cells, unconventional T cells,
and ILCs. Similar to the liver model, MHC-matched transplanta-
tion led to the loss of significant numbers of donor lymphocytes

Figure 2. Non-resident donor lymphocytes egress to and are maintained in the periphery, express a distinct phenotype, and have limited

functional capacity after MHC-matched liver transplantation
(A) Splenic donor lymphocyte numbers (n = 2-9).

(B) Representative histograms of donor T cell phenotypes at day 28. Median fluorescence intensity (MFI) is indicated.

(C) Marker expression frequency by donor T cells at day >14 (n = 3-10).

(D) Donor T cell expression of granzyme B, IFNy, and IL-10 by donor T cells at day 7 (n = 3). x indicates insufficient cell numbers for analysis.
Data are means with SEM, and 2-way ANOVA was performed. Symbols indicate: *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001. See also Figure S2.
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from the heart within one day of transplantation, specifically B
cells, conventional T cells, and DN T cells (Figure 4B). By day
28 post-transplant, 99% of donor lymphocytes had exited the
graft, indicating the lymphocyte pool detected at baseline con-
sisted primarily of nonresident cells (Figures 4B and 4C). Minimal
numbers (<103 of donor B cells, conventional T cells, DN T cells,
and ILC1 were retained in the heart graft long term. Peripheral
donor B cells, conventional T cells, and cNK cells were detected
in the spleen; B cells and conventional T cells were detected in
the LNs; and B cells only were detected in the BM (Figure S4).
Infiltration of recipient lymphocytes to the heart occurred within
one day of transplantation, with recipient conventional T, NKT,
and CD8aa. T cells continuing to accumulate over time, leading
to a >3-fold increase in total heart lymphocytes and an altered
composition of lymphocytes by day 28 (Figures 4B and 4D).

Because of the small number of lymphocytes in the heart,
phenotypic analysis of T cells was restricted to CD69, CD44,
and CD62L (Figures 4E and 4F). Compared with baseline, the
combined donor and recipient conventional T cell populations
had increased CD69 and decreased CD62L expression after
transplantation. Overall, the changes to the cardiac graft and pe-
riphery of the recipient after transplantation followed dynamics
similar to those of the transplanted liver but also revealed or-
gan-specific differences.

Donor lymphocytes are depleted by recipient cells after
MHC-mismatched transplantation
We next assessed the fate of lymphocytes in complete MHC-
mismatched liver and heart transplants without pharmacological
immunosuppression. Mismatched liver grafts underwent a pro-
cess of acute rejection followed by graft tolerance, with lobule
inflammation and endothelialitis observed at day 7 but resolving
by day 28 (Figures 5A and 5B). This is consistent with the previ-
ously described maintenance of murine liver transplants, irre-
spective of MHC mismatches (Qian et al., 1994). In contrast to
our MHC-matched data, all donor lymphocytes were progres-
sively depleted within one month after transplantation (Fig-
ure 5C). Depletion of peripheral donor lymphocytes also
occurred after they were detected at day 1 and, for B and cNK
cells, day 7, but not at day 28 post-transplant (Figure S5A).
Substantial numbers of recipient lymphocytes rapidly infil-
trated the mismatched liver to a greater extent than in the
MHC-matched model (10-fold more at day 7 and 3-fold more
at day 28), which was driven by conventional T cells (Figures
5C and S5B). Recipient T cells were assessed for expression
of granzyme B, IFNy, and IL-10 to identify the functional capacity
of these cells and whether they were likely responsible for the
observed donor lymphocyte depletion (Figure 5D). In mis-
matched grafts, >85% of all T cell subsets expressed granzyme
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B, with these CD8a,3 T, CD4 T, and Treg cells also expressing IL-
10, both at greater frequencies than in matched grafts. However,
IFNy was expressed by few T cells in mismatched grafts but by
nearly half of the recipient CD8af3 T, NKT, and CD8a.o. T cells in
matched grafts.

To study the consequences of effective suppression of recip-
ient T and B cells on donor lymphocyte fate, we performed liver
transplants into T cell- and B cell-deficient mice that are Rag? "/~
recipients (Figures 5E and S5C). MHC-mismatched transplanta-
tion into Rag? '~ recipients resulted in retention of all donor
lymphocyte subsets at day 7, in contrast to the substantial losses
observed after immunocompetent mismatched transplants (Fig-
ures 5C and 5E). This indicates that removal or functional sup-
pression of recipient T and B cells is sufficient to preserve donor
lymphocytes in a mismatched context. When we performed
MHC-matched transplants into Rag?~’~ recipients, all donor
lymphocyte subsets were retained at numbers similar to base-
line, albeit with a loss of B cells, as observed after immunocom-
petent transplantation (Figure S5C). These data suggest that
recipient T and B cells affect the displacement and survival of
donor lymphocytes and dictate significant changes to the liver
lymphocyte composition after MHC-matched and MHC-mis-
matched transplantation.

In contrast to the liver transplant model, the MHC-mismatched
heart transplantation model does not result in long-term graft
tolerance without immunosuppression (Figure 5F). Mismatched
graft failure occurred by day 12 post-transplant, whereas synge-
neic and congenic heart transplants survived for up to 100 days.
As seen in MHC-matched hearts, donor lymphocytes were pro-
gressively lost from mismatched hearts (Figure 5G). Donor lym-
phocytes were also depleted from the periphery, although
some donor B cells persisted in the spleen and LNs and yd
T cells persisted in the BM (Figure S5D). There was a large influx
of recipient lymphocytes, with greater numbers infiltrating MHC-
mismatched than MHC-matched heart grafts (43-fold at day 1
and 213-fold at day 7) (Figure S5E). In summary, donor lympho-
cytes were rapidly depleted and replaced by an increasing num-
ber of cytotoxic recipient lymphocytes in MHC-mismatched liver
and heart transplants.

DISCUSSION

The importance of tissue-resident immunity in maintaining organ
physiology and defense against pathogens and cancer is
becoming increasingly recognized; however, its role in the
context of solid organ transplantation is less well understood.
Here, we have investigated the destiny of TRL subsets in
MHC-matched and MHC-mismatched murine liver and heart
transplantation.

Figure 3. MHC-matched liver grafts are rapidly infiltrated by recipient lymphocytes that are distinct from donor TRLs
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A) Donor and recipient lymphocyte numbers (n = 2-9). Percentages are means of recipient and donor contributions to each subset at day 28.

B) Graft-infiltrating recipient lymphocytes at day 28 (n = 3-7). Percentages are means of total recipient lymphocytes.

C) Recipient T cell expression of CD69 and CD49a at day 28 (n = 4-6). Bar graphs show means of recipient cell numbers expressing a CD69"CD49a* phenotype
black bars) or not (white bars). Percentages are mean expression frequencies of a CD69*CD49a* phenotype.

D) Representative histograms of T cell phenotypes at day 28 (n = 3-12, 2-way ANOVA on expression frequency data). MFI is indicated.

E) Recipient T cell granzyme B, IFNvy, and IL-10 expression at day 7 (n = 3, 2-way ANOVA). x indicates insufficient cell numbers for analysis.

Data are means with SEM. Symbols indicate: *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001. See also Figure S3.

Cell Reports 35, 109141, May 18, 2021 7




¢? CellPress

OPEN ACCESS

Cell Reports

A Baseline 4x10t Baseline Lymphocytes
Donor 5 s 53% Donor
p: £ = VAT
CD45.1 2 Donor 3 = CD8aa @
H-2KP O . <> 3 O Treg By o
o )Q% o mcse mon = icr  100%
™ I CD8cf W NKT B cNK
CD45.1 s ¢
B cells T cells Tunconv ILC
B Total
Lymphocytes CD8uB T Treg
. 99%
105 B 99% 1] 10% ° 100 10%7 99%
10%4 10 10%4 10%4
10°% 10%4 10% 10%4
102 102 102 102
10! 10" 10! 10!
10°1 1051 CD8oa T 1051 1051
10 100% 10 100% 10 10
10 1094 100% 10
1024 1024 5. 1024
10 10° o 10!
33 0 1 7 28
e}
E 105.
2 -8~ Recipient
— 94% - Donor
[}
(@]
=
©
Ju
]
1% of Baseline
C Day 28 5 1x10% o
Recipient ~ T sx10%
i} =3
CD45.2 0 Z  6x10 B MAIT
H-2KP 2 T I CD8ac
(&) ('_) 4x10% O Treg W Y3
g 2101 4 5oy . . . B CcD4 EI DN [ ILCH
a 0‘,5/" O'ISA’ O'IZA’ [ CDScf HE NKT  HH cNK
Beells Tcells  Tycony ILC
. Recipient
D 8 1.5x10 P
L £
Recipient E] 62%
CD45.2 uN> z . MAIT
5 = 3 [ CD8aa
H-2KP a] ©
o z 1 Treg BEE VD
g Bm CD4 [ DN 3 ICt
3 I CDSop HE NKT W oNK
x Beells Tcells Tycm  ILC 321%
E Baseline F
Day 28 - “”CDSOLBT ” Treg
2616 16764 133 1 T -
4815 6800 | , 384 754
CD8aB T NKT < | (
)\ | \ 501
i J y \
254
1273 6791 3527 142 > o
) 0 3894 77 c h
Cch4T CD8aa T " ‘w © CD69  CD44 CD62L
=)
y A g CD8aa T ¥ T
- - = 1001 1004 1004 '
571 {2311 3836 1582 8755 4526 153 t 1 o B Baseline
| 2283 ) | 62 1267 90 754 @ of 754 754 ° 1 O Day 28
Treg! || T g ‘ 2 L 1 &
[ o 50 50 501 8 B o o
e, L paus oA o o 1 R 3
Q 254 254 254 o
CD69 CD44 CD62L CD69 CD44 CD62L 5 ° | ! i I

8 Cell Reports 35, 109141, May 18, 2021

ol &5 20
CD69 CD44 CD62L

04
CD69 CD44 CD62L

(legend on next page)



Cell Reports

We have identified and characterized long-term tissue-resi-
dent populations of B cells, conventional and unconventional
T cells, and ILCs that are maintained after liver transplantation.
This confirms previous parabiosis and infection studies that
have described tissue-resident CD8 T cells (Steinert et al.,
2015), CD4 T cells (Beura et al., 2019), NKT cells (Geissmann
et al., 2005), vd T cells (Li et al., 2017), MAIT cells (Salou et al.,
2019), and ILC1 (Gasteiger et al., 2015) in the murine liver. CD8
and CD4 T cells have also recently been shown to persist in hu-
man liver transplants in patients on iatrogenic immunosuppres-
sion (Pallett et al., 2020). Outside of the liver, resident memory
B cells have been described in the murine lung and spleen and
tissue-resident Treg cells have been described in the visceral ad-
ipose tissue and intestine (Allie et al., 2019; Feuerer et al., 2009;
Johnson et al., 2020; Makita et al., 2007). TCRB* DN and CD8a.o.
T cells, which we carefully analyzed to ensure they were not y3 T,
MAIT, or NKT cells, are abundant populations in the liver but
have not previously been assessed for tissue residency (Hossain
et al., 2000; Norris et al., 1998).

We found that CD8aa T cells can comprise up to 11% of CD8
T cells in the liver. These cells are not MHC class | restricted and
have been described alternately as self-reactive regulatory
T cells or hyperfunctional effector T cells in various models
(Cheroutre and Lambolez, 2008; Poussier et al., 2002; Vinton
et al., 2017). In our MHC-matched liver transplants, CD8ao T
and NKT cells were the closest to classical tissue-resident
T cells because of their long-term retention and homogeneous,
canonical phenotype. CD8a.a. T cells also highly expressed gran-
zyme B, indicative of front-line cytotoxicity. Several studies have
reported on tissue-resident CD8 T cells in the liver, although
none have distinguished between the markedly different subsets
of CD8a.a. and CD8af (Fernandez-Ruiz et al., 2016; Holz et al.,
2018; Mackay et al., 2016; Steinert et al., 2015).

Analysis of TRLs after MHC-matched liver transplantation re-
vealed significant heterogeneity in the expression of canonical
tissue-resident markers. Recent reports have also highlighted
phenotypic diversity of tissue-resident CD8 T cells in other
models (Milner et al., 2020). Expression of CD69 and CD49a,
originally thought to be defining markers of tissue residency,
has been shown to be variable, tissue dependent, and dispens-
able for tissue-resident CD8 T cells (Haddadi et al., 2017; To-
pham and Reilly, 2018; Walsh et al., 2019). However, our
observed phenotypic diversity may be explained by the post-
transplant pool of donor conventional T cells consisting of a
combination of graft-resident cells and recirculating cells traf-
ficking to and from the graft. Our donor unconventional T cell
populations, which exhibited limited egress from the trans-
planted liver and homogeneously expressed markers of tissue
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residency, support this explanation. Furthermore, because we
observed self-renewal of graft-resident populations, some of
these donor cells may not have gained expression of expected
tissue-resident markers at the point of our analysis.

Additional markers were examined to determine their greater
suitability than CD69 and CD49a in defining tissue-resident pop-
ulations in the transplanted liver. Interactions of CXCR6 with
CXCL16 in liver sinusoids (Heesch et al., 2014), CXCR3 with
CXCL10 in hepatic lobules after ischemia and reperfusion (Zhai
et al., 2008), and PD1 with hepatocyte PD-L1 have been shown
to enhance tissue residency in the liver (Gill et al., 2019; Pallett
et al., 2017). Persistent low-level expression of T-bet and down-
regulation of Eomes controls tissue-resident CD8 T cell forma-
tion in the skin and lungs (Mackay et al., 2015). In our liver grafts,
donor conventional T cells were enriched but remained hetero-
geneous for CXCR6, CXCRS3, and PD1 expression. Despite the
expression of PD1, TIM3, and LAG