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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.

¢? CellPress


mailto:michaela.lucas@uwa.edu.au
https://doi.org/10.1016/j.celrep.2021.109141
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2021.109141&domain=pdf

Cell Reports ¢ CellPress

OPEN ACCESS

Dynamic changes to tissue-resident immunity
after MHC-matched and MHC-mismatched
solid organ transplantation

Amy Prosser,"-2 Wen Hua Huang,-® Liu Liu," Sarah Dart,’ Monalyssa Watson,! Bastiaan de Boer,* Philip Kendrew,>
Andrew Lucas,! Irma Larma-Cornwall,® Silvana Gaudieri,> Gary P. Jeffrey,"-37 Luc Delriviere,’-® Axel Kallies,®

and Michaela Lucas-9-10-*

Medical School, University of Western Australia, Perth, WA 6009, Australia

2School of Human Sciences, University of Western Australia, Perth, WA 6009, Australia

3Western Australian Liver and Kidney Transplant Service, Sir Charles Gairdner Hospital, Perth, WA 6009, Australia

4Department of Anatomical Pathology, Pathwest Laboratory Medicine, Perth, WA 6009, Australia

5Department of Clinical Biochemistry, Pathwest Laboratory Medicine, Perth, WA 6009, Australia

8Centre for Microscopy, Characterisation and Analysis, University of Western Australia, Perth, WA 6009, Australia

7Department of Gastroenterology, Sir Charles Gairdner Hospital, Perth, WA 6009, Australia

8Department of Microbiology and Immunology, The University of Melbourne, The Peter Doherty Institute for Infection and Immunity,
Melbourne, VIC 3000, Australia

9Department of Immunology, Sir Charles Gairdner Hospital and Pathwest Laboratory Medicine, Perth, WA 6009, Australia

10 ead contact

*Correspondence: michaela.lucas@uwa.edu.au

https://doi.org/10.1016/j.celrep.2021.109141

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

(
(
(
(
(
(

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.
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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 LAG3, graft-resident T cells re-
tained expression of granzyme B and IFNvy. These inhibitory mol-
ecules on tissue-resident T cells in the context of transplantation
therefore appear to be associated with checkpoint inhibition
and/or tissue retention rather than exhaustion. Although low-
level T-bet expression was observed in our graft-resident donor
and infiltrating recipient T cells, Eomes was not downregulated,
suggesting different transcriptional requirements for liver than
skin or lung tissue residency. The heterogeneity we observed
in TRLs retained in liver grafts provides intriguing insights into
the subset-, location-, and context-dependent phenotype of
these cells.

Comparison of MHC-matched and MHC-mismatched liver
transplantation revealed striking differences in donor and recip-
ient lymphocyte responses. Mismatched liver grafts underwent a
transient rejection episode that peaked at day 7 and in most
cases was overcome and resolved within one month without
pharmacological immunosuppression. This is consistent with
human findings in which acute T cell-mediated rejection is com-
mon in the first 6 weeks after transplantation; nevertheless,
20%-60% of liver transplant recipients can achieve tolerance
for >1 year after withdrawal of immunosuppression therapy
(Feng and Bucuvalas, 2017; Taner, 2017). In our study, all donor
lymphocytes were depleted from the MHC-mismatched liver
graft and periphery by day 28 post-transplant, and most were
depleted by day 7. This depletion most likely results from the
cytotoxic effect of recipient T cells, as suggested by their near-
ubiquitous expression of granzyme B. In contrast to the chime-
rism observed in our MHC-matched model, the deletion of donor
lymphocytes after MHC-mismatched transplantation meant
neither graft nor peripheral chimerism was achieved and was
not necessary for tolerance. However, it cannot be excluded

Figure 4. The murine heart does not retain donor lymphocytes after MHC-matched transplantation but is rapidly infiltrated by recipient cells

that alter the cardiac lymphocyte pool

(A) Baseline heart lymphocytes (n = 5). Percentages are means of total lymphocytes.
(B) Donor and recipient lymphocyte numbers (n = 3-5, unpaired t tests between baseline and donor cells at day 1). Percentages are mean donor and recipient

contributions to each subset at day 28.

(C and D) Heart graft donor (C) and recipient (D) lymphocytes at day 28 (n = 3—4). Percentages are means of baseline or total recipient lymphocytes, respectively.
(E) Representative histograms of combined donor and recipient T cell phenotypes (n = 3-5). MFl is indicated.

(F) Donor plus recipient T cell marker expression frequency (n = 3-5, 2-way ANOVA).

Data are means with SEM. Symbols indicate: *p < 0.05; **p < 0.01; ***p < 0.0001. See also Figure S4.
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that the transient presence of donor lymphocytes before their
depletion contributed to the induction of liver acceptance.

Donor lymphocyte loss from both MHC-matched and MHC-
mismatched liver grafts was prevented by transplantation into
Rag1~’'~ recipient mice, confirming the role of recipient T and
B cells in donor cell depletion. The retention of donor lympho-
cytes in this Rag? '~ model of effective T and B cell suppression
aligns with findings after human liver transplantation of donor
lymphocyte persistence over several years (Pallett et al., 2020).
The maintenance observed in humans is likely a product of the
long-term immunosuppression used to suppress rejection re-
sponses. Snyder et al. (2019) have reported that human lung
transplant recipients with higher frequencies of donor T cells in
their bronchoalveolar lavage fluid experienced fewer adverse
clinical events, including fewer rejection episodes. What re-
mained unclear is whether the retention of donor lymphocytes
resulted in fewer rejection episodes or whether greater numbers
of donor lymphocytes were retained because of fewer or less se-
vere rejection episodes. Our MHC-mismatched data indicate
that the rejection episodes determine the number of retained
donor lymphocytes after transplantation. One can further spec-
ulate that the type of immunosuppression used in humans differ-
entially influences specific donor lymphocyte subsets after
transplantation.

Finally, we have compared our findings in the liver to a heart
transplantation model in which rejection occurs of MHC-mis-
matched grafts. The heart is a lymphocyte-poor organ, with
22-fold fewer total lymphocytes than the liver at baseline, which
proved to be primarily transient, nonresident cells, as indicated
by their near-complete loss from both MHC-matched and
MHC-mismatched grafts. Significant infiltration of heart grafts
occurred, resulting in drastically altered lymphocyte composi-
tions and ultimately the failure of mismatched hearts. Altogether,
these data show that without immunosuppression of the recip-
ient, donor lymphocytes are not maintained after MHC-mis-
matched solid organ transplantation. Donor immunological
memory and direct recognition of donor MHC-presented antigen
are lost, leaving the graft vulnerable to infection and with poten-
tially impaired physiological function.

Our two models of solid organ transplantation have provided
insights into the fate of circulating and tissue-resident donor lym-
phocytes. Tissue-resident immunity is disturbed after transplan-
tation, which is likely to contribute to post-transplant infections,
cancer, and poor long-term graft outcomes by affecting normal
physiological and immune functions. Significant infiltration of
recipient lymphocytes to both liver and heart grafts occurred,
although the native organs’ phenotypically and functionally
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diverse TRL composition was not recreated in either MHC-
matched or MHC-mismatched contexts. However, donor and
recipient tissue-resident immunity may continue to change
over time. Post-transplant infections forming new immunological
memory may lead to an increased TRL pool within the graft. The
level of MHC mismatch and type of immunosuppression likely af-
fects TRL maintenance and function but requires further investi-
gation and could lead to better overall transplantation outcomes.

Limitations of study

Our models of nonarterialized liver and heterotopic heart transplan-
tation do not fully recapitulate the human situation and present
challenges when comparing to nontransplanted organs. Examina-
tion of the tissue-resident phenotype of donor and recipient cells is
complicated by the potential recirculation of cells and the unknown
time frame for acquisition of a tissue-resident phenotype after pro-
liferation. Although graft-infiltrating recipient cells possessed a
distinct phenotype, the significance of this for graft outcome and
infection risk remains unclear. Finally, although Rag?~'~ mice
lack T and B cells, conventional immunosuppression suppresses
only some aspects of the immune response and thus would have
a less profound impact than complete removal of these cells.
This is a descriptive study, and further work is needed to elucidate
the functional role of TRLs in transplantation tolerance and post-
transplant infection and cancer prevention.
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Figure 5. MHC-mismatched liver, but not heart, transplants survive after transient rejection despite depletion of donor lymphocytes and

graft infiltration by cytotoxic recipient cells

(A) Survival of MHC-matched (n = 30) and MHC-mismatched (n = 14) liver transplants.

(
(
(
(

Whitney test).

B) Histology of MHC-matched and MHC-mismatched liver grafts at days 7 and 28. Scale bars indicate 200 um (top panel) and 100 pm (bottom panel).

C) Donor and recipient lymphocyte numbers after MHC-mismatched liver transplantation (n = 3-10).

D) Recipient T cell expression of granzyme B, IFNy, and IL-10 at day 7 (n = 3, 2-way ANOVA).

E) Donor lymphocyte numbers at baseline (n = 3) and day 7 after MHC-mismatched transplantation to Rag7~/~ recipients (n = 3, unpaired t test and Mann-

(F) Survival of syngeneic, MHC-matched congenic, and MHC-mismatched heart transplants (n = 5-7 per group).
(G) Donor and recipient lymphocyte numbers after MHC-mismatched heart transplantation (n = 3-5).
Data are means with SEM. Symbols indicate: *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001. See also Figure S5.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

CD117 (c-Kit) Brilliant UV 395 (2B8)
CD11c AlexaFluor 700 (N418)
CD127 PE (A7R34)

CD127 PE/CF594 (SB/199)

CD19 Brilliant Violet 480 (1D3)
CD19 Brilliant Violet 510 (1D3)
CD25 Birilliant Violet 786 (PC61)
CD8 Brilliant Violet 510 (145-2C11)
CD3 PerCP/eF710 (17A2)

CD4 AlexaFluor 700 (RM4-5)

CD4 Brilliant Violet 786 (GK1.5)
CD44 Brilliant Blue 515 (IM7)

CD44 Brilliant Violet 510 (IM7)
CD45.1 APC/eFluor 780 (A20)
CD45.1 Birilliant Violet 711 (A20)
CD45.2 AlexaFluor 700 (104)
CD45.2 APC/eFluor 780 (104)
CD45.2 FITC (104)

CD45.2 PerCP/Cy5.5 (104)

CD49a Birilliant Blue 700 (Ha31/8)
CD49a Brilliant UV 395 (Ha31/8)
CD49a Brilliant Violet 510 (Ha31/8)
CD49a PE (Ha31/8)

CD49b PE/Cy7 (DX5)

CD49d Brilliant Violet 711 (R1-2)
CD62L eVolve 605 (MEL-14)
CD62L PE/Cy7 (MEL-14)

CD69 Brilliant Violet 711 (H1.2F3)
CD69 PE/Cy7 (H1.2F3)

CD69 PE/Dazzle 594 (H1.2F3)
CD8a. Brilliant UV 395 (53-6.7)
CD8a. eVolve 655 (53-6.7)

CD8a SuperBright 645 (53-6.7)
CD8B Brilliant UV 395 (H35-17.2)
CD8B Brilliant Violet 480 (H35-17.2)
CX3CR1 Brilliant Violet 421 (SA011F11)
CXCR3 Birilliant Violet 650 (CXCR3-173)
CXCR6 PE (SA051D1)

Eomes PE/Cy7 (Dan11mag)

FoxP3 AlexaFluor 647 (150D)
FoxP3 PE/CF594 (MF223)

GATA-3 Birilliant Violet 421 (L50-823)
IFNYy Brilliant Violet 785 (XMG1.2)
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BD Biosciences
Thermo Fisher
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Thermo Fisher
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Thermo Fisher
BD Biosciences
BD Biosciences
Thermo Fisher
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BioLegend

BD Biosciences
Thermo Fisher
BD Biosciences
BD Biosciences
BD Biosciences
BioLegend

BD Biosciences
Thermo Fisher
Thermo Fisher
BD Biosciences
BD Biosciences
BioLegend
BioLegend
BioLegend
Thermo Fisher
BioLegend

BD Biosciences
BD Biosciences
BioLegend

Cat#564011 RRID:AB_2738541
Cat#56-0114-82 RRID:AB_493992
Cat#135009 RRID:AB_1937252
Cat#562419 RRID:AB_11153131
Cat#566107 RRID:AB_2739509
Cat#562956 RRID:AB_2737915
Cat#564023 RRID:AB_2738548
Cat#563024 RRID:AB_2737959
Cat#46-0032-82 RRID:AB_1834427
Cat#561025 RRID:AB_2034006
Cat#563331 RRID:AB_2738140
Cat#564587 RRID:AB_2738855
Cat#563114 RRID:AB_2738011
Cat#47-0453-82 RRID:AB_1582228
Cat#563982 RRID:AB_2861197
Cat#560693 RRID:AB_1727491
Cat#47-0454-82 RRID:AB_1272175
Cat#561874 RRID:AB_10894189
Cat#561096 RRID:AB_2034008
Cat#742164 RRID:AB_2861198
Cat#740262 RRID:AB_2740005
Cat#740144 RRID:AB_2739900
Cat#562115 RRID:AB_11153117
Cat#108922 RRID:AB_2561460
Cat#740661 RRID:AB_2740350
Cat#83-0621-42 RRID:AB_2574718
Cat#560516 RRID:AB_1645257
Cat#740664 RRID:AB_2740352
Cat#552879 RRID:AB_394508
Cat#104536 RRID:AB_2565583
Cat#563786 RRID:AB_2732919
Cat#86-0081-42 RRID:AB_2574784
Cat#64-0081-82 RRID:AB_2662353
Cat#740278 RRID:AB_2740017
Cat#746835 RRID:AB_2744086
Cat#149023 RRID:AB_2565706
Cat#126531 RRID:AB_2563160
Cat#151103 RRID:AB_2566545
Cat#25-4875-80 RRID:AB_2573453
Cat#320014 RRID:AB_439750
Cat#562466 RRID:AB_11151905
Cat#563349 RRID:AB_2738152
Cat#505837 RRID:AB_11219004

(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

IL-10 Birilliant Violet 421 (JES5-16E3)
Ki67 Brilliant Violet 786 (B5)

Ki67 PerCP/eFluor 710 (SolA15)
KLRG1 Birilliant Violet 711 (2F1)
LAG-3 Birilliant Violet 650 (CO9B7W)
Lin PerCP/Cy5.5 ()

Ly6C PE/Cy7 (AL-21)

NK1.1 APC (PK136)

NKp46 AlexaFluor 647 (29A1.4)
PD-1 Brilliant Violet 421 (J43)
RORYt Brilliant Violet 650 (Q31-378)
ST2 PE (RMST2-2)

Tbet Brilliant Violet 421 (04-46)
Thbet Brilliant Violet 605 (4B10)
TCRB AlexaFluor 700 (H57-597)
TCRB Brilliant Violet 421 (H57-597)
TCRy?3 Brilliant Violet 711 (GL3)
TCRy?d PE (GL3)

TIM-3 PE (5D12)

BD Biosciences
BD Biosciences
Thermo Fisher
BD Biosciences
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Thermo Fisher
BD Biosciences
BioLegend
BioLegend
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences

Cat#563276 RRID:AB_2738111
Cat#563756 RRID:AB_2732007
Cat#46-5698-80 RRID:AB_11039489
Cat#564014 RRID:AB_2738542
Cat#125227 RRID:AB_2687209
Cat#561317 RRID:AB_10612020
Cat#560593 RRID:AB_1727557
Cat#550627 RRID:AB_398463
Cat#560755 RRID:AB_1727464
Cat#565942 RRID:AB_2739406
Cat#564722 RRID:AB_2738915
Cat#12-9335-82 RRID:AB_2572708
Cat#563318 RRID:AB_2687543
Cat#644817 RRID:AB_11219388
Cat#109223 RRID:AB_1027654
Cat#109229 RRID:AB_10933263
Cat#563994 RRID:AB_2738531
Cat#561997 RRID:AB_10897008
Cat#566346 RRID:AB_2739702

Chemicals, peptides, and recombinant proteins

CD1d tetramer APC (aGalCer loaded)
CD1d tetramer PE («GalCer loaded)

MR1 tetramer Birilliant Violet 421 (5-OP-RU)
DNase |

PBS tablets

Newborn calf serum (heat-inactivated)
DMEM

Red Blood Cell Lysis Solution

Percoll

Collagenase I

Prolmmune

Prolmmune

NIH

Thermo Fisher

Thermo Fisher

Thermo Fisher

Thermo Fisher

Miltenyi Biotec

Cytiva Life Sciences
Worthington Biochemicals

Cat#E001-4A-G
Cat#E001-2B-E
N/A

AM2224
18912014
26010-074
10569010
130-094-183
17-0891-01
CLS-2

Critical commercial assays

FoxP3/Transcription Factor Staining Buffer Set

Thermo Fisher

Cat#00-5523-00

Zombie UV Fixable Viability Kit BioLegend Cat#423107
Cell Activation Cocktail (with Brefeldin A) BioLegend 423304
Stabilizing Fixative BD Biosciences Cat#338036
Brilliant Stain Buffer BD Biosciences Cat# 566349
Experimental models: Organisms/strains

CD45.1 (BG.SJL-PtprcaPepcb/BoyJArc) Animal Resources Centre PTP

CD45.1 (B6.SJL-Ptprc®Pepc®/BoyJAusb) Australian Bioresources N/A

CD45.2 (C57BL/6J) Animal Resources Centre B6

RAG1~/~ (B6.SVJ129-Rag1tm1Bal/Arc) Animal Resources Centre RAG1 N10

Software and algorithms

FlowJo v10 Treestar Inc RRID: SCR_008520
Prism 8 Graphpad Inc RRID: SCR_002798
Other

UltraComp eBeads Compensation Beads
Ultra Rainbow Calibration Kit
Cytometer Setup and Tracking Beads

Thermo Fisher
Spherotec
BD Biosciences

Cat#01-2222-42
Cat#URCP-38-2K
Cat#655051
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Michaela
Lucas (michaela.lucas@uwa.edu.au).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This study did not generate datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

CD45.2 C57BL/6J and BALB/c, CD45.1 C57BL/6 (B6.SJL-Ptprc®Pepc®/Boyd), CD45.1 BALB/c (CByJ.SJL(B6)-Ptprc®/J), and
Rag1’/ ~ (B6.SVJ129-RagitmiBal/Arc) mice were purchased from the Animal Resources Centre or Australian Bioresources. All
strains except Rag?~/~ are immunocompetent and were housed under standard specific pathogen-free conditions. Rag? ™~ mice
are mutant inbred homozygotes for the Rag7™’52' mutation and produce no mature T or B cells. These mice are considered severely
immunocompromised and thus were housed in individually ventilated cages. Prior to transplantation, all mice were drug and test
naive and had not undergone any previous procedures. All mice were monitored daily, housed at a maximum of 6 mice per cage,
and fed normal chow. All animal experiments were conducted with approval of the University of Western Australia Animal Ethics
Committee under protocol numbers RA/3/100/1364 and RA/3/100/1568 and conformed to the Australian Code for the Care and
Use of Animals for Scientific Purposes.

Orthotopic liver transplantation

MHC matched transplantation was performed with randomly selected, weight matched adult male CD45.1 C57BL/6 H2k® donor
mice and male CD45.2 C57BL/6J H2kP recipient mice, each weighing 25-30 g (approximately 12 weeks of age). Males were used
for their larger size compared to females to provide maximal vasculature and bile duct size. MHC mismatched transplantation
was performed with CD45.1 C57BL/6 H2k® donor mice and male CD45.2 BALB/c H2k® recipient mice. Rag? '~ transplants were
performed with CD45.1 C57BL/6 or CD45.1 BALB/c donor mice. A pre-operative dose of 0.05-0.1 mg/kg buprenorphine was admin-
istered subcutaneously to all transplant recipient mice and general anesthetic induced by continuous isoflurane inhalation. Non-ar-
terialized orthotopic liver transplantation was performed as previously described (Yokota et al., 2016). Mice were individually housed
during post-surgical recovery. Cages were placed on a heated mat under heat lamp for immediate post-transplant monitoring every
15 min for the first hour, then every 30 min to a total of 3 h. Mice were placed in a warming cabinet at 26°C for the first 7 post-surgical
days. Mice were monitored twice daily for the first 3 post-surgical days and administered buprenorphine (0.05-0.1 mg/kg) subcuta-
neously for analgesia twice daily as required. Monitoring was reduced to once per day to day 7 post-transplant, then twice per week
to day 28 post-transplant. No immunosuppressive therapies were administered before or after transplantation.

Heterotopic heart transplantation

Randomly selected female CD45.1 C57BL/6 mice were used as donors and female CD45.2 C57BL/6J or BALB/c mice as recipients for
hearttransplantation at 6-8 weeks of age. Females were selected due to theirincreased abdominal space compared to male mice. A pre-
operative dose of 0.05-0.1 mg/kg buprenorphine was administered subcutaneously to all transplant recipient mice and general anes-
thetic induced by continuous isoflurane inhalation. Intra-abdominal vascularised heart transplantation was performed as described pre-
viously (Corry et al., 1973). Post-operative housing and analgesia was performed as per the liver transplant protocol above.

METHOD DETAILS

Sample collection and isolation of tissue leukocytes

At designated post-operative time points the transplanted liver or heart, spleen, abdominal lymph nodes, peripheral blood (half clot-
ted for serum, half collected into heparinised tubes for flow cytometry) and hind limb bone marrow were harvested from each trans-
plant recipient. The native heart was also collected from heart transplant recipient mice. The liver was perfused with 10 mL and hearts
with 5 mL cold saline prior to collection. Hearts were cut longitudinally and injected with 500 pL of DMEM containing 400 U/mL colla-
genase |l (Worthington Biochemicals) and 48 U/mL DNase | (Thermo Fisher). Heart sections were incubated in 5 mL of this digestion
cocktail for 10 min at 37°C with gentle shaking before being minced and incubated in the same conditions for a further 30 min. All
organs were passed through 70 um cell strainers. Leukocytes were isolated from liver and heart single cell suspensions by 42% Per-
coll density-gradient centrifugation. Red cells were lysed from all tissue samples with 1x Red Blood Cell Lysis Buffer (Miltenyi Biotec),
as recommended by the manufacturer. Cells were counted on a Countess Il FL Automated Cell Counter (Thermo Fisher).
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Flow cytometry analysis

Leukocytes (0.1-4 x 10°) were stained with antibodies and tetramers listed in the Key resources table. Intracellular staining was per-
formed with Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher) as per the manufacturer’s instructions. Viability was
determined using Zombie UV™ Fixable Viability Dye (BioLegend). Proliferation was assessed by intracellular Ki67 staining. Anti-
bodies and tetramers were titrated for optimal population resolution. Fluorescence minus one controls were completed for all panels
to determine gating limits and fluorescence spread. Data was acquired on a BD SORP Fortessa™ flow cytometer with daily quality
control checks performed with Cytometer Setup and Tracking beads (BD Biosciences) and Ultra Rainbow Calibration Particles
(Spherotech). Data was analyzed using Flowjo software (BD). All samples were subject to FlowAl (Monaco et al., 2016) prior to further
analysis for removal of anomalous data points. All blood data presented is per mL of blood. Lymphocyte subset gating strategies are
shown in Figures S1A and S1B. Baseline organs analyzed were from mice age- and sex-matched to relevant transplant organ donors.

Ex vivo leukocyte stimulation

Between 1 and 4 x 10° cells per well in a 96-well plate were incubated in 200 uL of Dulbecco’s Modified Eagle Medium (Thermo
Fisher) with 10% (v/v) newborn calf serum (Thermo Fisher) with or without Cell Activation Cocktail (PMA/lonomycin) containing Bre-
feldin A (BioLegend) diluted 500x as per the manufacturer’s instructions. Cells were incubated at 37°C for 4 h with 5% CO,. Stimu-
lation was halted by washing with PBS and cells were stained for flow cytometry as above.

Histology

A section of the left lateral lobe of each transplanted liver was taken for histology. Tissue was fixed in 10% phosphate-buffered
formalin and embedded in paraffin. Staining with hematoxylin and eosin was performed at PathWest Laboratory Medicine WA
and assessed for evidence of rejection by an experienced histopathologist.

Graphical abstract
The image was created with BioRender.com.

QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical analysis was performed in GraphPad Prism 8. Data was tested for outliers and normal distribution prior to statistical
testing and analysis. Tests used and n values for number of baseline mice or transplants are included in individual figure legends.

All data shown is mean with SEM. Sidak’s correction for multiple comparisons was used where appropriate. Standard symbols indi-
cate: *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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