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Abstract

Avoidance of long-term immunosuppression is a desired goal in organ transplantation. Mixed
chimerism offers a promising approach to tolerance induction, and we have aimed to develop low-
toxicity, non-immunodepleting approaches to achieve this outcome. In a mouse model achieving
fully MHC-mismatched allogeneic bone marrow engraftment with minimal conditioning (3 Gy
total body irradiation followed by anti-CD154 and T cell-depleted allogeneic bone marrow cells),
CDA T cells in the recipient are required to promote tolerance of pre-existing alloreactive recipient
CD8 T cells and thereby permit chimerism induction. We now demonstrate that mice devoid of
CDA4 T cells and NK cells reject MHC class-1 deficient and class I/class I1-deficient marrow in a
CD8 T cell-dependent manner. This rejection is specific for donor alloantigens, since recipient
hematopoiesis is not affected by donor marrow rejection and MHC class-1 deficient bone marrow
that is syngeneic to the recipient is not rejected. Recipient CD8 T cells are activated and develop
cytotoxicity against MHC class I-deficient donor cells in association with rejection. These data
implicate a novel CD8 T cell-dependent bone marrow rejection pathway, wherein recipient CD8 T
cells indirectly activated by donor alloantigens promote direct killing, in a TCR-independent
manner, of class I-deficient donor cells.
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Introduction

Alloresponses are distinct from classical immune responses to viral, tumor or self-antigens
in that they involve two pathways of alloantigen recognition, termed direct and indirect.
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Direct recognition denotes recognition of an intact donor MHC molecule on a donor cell,
while the indirect pathway of alloantigen recognition requires uptake and processing of
foreign antigens (MHC and polymorphic non-MHC proteins) by recipient antigen-
presenting cells (APCs) and presentation of donor-derived peptides on recipient MHC
molecules. The precursor frequency of indirectly alloreactive T cells is 100-fold lower than
that of directly alloreactive T cells (1). Alloreactive CD4 and CD8 T cells can independently
mediate solid organ allograft rejection by either of these pathways (2-5). Cross-presentation
is the ability of APCs to load peptides derived from exogenous antigens onto MHC class |
molecules. This presentation pathway is able to initiate immune response by cross-primed
CD8 T cells. While cross-priming and cross-presentation of antigens to CD8 T cells have
been well-described (5-7), only indirectly alloreactive CD4 cells and not CD8 T cells have
been historically considered to be relevant to rejection of fully MHC-mismatched allografts.
This belief reflects the apparent lack of a TCR ligand for cross-primed recipient CD8+
cytotoxic T lymphocytes (CTLs) on donor grafts that lack recipient MHC class | alleles.
More recently, cross-primed CD8 T cells have been shown to reject MHC class I-deficient
skin grafts (5, 7, 8), and recipient endothelium responsible for graft neovascularization was
suggested to be the target of this allorecognition (7). However, cross-primed CD8 T cells
have not been shown to play a role in rejection of primarily vascularized organ allografts (5)
or cellular allografts, and the existence of such a role would indeed be counterintuitive.

Mixed chimerism has recently enjoyed preliminary success for tolerance induction in
humans (9-11). In order to minimize the level of host immunodepletion required for mixed
chimerism induction, we have replaced T cell depleting mAbs with costimulatory blockade
in mice. Pre-existing peripheral and intrathymic alloreactive T cells are tolerized by BMT
with costimulatory blockade (12-14). Using a conditioning regimen involving 3 Gy TBI and
one injection of anti-CD154 mAb that achieves durable mixed chimerism, we have
previously shown that recipient CD4 T cells and recipient MHC class 1l are required to
tolerize peripheral CD8 T cells to fully MHC-mismatched allogeneic bone marrow grafts
(15, 16). Since these results suggested a role for CD4 cell-mediated indirect allorecognition
in tolerizing CD8 T cells, we questioned whether the CD8 T cells requiring this “indirect”
CD4 pathway were directly or indirectly alloreactive. Studies to address this question
revealed that directly alloreactive CD8 T cells required these “indirectly alloreactive” CD4
cells in order to be tolerized, as CD8 T cells in mice lacking MHC class | on their APCs
rejected allogeneic bone marrow when indirect class 11 presentation was absent (15).
However, we also considered the possibility that an unexpected CD8 T cell-mediated
indirect marrow rejection pathway might exist. We now describe the existence of a CD4 T
cell-independent BM rejection pathway that appears to involve alloreactive CD8 T cells,
which promote specific rejection of MHC class-1 deficient allogeneic donor marrow without
affecting host hematopoiesis.

Materials and Methods

Animals

All studies were performed under an institutionally approved protocol in accordance with
the NIH Guide. B10.A (H2%), B10.S (H2%), B10.RIII (H2") and B10.Q (H24) mice, C57BL/6
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(B6), and CD45.1 congenic C57BL/6 mice were purchased from Frederick Cancer Research
Center (Frederick, MD) or from The Jackson Laboratory (Bar Harbor, ME). KPDP~/~ (H-2b)
C57BL/6, C56BL/10 (B10) mice were purchased from Taconic Farms (Germantown, NY).
KPDP~/~ CIITA™~ C57BL/6 mice were bred in our animal facility. All mice were housed in
a specific pathogen-free microisolator environment.
Conditioning

Age-matched (6-8 weeks old) female mice received a low dose of TBI (3 Gy) from

a 137Cesium irradiator or RS2000 X-ray irradiator on Day —1 with respect to bone marrow
transplantation (BMT). When indicated, anti-CD4 mAb (GK1.5; 1.76 mg/mouse) and,
where indicated anti-CD8 mAb (2.43 at doses indicated) was included in the conditioning.
Anti-NK1.1 mAb PK136 (0.15 mg/mouse or 0.6mg/mouse) was administered i.p. to prevent
NK cell-mediated rejection of class I-deficient marrow (17, 18). In some experiments,
PK136 (0.15mg/mouse) was given twice per week for 6 weeks following transplantation to
achieve long term NK cell depletion. Anti-mouse CD154 mAb (MR1; 2 mg/mouse; National
Cell Culture Center) was administered i.p. on Day 0 prior to transplantation with 20-25 x
108 T cell depleted (TCD) allogeneic bone marrow cells (BMC) by tail vein injection. Donor
BM was depleted of T cells using magnetic beads coated with anti-CD4 and anti-CD8
antibodies according to the manufacturer’s instructions (Miltenyi Biotec).

Multilineage chimerism among white blood cell lineages

Four-color flow cytometric analysis was performed on white blood cells to analyze the
development of multilineage chimerism (19). Recipient-derived cells were identified using
fluorescein isothiocyanate (FITC)-conjugated anti-H-2KS mAb KH49 or biotin-conjugated
anti-H-2DY mADb, and donor-derived cells were identified with phycoerythrin (PE)-
conjugated anti-1-AP mAb. Cells were counterstained with (PE)-conjugated anti-CD4
(Becton Dickinson (BD)/Pharmingen, San Diego, CA), or MAC-1 (Caltag, San Francisco,
CA) and with Allophycocyanin (APC)-conjugated anti-CD8 or anti-B220 mAb (BD/
PharMingen), respectively. For the short-term experiments (i.e., mice sacrificed at 4, 7 or 11
days post-BMT), a mouse was considered chimeric when it demonstrated = 1.5% donor
chimerism in the MAC1 and B220 lineages in the blood. For the long-term experiments (i.e.,
chimerism checked at 2 weeks and later post-BMT), a mouse was considered chimeric when
it demonstrated 5% or more donor chimerism in all lineages tested. Of note T cell
chimerism, which arises from 4 to 6 weeks post-BMT, was not tested at the early time
points. Negative control mAbs included HOPC1-FITC (prepared in our laboratory) and rat
anti-mouse 1gG2a-PE or -APC.

Direct cytotoxicity assay

Briefly, splenic CD8 T cells were isolated from B10.S animals rejecting the KPDP~~ BMCs
or from conditioned but untransplanted control B10.S mice by anti-CD8 Miltenyi
microbeads (purity of 94-98%). Cells in triplicate were then serially diluted and coincubated
with ®1Cr-labeled ConA blast target cells for 4 hours.
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Complete blood counts

Skin grafting

Complete blood count (CBC) was measured on a HEMAVvet® counter (Drew Scientific Inc,
Oxford CT) at indicated time points.

Mice were shaved and anesthetized with ketamine/xylazine. Full thickness tail skin (0.5-1.0
cm?) from KPDP =/~ (donor-specific) or B10.RI11 (3rd party) mice was grafted and was
considered rejected when <10% of the graft remained viable.

Statistical analysis

Results

Statistical analyses were performed using the Kruskal-Wallis test followed by a Dumn’s
multiple comparison test. T test (Mann Wihitney test) was used for comparison between two
groups. Survival analysis was performed using a log-rank (Mandel-Cox) test with Prism
GraphPad software.

CD8 T cells can reject MHC class I-deficient BM

In our model of mixed chimerism induction with 3 Gy TBI and anti-CD154, we have
previously shown that recipient CD4 T cells are needed to tolerize pre-existing alloreactive
recipient CD8 T cells (12, 20). We now addressed the possibility that indirectly alloreactive
CD8 T cells could reject allogeneic marrow and require recipient CD4 T cells for tolerance
induction in this model. We transplanted MHC class I-deficient BM from KPDP~/~ B6 donor
mice into allogeneic MHC class I-positive B10.S recipients so that direct recognition of the
donor by recipient CD8 T cells could not occur. To avoid BM rejection by recipient NK
cells due to the lack of donor MHC class I, we depleted NK cells from all recipients using
anti-NK1.1 mAb PK136 as described (17, 18).

When MHC class I-deficient B6 mice were used as donors, all B10.S mice developed stable
and long-lasting multilineage chimerism following conditioning with 3 Gy TBI/anti-CD154
(Figure 1A). However, when CD4 T cells were depleted in vivo, chimerism was absent in all
mice by 6 weeks and at all subsequent time points (Figure 1A). In such animals, indirectly
alloreactive CD8 T cells should be the only recipient lymphocyte population able to mediate
allograft rejection, since directly alloreactive CD8 T cells have no target on MHC class I-
negative donor marrow and CD4 T cells, NK cells and donor T cells were depleted. To test
whether or not the rejection was mediated by CD8 T cells, one group that received KPDP~/~
donor BM was depleted of both CD4 and CD8 T cells in vivo. In this group, stable mixed
chimerism was achieved in 4 of 7 animals up to 21 weeks (Figure 1A and data not shown for
21 weeks time point). These results suggest that indirectly alloreactive CD8 T cells are able
to reject allogeneic MHC class I-deficient bone marrow and that CD4 T cells are required to
tolerize indirectly alloreactive CD8 T cells in our model. All three groups shown in Figure
1A were grafted with KPDP~~ donor and third party skin 20 weeks following BMT. Third
party skin was rapidly rejected by all groups (Figure 1B). All except one animal in the non-
depleted group accepted donor-type skin grafts permanently, consistent with their durable
chimerism. In contrast, all mice initially receiving CD4 depleting mAb (at the time of BMT)
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rejected their donor grafts, consistent with their lack of chimerism. All chimeras initially
depleted of CD4 and CD8 T cells accepted donor-type skin grafts (Figure 1B).

Because KPDP~~ mice express normal levels of MHC class Ib molecules, we also assessed
rejection of ,-microglobulin-deficient B6 BMCs, which lack class Ib MHC expression, in
conditioned B10.S recipients. As shown Figure 1C, while conditioned control B10.S mice
accepted the KPDP~/~ BMCs, depletion of CD4 T cells led to rejection of the MHC class I-
deficient donor BM. Depletion of both CD4 and CD8 T cells reversed the rejection. These
data thus indicated that rejection is not directed toward polymorphisms in class Ib MHC
molecules.

To determine whether the rejection of K°DP~/~ BMCs by CD8 T cells was limited to the
KPDP~/~—B10.S combination, we also used B10.Q (H-29) mice as recipients of KPDP~/~
BMCs. As shown in Figure 1D, B10.Q recipients conditioned with 3 Gy TBl/anti-CD154
without any T cell depletion rejected the KPDP~/~ BMCs at 3 weeks post-transplant. CD4
depletion alone permitted a low level of donor chimerism in the B cell and MAC-1 lineages.
In contrast, donor chimerism in both lineages was significantly higher in CD8 and CD4 T
cell-depleted recipients than in the CD4 T cell depleted group, demonstrating CD8 T cell-
mediated rejection of KPDP~~ BMCs. Therefore, CD8 T cell-mediated rejection of KPDP~/~
BMC:s is not limited to a single donor-recipient combination.

Activation of recipient CD8 T cells by MHC class I-deficient BM

We investigated whether recipient CD8 T cells were activated in association with the
rejection of KPDP~~ donor BMCs. As shown in Figure 2A and B, significantly increased
levels of CD25 and CD69 on CD8 T cells and increased percentages of CD44h9hcpe2L low
effector memory CD8 T cells were found in the spleen and bone marrow of recipients of
KPDP~/~ donor BMCs compared to control recipients. In addition, the absolute numbers of
CD69* CD8 T cells in the spleen and CD44MINCDB2L!OW effector memory CD8 T cells in
spleen and bone marrow were significantly increased in recipients of K°DP~/~ BMCs.
Collectively, these data show that recipient CD8 T cells were activated and expanded by
allogeneic KPDP~/~ donor BMCs.

Rejection of MHC class I-deficient BM does not affect recipient hematopoiesis

The above data strongly implicated an indirect pathway for CD8 T cell-mediated allogeneic
marrow rejection. Since self MHC/donor peptide complexes recognized by indirectly
alloreactive CD8 T cells could not be presented by the MHC class I-deficient donor BM, it
seemed likely that donor marrow rejection by this pathway involved an indirect effector
mechanism with soluble factors such as cytokines produced by CD8 T cells recognizing
their donor peptide/self MHC ligands on recipient APCs. In this case, rejection of donor
marrow might be associated with “bystander” destruction of recipient BM cells, so that
recipient hematopoiesis would be affected as well. To test this hypothesis, B10.S mice were
conditioned as described above and did or did not receive a fully allogeneic MHC class I-
deficient (KPDP /=) BMT. Groups of BMT recipients were or were not given CD4 cell-
depleting mAb. In order to identify the best times to examine recipient hematopoiesis, we
first evaluated the kinetics of rejection of MHC class I-deficient marrow by indirectly
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alloreactive CD8 T cells. We focused on the B cell lineage because it begins to show
chimerism within a few days of conditioning and BMT (20). On Days 4 and 7 post-BMT, no
differences in B cell chimerism were observed between groups that did or did not receive
depleting anti-CD4 mAb (Figure 3A). By Day 11, no donor B cells were detected in the BM
or in the blood of the CD4 T cell-depleted recipient mice (Figure 3A, B), while only a very
low percentage of donor B cells remained in the spleen (data not shown).

Next, we evaluated recipient hematopoiesis at the same time points for which donor
chimerism was assessed above (Days 4, 7 and 11). We examined the total number of
recipient (B10.S) BM cells (KH49™) (Figure 3C) and total WBC counts (Figure 3D). The
absolute number of recipient BM cells on Day 4 was significantly lower than on Days 7 and
11 in groups receiving or not receiving allogeneic BM cells, with or without CD4 depletion
(Figure 5C), likely reflecting the transient myelosuppressive effect of TBI. Importantly, no
differences between CD4-depleted (chimeric) mice and non-CD4-depleted (rejecting) mice
were observed in the absolute number of recipient bone marrow cells, regardless of whether
or not class I-deficient allogeneic marrow was administered. It should be noted that the
percentage of CD4 cells in the BM was so low that CD4 T cell depletion by itself would not
affect the absolute number of KH49* cells. No differences in total WBC counts were
detected between mice receiving treatment with or without allogeneic BMT (Figure 3D). We
conclude from these observations that recipient hematopoiesis was not affected by rejection
of MHC class I-deficient, allogeneic BMCs, suggesting that a circulating soluble factor was
unlikely to be the effector mechanism of rejection.

CD8 T cells do not reject MHC class I-deficient syngeneic BMCs

The apparent rejection of allogeneic marrow in vivo by indirectly alloreactive CD8 T cells
(Figures 1 and 3) was surprising, so we considered possible alternative explanations. One
possibility was that activating NK receptors, which have been reported to be expressed by
subsets of repeatedly stimulated CD8 T cells (21) and by naive cells after antigenic
stimulation in vitro (22), might promote rejection of donor marrow in the absence of class |
recognition by counterbalancing inhibitory NK cell receptors. Under such conditions, the
“missing self” type of recognition used by NK cells to attack cells lacking sufficient
inhibitory “self” MHC class I ligands could be applicable to CD8 T cells (23-25). To
address the possibility that the rejection of MHC class I-deficient allogeneic BMCs was due
to the lack of MHC class | expression, but not due to the presence of donor alloantigens. we
transplanted syngeneic KPDP~/~ B6 BM into CD45.1 WT B6 recipients. Recipients were
depleted of CD4 T cells and NK cells, leaving only recipient CD8 T cells as possible
mediators of rejection. Figure 4 shows that recipient CD8 T cells did not reject MHC class I-
deficient syngeneic BM cells, demonstrating that alloantigens are required for the rejection
of MHC class I-deficient allogeneic donor BMCs by recipient CD8 T cells. Therefore, our
initial observation of rejection of MHC class I-deficient allogeneic BM by recipient CD8 T
cells (Figure 1) is not simply due to “missing self” recognition.
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Rejection of class I-deficient marrow is not mediated by recognition of allogeneic MHC
class Il molecules by recipient CD8 T cells

Because MHC class Il-restricted CD8 T cells have been described (26), we tested the
possibility that rejection of MHC class I-deficient allogeneic BM by recipient CD8 T cells
was due to recognition of allogeneic MHC class I1. B10.S mice conditioned with 3 Gy TBI,
anti-CD4 and anti-NK1.1 mAbs received either 25x108 KPDP~~ B6 BM cells or 25x10°
KPDP CIITA triple KO (TKO), class I and 11 deficient, B6 BM cells, with or without CD8 T
cell depletion. Two of 3 mice receiving KPDP~~ BM cells and conditioned with the full T
cell depletion regimen achieved multilineage chimerism as expected (Figure 5), whereas 4
of 4 mice receiving only CD4 and NKZ1.1 depleting mAbs rejected the BMT. Five of five
mice receiving KPDP CIITA TKO BM cells together with the full T cell depletion regimen
also achieved chimerism, excluding a role for CD8CD4™ T cells in the rejection process. In
contrast, 6 of 8 mice receiving KPDP CIITA TKO B6 BM cells without CD8 T cell depletion
rejected the BM. Therefore, the rejection of class I-deficient marrow is not mediated by
MHC class ll-restricted directly alloreactive CD8 T cells. Moreover, these results suggest
that donor MHC expression is not required for rejection of minor histocompatibility antigen-
disparate allogeneic BMCs.

Recipient NK cells do not play a role in rejecting MHC class I-deficient BM

The above result demonstrating that activated recipient CD8 T cells specifically rejected
class I-deficient allogeneic BMCs led us to consider the possibility that activated donor-
reactive CD8 T cells promoted other cell types to kill the donor cells. As MHC class I-
deficient donor BMC:s are sensitive to NK cell-mediated killing, we investigated whether
activated recipient CD8 T cells might promote rejection of MHC class I-deficient BMCs by
resistant NK cells that escaped depletion with PK136 mAb. To this end, we first quantified
NK cells in the spleen and bone marrow of mice rejecting the MHC class I-deficient BMCs.
Eleven days post-BMT, NK cells in spleen and BM of B10.Q recipients accounted for only
0.2-0.5% of total cells (Figure 6A), making a role for NK cells in rejection unlikely.
Furthermore, we investigated the impact of long-term NK cell depletion on the rejection of
MHC class I-deficient BMCs. As shown in Figure 6B, long-term depletion of NK cells did
not prevent the rejection of MHC class I-deficient BMCs. Therefore, the rejection of MHC
class I-deficient BMCs in NK cell-depleted mice is NK cell-independent.

Cytotoxicity of recipient CD8 T cells against MHC class I-deficient BM

To directly assess whether activated recipient CD8 T cells could be cytotoxic effector cells
that rejected KPDP~/~ allogeneic donor BMCs, cytotoxicity of CD8 T cells from rejecting
animals was studied in a direct cytotoxicity assay. Enriched CD8 T cells from conditioned
animals that had not received K°DP~/~ donor BMCs did not kill either KPDP~/~ or syngeneic
B10. S blasts. In contrast, CD8 T cells from conditioned, CD4 cell-depleted animals that
rejected the KPDP~~ donor BMCs showed cytotoxicity against K°DP~/~ blasts but not
against syngeneic B10.S blasts (Figure 7). These data demonstrate that recipient CD8 T cells
from animals rejecting MHC class I-deficient BM developed specific cytotoxicity against
the KPDP~/~ donor, strongly suggesting that recipient CD8 T cells are the effector cells that
kill transplanted KPDP~/~ donor BMCs in vivo.
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Discussion

We demonstrate here that CD8 T cells can eliminate allogeneic marrow lacking MHC class |
molecules in a highly specific manner that does not affect recipient hematopoiesis. Since
syngeneic marrow lacking class | MHC was not rejected, this rejection mechanism is
directed at alloantigens. Similar results were seen with heavy chain and f2-microglobuin-
deficient donors, ruling out direct recognition of class Ib molecules. Rejection also does not
require class 11 MHC expression by the donor and is independent of CD4 T cell-mediated
help. Rejection of marrow lacking class | and class Il antigens must therefore be directed
against minor histocompatability differences between the donors and recipients. Our data
suggest that CD8 T cells may specifically destroy cells that cannot intrinsically express the
antigens they recognize via their TCR.

Our results are consistent with the possibility that rejection of class I-deficient marrow
invovles “indirect” recognition by CD8 T cells and a CD8 T cell-mediated TCR-
independent cytotoxic mechanism. Effector mechanisms of cellular destruction by CD8 T
cells include direct cytotoxic attack and production of cytokines and other inflammatory
mediators. Several cytokines produced by CD8 T cells, such as IFN-y and TNFa, may be
toxic to hematopoietic cells (27-30). Cytotoxic mechanisms lead to highly specific
destruction of cells expressing target antigens, whereas cytokine-mediated destruction can
theoretically affect non-antigen-bearing “bystander” cells. However, we found no
impairment in recipient hematopoiesis during the process of allogeneic class I-deficient
donor BM rejection by recipient CD8 T cells. The absence of a “bystander” effect on
recipient hematopoiesis argues against a cytokine-mediated mechanism of rejection.

Indirectly alloreactive CD8 T cells have been previously implicated in the rejection of class
I-deficient skin grafts (5, 7), and it was hypothesized that these T cells may destroy the
recipient blood vessels supporting the skin allograft via cytotoxic mechanisms (7). Little is
known about the microanatomy of engrafted allogeneic bone marrow, and it is possible that
a similar mechanism might apply to marrow rejection by indirectly alloreactive CD8 T cells.
Given the rich vascularity and sinusoidal structure of the marrow microenvironment, it
seems possible that selective targeting of microvascular structures presenting donor antigens
indirectly could result in specific destruction of donor cells in that micro-environment.
However, transplanted hematopoietic stem cells (HSCs) migrate preferentially to the
endosteal stem cell niche in irradiated mice (31), where they are immunoprotected by Tregs
(32) and possibly other elements. While rejection in this scenario would more likely be
directed at progenitor cells derived from these HSCs and spare HSCs in the endosteal niche,
we found no evidence for persisting donor HSCs in adoptive transfer studies (supplementary
Figure 1), suggesting that the class I-deficient HSCs were destroyed in a CD8 T cell-
dependent process.

In contrast to the lack of evidence for cytokine-mediated marrow injury, we found evidence
for direct cytotoxic destruction of donor BMCs. Recipient CD8 T cells demonstrated direct
cytotoxicity against MHC class I-deficient donor cells in association with rejection of class
I-deficient marrow, indicating that recipient CD8 T cells reject MHC class I-deficient BMC
by directly killing them. NK cells were not required in the rejection. To our knowledge, our
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data are the first to demonstrate direct cytotoxicity against MHC class I-deficient allogeneic
cells by CD8 T cells. Whether or not these are same cells recognizing and activated by
cross-presented donor alloantigens is unclear.

CD8 T cells have been shown to express activating and inhibitory NK cell receptors that
interact with MHC | molecules (see (33) for review) and may exhibit TCR-independent NK-
cell-like activity following repeated stimulation (24, 25, 34). Such CD8 T cells would not
receive an inhibitory signal from MHC class I-deficient donor BM via class | MHC-
dependent inhibitory receptors, resulting in “specific” killing of the donor cells via a
“missing self” type of recognition (33) that would leave recipient hematopoiesis unaffected.
Although our data show that recipient CD8 T cells did not destroy MHC class I-deficient
syngeneic BMCs, we hypothesize that cytotoxicity against allogeneic MHC class I-deficient
donor cells NK cell receptors may be induced by activation of indirectly alloreactive CD8 T
cells. In a parent-to-F1 bone marrow transplantation model, expression of NKG2D ligands
was only detected on BMCs undergoing NK cell-mediated rejection and not on BMCs in
syngeneic recipients (35). Likewise, the lack of rejection of MHC class I-deficient syngeneic
bone marrow cells in our study (Figure 4) may reflect the absence of induced expression of
ligands for NK cell receptors when there is no alloresponse. When MHC class I-deficient
BMCs are transplanted to allogeneic recipients, the alloresponses mounted by the indirectly
alloreactive recipient CD8 T cells may upregulate the expression of ligands for activating
NK cell receptors on donor BMCs. These receptors may be selectively upregulated on
activated indirectly alloreactive recipient CD8 T cells.

In conclusion, we demonstrate here the surprising existence of a highly specific marrow
rejection process mediated by alloreactive CD8 T cells in the absence of class I ligand
expression by the donor cells. This observation raises intriguing questions about allogeneic
marrow rejection that warrant further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BMT bone marrow transplantation
BM bone marrow
BMCs bone marrow cells
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TBI total body irradiation
TKO triple KO
TCD T cell depleted
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Figure 1. Recipient CD8 T cells reject MHC class I-deficient allogeneic BM
B10.S or B10.Q mice were conditioned with 3 Gy TBI on Day -1, anti-NK1.1 mAb on

Days -7 and -2, and anti-CD154 mAb on Day 0, with or without anti-CD4 mAb on Day-1,
with or without anti-CD8 mAb (1.44 mg) on Day —5. Conditioned mice received 20x10°
KPDP~/~ or A,-microglobulin-deficient TCD BM cells on Day 0. (A) The level of chimerism
is shown for the MAC-1 and the B cell lineage 6 weeks post-BMT. Each symbol represents
an individual animal. Lines indicate mean values. ***p<0.001, **p<0.01, *p<0.05 with a
Kruskal-Wallis test followed by a Dunn’s multiple comparison test. (B) Mice presented in
panel A received a donor-type KPDP~/~ and 3™ party B10.RI11 skin graft at 20 weeks post-
BMT. Percentage of grafts surviving is shown over time for all three groups. One out of two
similar experiments is shown with 6-8 mice per group per experiment. Statistical analyses
were performed using a log-rank (Mandel-Cox) test and show differences: **p<0.01 for
donor skin grafted animals receiving no T cell depletion versus those receiving CD4
depletion and **p<0.01 for donor skin grafted animals receiving CD4 depletion versus those
receiving CD4 and 8 depletion while no difference (n.s; not significant) was observed
between donor skin grafted animals receiving no depletion versus those receiving CD4 and 8
depletion. (C) The level of chimerism is shown for the MAC-1 and the B cell lineages 6
weeks post-transplantation of 5,-microglobulin-deficient TCD BM cells to conditioned
B10.S recipients. Each symbol represents an individual animal. Lines indicate mean values.
**p<0.01 with a Kruskal-Wallis test followed by a Dunn’s multiple comparison test. (D)
The level of chimerism is shown for the MAC-1 and B cell lineage 3 weeks post-
transplantation of K°DP~/~ TCD BMCs to conditioned B10.Q recipients. ***p<0.001; and
*p<0.05 with a T test, for B10.Q recipients receiving CD4 and 8 depletion versus those
receiving CD4 depletion. Each group contains 4-8 animals.
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Figure 2. Activation of recipient CD8 T cells by MHC class I-deficient allogeneic BM
B10.Q mice were conditioned with 3 Gy TBI on Day -1, anti-NK1.1 mAb on Days -7 and

-2, and anti-CD154 mAb on Day 0. Conditioned mice received 20x10% KPDP~/~ TCD BM
cells on Day 0. Mice in the control group were conditioned but did not receive BM cells. On
Day 11 post-transplant, the expression of CD25, CD69, CD44 and CD62L on recipient CD8
T cells in the spleen and bone marrow was determined. (A) Cumulative data showing the

percentages of CD25*, CD69* and CD44MINCD62L!oW CD8 T cells among total recipient
CD8 T cells in the spleen and bone marrow. (B) Cumulative data showing the absolute
numbers of CD25%, CD69* and CD44MI"CDE2L1OW recipient CD8 T cells in the spleen and
bone marrow. Data are presented as mean £ SEM. *p<0.05 with t-test, for B10.Q recipients
receiving KPDP~/~ TCD BM cells versus those not receiving BM cells. p values of other

1duosnuely Joyny vd-HIN

groups are also shown. Each group contains 3 animals. Open bar: conditioned recipient
without transplantation of KPDP~/~ TCD BMCs. Black bar: conditioned recipient without
transplantation of KPDP~~ TCD BMCs. SP: spleen. BM: bone marrow.
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Figure 3. Specificity of rejection of MHC class I-deficient allogeneic BM by recipient CD8 T cells
B10.S mice were conditioned with 3 Gy TBI on Day -1, anti-NK1.1 mAb on Day -1 and

anti-CD154 mAb on Day 0, with or without CD4 depleting mAb administration on Day -1.
After the conditioning, mice received 20x106 KPDP~/~ B6 TCD BM cells. The percentage of
donor B cell chimerism is shown in recipients of class I-deficient BMT over time in blood
(A) and bone marrow (B). Day 4 and Day 11, one experiment is shown with 2—-3 animals per
group. Two experiments are shown for Day 7 with 6 animals in total. Each symbol
represents an individual animal. Lines indicate mean values. No differences were detected
between the groups when analyzed by a Kruskal-Wallis test. (C) and (D) B10.S mice were
conditioned as above and did or did not receive 20x10% KPDP~/~ B6 TCD BM cells. Total
numbers (mean + SD) of recipient (KH49*) BM cells from two tibias per animal are shown
in C and mean WBC counts are shown in D. For Day 4 and Day 11, one experiment is
shown with 2—-3 animals per group. Two experiments are shown for Day 7 with 6 animals
per group in total (Mean, + SD).
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Figure 4. “Missing-self” does not induce rejection of MHC class I-deficient, syngeneic BMCs by
recipient CD8 T cells
CD45.1 C57BL/6 mice were conditioned with 3 Gy TBI on Day —1 and received NK and

CD4 depleting mAbs on Days -1 and 7. After the conditioning, mice received either 25x10°
KPDP~/~ C57BL/6 (MHC | KO) (n=8) or 25x10% CD45.2 C57BL/6 (WT) (n=7) BM cells.
Donor chimerism in the MAC-1 and the B cell lineage is depicted 6 weeks after BMT. Each
symbol represents an individual animal. Lines indicate mean values. ***p=0.0003 with a
Mann Whitney test.
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Figure 5. CD8 T cells do not reject MHC class I-deficient allogeneic BM via recognition of
allogeneic MHC class 11

B10.S mice were given 3 Gy TBI on Day-1, anti-CD4 and anti-NK1.1 mAbs on Days -5, -1
and 5 and anti-CD8, 0.72 mg on each Days -5, =1 and 5 (when indicated in the table) prior
to injection with 25x108 BM cells from the indicated donors. Donor chimerism in the
MAC-1 and the B cell lineage 4 weeks after BMT is depicted. Each symbol represents an
individual animal. Lines indicate mean values. *p<0.05 with a Kruskal-Wallis test followed
by a Dunn’s multiple comparison test.
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Figure 6. Recipient NK cells do not play a role in rejecting MHC class I-deficient BM
In the experiment described in Figure 2, recipient NK cells were quantified by flow

cytometry. B10.Q mice were conditioned with 3 Gy TBI and anti-CD4 mAb on Day -1,
anti-NK1.1 mAb on Days -7 and -2, and anti-CD154 mAb on Day 0. Conditioned mice
received 20x108 KPDP~= TCD BM cells on Day 0. One group received PK136 (0.15mg/
mouse) twice per week following transplantation of KPDP~/~ TCD BM cells. (A)
Percentages of PK136™ NK cells in the spleen and bone marrow. (B) The level of chimerism
is shown for the B cell and the MAC-1 lineage at different time points post-transplantation
of KPDP~/~ TCD BM cells conditioned B10.S recipients that did or did not receive long term
NK cell depletion. Data are presented as mean + SEM. Each group contains 4-5 mice.

Am J Transplant. Author manuscript; available in PMC 2015 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Haspot et al.

%Specific Lysis

50

Experiment #1

CD8 T cells from control animals

40

30

20

10

50

40

30

20

10

Page 19

CD8 T cells from transplanted animals

50

40

N

A/<>

30

20

10

Effector/target ratio

Experiment #2

. : —m—
100/1 50/1 251 12.5/1 6.2511
CD8 T cells from control animals

1 . . —

100/1  50/1 251 12511 6.25/1

50

40

30

20

10

0 —i——i—=

Effector/target ratio

O KvDb- blasts

T T T T

100/1 50/1 251 12.511  6.251

CD8 T cells from transplanted animals

\

i

12,51 6.25/1

100/1 50/1 251

HB10.S blasts

Figure 7. Cytotoxicity of recipient CD8 T cells against MHC class I-deficient allogeneic BM
B10.S mice were conditioned with 3 Gy TBI and anti-CD4 mAb on Day -1, anti-NK1.1

mAb on Days -7 and -2, and anti-CD154 mAb on Day 0 with or without (control) 20x108
KPDP~/~ TCD BM cells on Day 0. On Day 8-9 post-transplant, 2-3 recipients in each group
were euthanized and their splenocytes were pooled. Splenic CD8 T cells were then isolated
by anti-CD8 microbeads. These CD8 T cells were cocultured with Cr3-labeled KPDP~/~ and
syngeneic B10.S ConA-blasts for 4 hours. Levels of Cr®1 in the supernatant were then
determined and percent specific lysis was calculated as described (20). Data from two
experiments performed with similar results are shown.
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