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Abstract

CD8 T cells play a key role in cancer immunotherapy and allograft rejection. However, it is not clear how they kill cells and
tissues that do not have the agonist peptide-major histocompatibility complex (MHC) on their surface, as in the settings of
MHC class | deficient tumors and indirect rejection of MHC-mismatched transplants. CD8 T cells might respond to agonist
antigen cross-presented on hematopoietic cells, leading to a “bystander” rejection. Alternatively, they may recognize agonist
antigen cross-presented on recipient endothelial cells and kill the tissue’s vital blood supply. The latter mechanism predicts
that all non-vascularized grafts, grafts dependent on in-growth of recipient blood vessels, will be susceptible to CD8 T cell
mediated indirect rejection. In contrast, we show here that non-vascularized transplants, bearing the same agonist antigen,
are not universally susceptible to this rejection pathway. Non-vascularized skin, but not islet or heart tissue transplants were
indirectly rejected by CD8 T cells. Furthermore, CD8 T cells were able to indirectly reject skin grafts when recipient MHC
class | expression was restricted to bone marrow derived cells but not when it was restricted to radioresistant cells (e.g.
endothelial cells). These findings argue against a major role for endothelial cell cross-presentation in killing of tissue that does
not present the agonist peptide-MHC class I. Instead, the data suggests that cross-presentation by recipient hematopoietic
cells underlies the CD8 T cell mediated killing of tissue that is unable to directly present the target peptide-MHC class |.
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Introduction

Allorecognition and priming of donor specific T cells
involves presentation of the alloantigen on either host or
donor derived professional antigen presenting cells. Once
activated, many individual CD8 effector T cells can kill tar-
get cells via direct recognition of alloantigen agonist pep-
tide-major histocompatibility complex (MHC) complexes on

! Department of Surgery, University of Alberta, Edmonton, AB, Canada

2 Alberta Diabetes and Transplant Institutes, University of Alberta,
Edmonton, AB, Canada

3 Division of Transplantation, Department of Surgery, University of
Wisconsin School of Medicine and Public Health, Madison,
WI, USA

* Department of Medical Microbiology and Immunology, University of

the donor cell (the direct pathway). A smaller fraction of
CDS effector T cells, restricted to recognizing the alloantigen
peptides presented in the context of host MHC, can also
reject donor cells via the indirect pathway'. How CD8 T cells
indirectly reject grafts is not clear. CD8 T cells have a limited
capacity to kill bystander cells in tumors or allografts that do
not express, or have lost expression, of the appropriate MHC
class I'3. Nevertheless, the indirect pathway is an important
contributor to graft rejection! and both CD4 and CD8 T cells
can cause indirect rejection*”. However, there is a differential
sensitivity of tissues to indirect rejection” where CDS T cells

Alberta, Edmonton, AB, Canada

5 Department of Microbiology, Inmunology and Infectious Diseases,
University of Calgary, Calgary, AB, Canada

¢ )P Biologics, Warsaw, Poland

* These authors share first authorship

Submitted: August 14, 2022. Revised: September 30, 2022. Accepted:
October 12, 2022.

Corresponding Author:

Colin C. Anderson, Department of Surgery, University of Alberta,
Edmonton, AB Té6G 2EI, Canada.

Email: colinand@ualberta.ca

@ @@ Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and
distribution of the work without further permission provided the original work is attributed as specified on the SAGE and Open Access pages

(https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/cll
mailto:colinand@ualberta.ca

Cell Transplantation

can indirectly reject a skin graft but not a heart transplant
from the same donor®. The disparate outcome with heart and
skin grafts may be due to differences in the cell types within
the graft, or it may be due the origin of the vasculature>® 1!,
The heart is typically transplanted as a “vascularized graft”
such that the blood vessels in the graft are of donor origin,
while skin is typically a “non-vascularized” graft, with ves-
sels of recipient origin. Thus, CD8 T cells might target donor
antigen cross-presented on the recipient blood vessel endo-
thelial cells that have grown into the graft tissue®, killing host
derived blood vessels needed for graft survival. However,
direct in vivo evidence for this mechanism of indirect rejec-
tion is lacking.

We tested two key predictions of the endothelial cell
targeting model: (1) that all non-vascularized grafts would
be susceptible to CD8 T cell mediated indirect rejection, and
(2) that the effector mechanism of indirect rejection of a skin
graft would depend on cross-presentation of donor antigen
on recipient cells that are relatively radioresistant (e.g. endo-
thelial cells or their precursors)'?, and not cross-presentation
on recipient hematopoietic cells.

Materials and Methods

Ethics Statement

This study was approved by the Health Sciences Animal
carecommitteeatthe University of Alberta(AUP00000215).
All care and handling of animals were carried out in accor-
dance with the guidelines of the Canadian Council on
Animal Care.

Mice

Adult C3H (H-2%), C57BL/6 (B6; H-2%) and B10.BR (H-2¥)
mice were purchased from Jackson Laboratory (Bar Harbor,
ME, USA) and Charles River Canada (Saint-Constant, QC,
Canada). Adult CBA mice (H-2¥) were obtained from NCI
Frederick (Frederick, MD, USA). B6.Ragl”, B6-CD45.1,
and B6 mice expressing green fluorescent protein, B6.GFP;
B6-Tg (UBC-GFP) 30Scha/l, originally from Jackson
Laboratory, were bred in-house. B6.Ragl”-K°D"”" mice
were generated by crossing B6.Rag/”- with B6.H-2K"™!-H-
2DP™IN12 (originally from the NIAID Exchange Program,
NIH: 004215; Class 1 knockout mice)'3. B6.Ragl”-GFP
(H-2%) mice were generated by crossing B6.Ragl” with
B6.GFP mice described above. Female MataHari mice’ on the
B6.Rag 1" background were bred at University of Alberta.

Skin Transplantation

Full thickness trunk skin was transplanted onto the dorsum
of recipient mice. Briefly, 1 cm? of donor skin was secured
with sutures to the recipient graft bed and bandaged for 7 days.

Skin grafts were considered rejected at the time when
>90% surface area was necrotic. Histological analysis of
skin grafts was performed at the times indicated.

Islet Isolation and Transplantation

In all, 500 islets were transplanted beneath the renal capsule
as previously described'®. Briefly, recipients were made
diabetic by a single i.p. injection of streptozotocin (Sigma-
Aldrich Canada, Oakville, ON, Canada). Diabetes was con-
firmed as blood glucose of >20.0 mmol/L and grafts were
considered rejected when blood glucose levels exceeded 15
mmol/L over 2 days. When indicated, MataHari mice were
primed by an i.p. injection of 5 million irradiated B6.Ragl ™"
male splenocytes 5 days prior to islet transplantation.

Heterotopic Neonatal Heart Transplantation

Donor neonatal hearts were transplanted either under the
skin of the ear pinna or under the renal capsule, as described
previously!?.

Generation of Bone Marrow Chimeras With
Monoclonal CD8 T Cells

Recipient mice were lethally irradiated with 12 Gy in split
doses prior to receiving intravenously (i.v.) 20-40 million
bone marrow cells and received TMX/SMP antibiotic
(Strathcona Pharmacy, Edmonton, AB, Canada). Chimeras
received 0.8 to 1.0 million FACS sorted splenic T cells
(CD8B*TCR VB8™; 85-95% purity) from MataHari female
mice that had been immunized 5 days earlier; immunization
was by an i.p. injection of 5 million irradiated (20 Gy)
B6-CD45.1 male splenocytes. To increase survival of trans-
ferred T cells!'®, the chimeric recipients were given NK cell
depleting antibody (PK136; 0.3 mg per injection, produced
in house), at day -5, -2, and +1, relative to T cell transfer.
Chimeras were given skin grafts 1 day after T cell transfer.

Flow Cytometry

Chimerism was assessed by flow cytometry for GFP, H-2K"
and H-2DP. Antibodies against TCR VB8, CDS8p, CD44,
H-2K", and H-2D® were from BD Pharmingen (San Diego,
CA, USA) and eBioscience (San Diego, CA, USA). Data
were acquired using an LSR II (Becton Dickson, Sunnyvale,
CA, USA) and analyzed with FlowJo™ (Treestar software,
OR, USA).

Statistical Analysis

Flow cytometry data were compared by the Mann-Whitney
U Test. Graft survival was compared using the log-rank
(Mantel-Cox) test. All statistical analyses were done using
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Figure |. Rejection of skin but not islet grafts by CD8 T cells via the indirect pathway. MataHari female mice received a skin or islet
graft from the donor mice indicated. (A) List of donors and the potential rejection pathways in a MataHari female recipient. (B) Top: Skin
graft survival for C3H male (n = 8) and B6.Rag!”- male (n = 9) donors. Bottom: Islet graft survival from C3H male (n = 12), C3H male*
(n = 5), C3H female (n = 2), CBA male (n = 2), BI0.BR male (n = 4) donors, B6.Rag/”-K’D"" male (n = 4) donors, all surviving to

> 100 days, and Bé6.Rag /" male (n = 10) donors; P < 0.0001. For C3H male* donors, recipient MataHari female mice were primed to

the HY antigen 5 days prior to islet transplantation.

Prism (GraphPad Software, La Jolla, CA, USA). A P value
of = 0.05 was considered statistically significant.

Results

Indirect CD8 T Cells Reject Non-Vascularized
Grdfts of Skin, but not Islets or Heart Tissue

MataHari females have a monoclonal population of CD8
T cells specific for the WMHHNMDLI peptide of the male
antigen (HY) in the context of H-2DY. When on the B6.Rag ™"
(H-2°) background, as in our study, they lack or have greatly

reduced numbers of CD4 T cells®. HY from male grafts of an
MHC-mismatched donor (e.g. C3H; H-2¥) can only be rec-
ognized through the indirect pathway (Fig. 1A). To begin to
test whether the vascularized versus non-vascularized nature
of donor grafts is the key determinant of indirect rejection,
we assessed indirect rejection of islet grafts (Fig. 1A). Islet
grafts, like skin grafts, are non-vascularized (revasculariza-
tion is primarily by recipient neoangiogenesis).'”'®
Consistent with previous studies showing CD8 T cells can
indirectly reject MHC class I deficient skin grafts'® or grafts
with the wrong MHC allele for the CD8 T cell,>?° MataHari
(H-2%) female mice indirectly rejected male C3H (H-2¥) skin
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grafts (Fig. 1B). However, MataHari female mice did not
reject male C3H islet transplants via the indirect pathway
(Fig. 1B) despite their ability to rapidly directly reject MHC-
matched (H-2°) donor male islets?'. MataHari female mice
were also unable to indirectly reject islets from male CBA
(H-2¥), B10.BR (H-2¥), and B6.Ragl”--K°D"”~ (H-2") donors
(Fig. 1B). A lack of T cell priming did not appear to be
responsible for the lack of rejection, as even MataHari female
mice previously primed with male antigen?' did not indi-
rectly reject islets (Fig. 1B).

To test whether differences in graft location might affect
the outcome, we gave MataHari female recipients non-vas-
cularized, rather than vascularized heart grafts, either under
the renal capsule!® or under the skin of the ear pinna'>?2,
While it can be difficult to visually detect the beating of a
heart graft under the ear skin, we could discern visual signs
of muscle contraction in most male C3H (H-2¥) and male
CBA (H-2%) heart grafts (Supplementary Table 1). In con-
trast, none of the male MHC-matched (H-2°) heart grafts
could be seen contracting, even when observed early post-
transplant (day 35). All male CBA, male C3H, and female
C3H heart grafts under the ear pinna had well organized car-
diac myocytes with no lymphocytic infiltration. In contrast,
male MHC-matched (B6.Ragl™) grafts showed extensive
fibrosis with no cardiac muscle fibers present (Supplementary
Fig. 1A). For grafts under the kidney capsule at 100 days,
contractions and intact cardiac myocytes (Supplementary
Fig. 1B) were seen for all male CBA grafts while male
B6.Ragl”" neonatal hearts had been completely rejected.
These results demonstrate that a non-vascularized heart
transplant, like its vascularized counterpart’, resists indirect
rejection by CD8 T cells.

MHC Class | is Required on Hematopoietic Cells
but not on Recipient Radioresistant Cells for
Indirect Rejection by CD8 T Cells

We directly examined the requirement for MHC class 1
expression by radiosensitive hematopoietic cells (such as
antigen presenting cells (APCs)) or radioresistant cells
(vascular endothelium). We generated reciprocal radiation
chimeras of the H-2" haplotype between B6.Rag”-GFP and
B6.Ragl”-K®D"”" mice (Supplementary Fig. 2), transferred
to them primed and sorted MataHari female T cells 6 weeks
post bone marrow transplantation, and then challenged these
mice with two male skin grafts, from C3H and B6.Ragl”
donors (Fig. 2A). If HY cross-presented by host endothelial
cells were the target of indirect rejection, chimeras with
MHC I on radioresistant cells (MHC I~ to MHC I"'* chime-
ras) would be expected to reject the C3H male skin graft due
to the ingrowth of recipient radioresistant endothelial cells
cross-presenting HY. However, chimeras with MHC I on
radioresistant cells and lacking MHC class I on radiosensi-
tive cells accepted male C3H skin grafts for greater than 100
days despite rapid rejection of B6 male skin grafts in the

same recipients (Fig. 2B and Supplementary Fig. 3). These
data suggest that MHC class I is required on radiosensitive
cells for CD8 T cell-mediated indirect rejection and that any
cross-presentation by recipient endothelial cells does not
provide a sufficient target for indirect rejection. In contrast,
MHC """ to MHC 1"~ chimeras (lacking Class 1 on radio-
resistant cells) could reject both male C3H and B6 skin grafts
(Fig. 2B and Supplementary Fig. 3) despite the lack of cross-
presentation on recipient radioresistant endothelial cells.
The CD8 T cells expressed similarly high levels of CD44
(Supplementary Fig. 2B) and rejected B6 male skin grafts
with equal kinetics in the two groups of chimeras (Fig. 2B),
despite rejection of male C3H grafts only occurring in the
MHC I'""* to MHC I~ chimeras. Although a fraction (30%) of
C3H grafts survived long-term in MHC I*/* to MHC I~ chi-
meras, these grafts had evidence of rejection (Supplementary
Fig. 3B). Taken together, there is a requirement of MHC
class I to be present on radiosensitive cells but not radioresis-
tant cells for indirect rejection by CDS8 T cells to occur.

Discussion

Our previous studies showed that allogeneic islets, skin
and B cells are susceptible to indirect rejection by CD4 T
cells; however, allogeneic T cells were not rejected by this
mechanism.” Indirect rejection by CD8 T cells has not been
extensively examined. We investigated the susceptibility of
different tissues to indirect CD8 T cell mediated rejection
and the nature of the cells targeted by this pathway. We found
that the HY specific monoclonal population of CD8 T cells
could indirectly reject male skin grafts; however, male islet
and heart grafts were resistant to indirect rejection even in
recipients previously primed to HY. Potential reasons for the
differential susceptibility include size and location of the
graft, origin of the vasculature, the level and type of antigen
presentation, or the presence of tissue-specific antigens>2°,
Our data suggest that antigen location, tissue specific anti-
gens, and the presence of host vasculature in the graft could
not account for the differential susceptibility of non-vascu-
larized transplants to undergo indirect rejection. Instead,
properties intrinsic to the tissue may determine the outcome.
Skin possesses potent antigen presentation by Langerhans cells
or dermal dendritic cells (DCs) and high concentrations of
extracellular glycoproteins that may facilitate re-stimulation
of T cells.?®?” Antigens from the high numbers of skin-
derived APCs, or their exosomes, may be taken in by recipient
cells and cross-presented®® 3, Skin grafts might also recruit
higher numbers of recipient APCs into skin grafts, promoting
indirect rejection.

Primed MataHari female T cells were shown to respond
in vitro to cultured aortic endothelial cells co-incubated with
HY peptide and in vivo experiments showed that skin could
only elicit an indirect CD8 response if grafted onto a recipi-
ent that expressed the H-2® MHC?. It was concluded that
MHC class I was required on recipient derived vascular
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Figure 2. Indirect CD8 T cell mediated indirect rejection of skin depends on MHC class | expression on hematopoietic cells and
not radioresistant cells. (A) Diagram of the experimental approach. Sorted CD8 T cells from MataHari female mice primed to HY
5 days earlier were transferred to chimeras 6 weeks post bone marrow transplantation. Two skin grafts, one from male C3H and
one from male B6 donors, were given to each chimera one day post T cell transfer. (B) Survival curves of male skin grafts on bone
marrow chimeras, with B6é skin on the left and C3H skin on the right (solid line for MHC I** to MHC I, n = 10; dashed line for

MHC I~ to MHC I/, n = 7; P = 0.0065 for C3H male skin grafts).

endothelium to cross-present male antigen providing for
indirect rejection’. However, this conclusion was not directly
tested in vivo. The lack of indirect rejection that we observed
with both islet and neonatal heart grafts suggests the pres-
ence of other mechanisms of indirect CD8 rejection.
Furthermore, we found that MHC class I was required on the
recipient’s radiosensitive cells for the indirect rejection of
skin grafts by primed CD8 T cells. When hematopoietic cells
lacked MHC class I, these T cells were unable to reject a
C3H male skin graft despite the presence of MHC I on radio-
resistant cells (e.g. neovascular endothelial cells) and despite
being fully competent to reject an MHC-matched male skin
graft on the same recipient.

Cross-presentation on MHC class I, in physiologic set-
tings, has been a function largely attributed to specific DC
subsets!. This fits with the concept that it would be evolu-
tionarily disadvantageous for many other types of cells, such
as endothelial cells, to have a strong capacity for cross-
presentation. For example, if endothelial cells were to read-
ily cross-present antigens, it is not clear what would prevent
lethal organ ischemia when healthy non-infected vascular
endothelial cells become targets of our anti-virus cytotoxic
T cells during a systemic viral infection.

In summary, we conclude that CD8 T cells kill cells/
tissues lacking the appropriate MHC through a bystander
mechanism following recognition of cognate peptide-MHC
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on APCs of bone marrow origin, rather than through antigen
presentation by vascular endothelial cells within the graft.
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