
Novel CD8 T Cell Alloreactivities in CCR5-Deficient Recipients of
Class II MHC Disparate Kidney Grafts1

Daisuke Ishii*,†,2, Joshua M. Rosenblum*,‡,2, Taiji Nozaki*, Austin D. Schenk*,‡, Kiyoshi
Setoguchi*, Charles A. Su*,‡, Victoria Gorbacheva*, William M. Baldwin III*,‡,§, Anna
Valujskikh*,‡,§, and Robert L. Fairchild*,‡,§

*Department of Immunology, Cleveland Clinic Foundation, Cleveland, OH 44195

†Department of Urology, Kitasato University, Kanagawa 228-8555, Japan

‡Department of Pathology, Case Western Reserve University School of Medicine, Cleveland, OH
44106

§Glickman Urological Institute and the Transplant Center, Cleveland Clinic, Cleveland, OH 44195

Abstract

Recipient CD4 T regulatory cells inhibit the acute T cell-mediated rejection of renal allografts in

wild type mice. The survival of single class II MHC-disparate H-2bm12 renal allografts was tested

in B6.CCR5−/− recipients, which have defects in Treg activities constraining alloimmune

responses. In contrast to wild type C57BL/6 recipients, B6.CCR5−/− recipients rejected the bm12

renal allografts. However, donor-reactive CD8 T cells rather than CD4 T cells were the primary

effector T cells mediating rejection. The CD8 T cells induced to bm12 allografts in CCR5-

deficient recipients were reactive to peptides spanning the 3 amino acid difference in the I-Abm12

versus I-Ab β chains presented by Kb and Db class I MHC molecules. Allograft-primed CD8 T

cells from CCR5-deficient allograft recipients were activated during culture either with pro-

inflammatory cytokine stimulated wild type endothelial cells pulsed with the I-Abm12 peptides or

with proinflammatory cytokine simulated bm12 endothelial cells, indicating their presentation of

the I-Abm12 β chain peptide/class I MHC complexes. In addition to induction by bm12 renal

allografts, the I-Abm12 β chain-reactive CD8 T cells were induced in CCR5-deficient, but not wild

type C57BL/6, mice by immunization with the peptides. These results reveal novel alloreactive

CD8 T cell specificities in CCR5-deficient recipients of single class II MHC renal allografts that

mediate rejection of the allografts.
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Introduction

Vigorous donor-reactive T cell responses are generated in response to complete MHC-

mismatched skin and solid organ allografts (1–3). At early times after transplant, the

majority of donor-reactive T cells are primed to allogeneic class I and class II MHC

molecules presented by graft-derived antigen presenting cells (4–6). At later times post-

transplant, T cells are primed to recipient-derived antigen-presenting cells that acquire and

present donor allogeneic peptides in complexes with self MHC molecules (4–6). This

indirect pathway is particularly important for the priming of allo-peptide/self class II MHC

reactive CD4 T cells that provide helper signals to generate donor-specific antibody

responses and allogeneic class I MHC-reactive cytolytic CD8 T cells (7–10). Although

effector CD8 T cells primed to viral peptide/self class I MHC complexes can cross react

with allogeneic class II MHC molecules (11, 12), the impact of CD8 T cells with direct or

indirect specificities for allogeneic class II MHC on allograft injury and/or rejection is

unknown.

The B6.H-2bm12 (bm12) strain arose through spontaneous mutation of three amino acids

within the β chain of the class II MHC I-Ab molecule (13, 14). In C57BL/6 recipients, bm12

skin grafts rapidly induce donor-reactive CD4 T cells producing IFN-γ that reject the grafts,

whereas vascularized bm12 heart allografts induce a low level CD4 T cell response of short

duration that is incapable of provoking acute rejection (15). A critical mechanism restricting

the magnitude and duration of the alloreactive CD4 T cell response in C57BL/6 recipients of

bm12 heart allografts is the activity of CD4+CD25+ T regulatory cells (Tregs) (15, 16). This

regulation is absent when bm12 heart allografts are placed in CCR5-deficient C67BL/6

recipients and these recipients acutely reject the allografts, indicating that the effective Treg

cell activity during responses to bm12 cardiac allografts is directly dependent on CCR5

expression (17).

Several studies have indicated the rapid infiltration and activity of Treg cells into complete

MHC-mismatched kidney grafts in many donor to recipient mouse strain combinations and

that the infiltrating Tregs inhibit acute rejection and promote long-term allograft survival

(18–20). Based on our previous studies indicating defective Treg activity during alloimmune

responses in CCR5-deficient mice, we predicted that B6.CCR5−/− recipients would reject

bm12 renal allografts. While this prediction proved to be correct, rejection of the single class

II MHC disparate allografts was mediated by bm12-reactive CD8 T cells rather than by

reactive CD4 T cells. The results demonstrate unique allogeneic specificities of CD8 T cells

capable of mediating rejection of class II MHC disparate renal allografts that arise in the

absence of CCR5 expression.

Materials and Methods

Mice

C57BL/6 (H-2b) and B6.H-2bm12 (bm12) mice were obtained through Charles River

Laboratories (Wilmington, MA). B6.CCR5−/− and C57BL/6-Igh-6tm1Cgn (µMT−/−) mice

were obtained from Jackson Laboratory (Bar Harbor, ME) and crossed to generate
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CCR5−/−/µMT−/− mice. Males 8–12 weeks of age were used and all animal procedures were

approved by the Cleveland Clinic Institutional Animal Care and Use Committee.

Transplantation

Murine kidney transplantation and urinary reconstruction was performed as previously

detailed (21, 22). On day 4 post-transplant the native (left) kidney was removed rendering

the recipient dependent on the function of the graft. Graft function and survival was

followed by daily examination of animal health and monitoring serum creatinine levels.

Whole blood creatinine levels were determined using an I-Stat portable clinical analyzer

(Heska Corp., Fort Collins, CO). Conventional units (mg/dl) were converted to SI units by

multiplying the conventional units by 88.4. The concentration of creatinine is expressed in

mol/L. Allograft rejection was deemed ongoing when the recipient showed signs of illness

and the creatinine level was elevated to ≥100 mol/L and at this time recipients were

sacrificed and grafts harvested for histopathology analysis.

Heterotopic, intra-abdominal cardiac transplantation was performed as previously detailed

(23, 24). Graft survival was monitored by daily abdominal palpation and cessation of

detectable beating indicating rejection was confirmed by laparotomy.

Full thickness trunk skin transplants were performed as previous detailed (24). After

bandages were removed on day 7 post-transplant, the B6.H-2bm12 skin allografts were

examined daily and were considered rejected when 80% or more of the graft tissue was

destroyed as assessed by visual examination.

Antibodies

The following antibodies were used: rat anti-mouse CD4 (GK 1.5) mAb and rat anti-mouse

CD8α (53-6.7) mAb (BD Pharmingen, San Jose, CA); rat anti-mouse macrophage (F4/80)

mAb (Serotec, Raleigh, NC); purified rat anti-mouse Gr-1 (RB6.8C5), anti-Kb (HB-176,

anti-Db (HB-51) and anti-I-Ab (MKD-6) mAb were purified from hybridoma culture

supernatants. For depletion of CD4 or CD8 T cells, graft recipients were treated with 100 µg

each GK1.5 plus YTS 191 or TIB 105 plus YTS 169 (200 µg total per day) on days −3, −2,

−1 prior to the transplant. Sentinel mice were treated with mAb to ensure the efficiency of

the depleting regimen, which was always > 95% on day 14 post-transplant.

RNA purification and qRT-PCR

Snap-frozen grafts were crushed, homogenized, and RNA was isolated using fibrous tissue

kits (Qiagen, Valencia, CA). Reverse transcription and real-time PCR were performed using

commercially available reagents, probes, and a 7500 fast real-time thermocycler, all from

Applied Biosystems (Foster City, CA).

bm12 peptide synthesis

Based on the I-Abm12 β chain sequence comprising the 3 amino acid differences with the I-

Ab β chain, peptide octamers and nonamers spanning eight residues upstream and eight

residues downstream of the sequence (total sequence span =

EYWNSQPEFLEQKRAELDTVC, with differences bolded) were generated using web-
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based software (www.syfpeithi.de/Scripts/MHCServer.dll/EpitopePrediction.htm). Octamers

restricted to H2-Kb binding and nonamers restricted to H2-Db binding were chosen based on

predicted binding score and binding affinity (determined from www.cbs.dtu.dk/services/

NetMHCpan). Purified peptides were produced at the Cleveland Clinic Molecular

Biotechnology Core facility with purity and quality control being confirmed by HPLC and

MALDI-TOF. Peptide sequences, MHC restriction, and binding affinities are shown in

Table 1.

Flow Cytometry

Analysis and quantitation of graft-infiltrating leukocytes was performed using modifications

to the method reported by Afanasyev and colleagues (25, 26). Total numbers of each

leukocyte population were calculated by: (the total number of leukocytes in the sample

counted using an hemocytometer) x (% of the leukocyte population in the CD45+ cells by

flow cytometry)/100. The data are reported as number of each leukocyte population/mg graft

tissue.

Immunohistochemistry

Renal grafts were excised and fixed in 10% buffered formalin and embedded in paraffin. For

histological analysis, 5 µM sections were mounted on glass slides and stained with

hematoxylin and eosin (H&E). Cross-sections of the graft center were frozen at –80°C in

OCT compound (Sakura Finetek, Torrance, CA) and 5 µM sections placed onto slides for

immunohistochemical staining. Images were captured and analyzed with Image-Pro Plus

(Media Cybernetics, Silver Springs, MD).

ELISPOT assays

Donor-specific T cell priming was assessed by enumerating IFN-γ producing T cells in

response to irradiated donor vs. recipient spleen cells using ELISPOT assay (24, 26). For in

vitro positive selection of CD4+ and CD8+ cells, recipient spleen cells were incubated with

anti-CD4 or anti-CD8 antibody coated magnetic beads, run through a magnetic column

(MACS Beads, Miltenyi Biotec, Auburn, CA), and after thoroughly washing out the

unbound cells, the magnet was removed and the positively selected cells collected. In some

assays, test stimulator cells were C57BL/6 spleen cells depleted of T cells using magnetic

beads (Invitrogen) pulsed with 20 µg individual class I MHC binding peptides for 3 h at

37°C. In all experiments, T cell depleted bm12 splenocytes were used as a positive control

stimulator and the Kb-binding SIINFEKL peptide (a generous gift from Dr. B. Min,

Cleveland Clinic) was used as a non-specific control peptide. Spots were counted on an

ImmunoSpot Series 3 analyzer (Cellular Technology, Shaker Heights OH).

Aortic endothelial cells

Endothelial cells were prepared from mouse aortas by microdissection, cultured on a

collagen matrix, and maintained in culture for up to five passages as previously described

(27, 28). After two weeks, ECs expressed typical morphological characteristics and were

used as antigen presenting cells following activation with 1 ng/ml TNF-α (R&D Systems), 1

ng/ml IL-1 (R&D Systems), and 100 U/ml IFN-γ (R&D Systems) for 12 hours. The wells
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with adherent endothelial cells were washed three times prior to the addition of responder

CD8 T cells.

Statistics

Data analysis was performed using GraphPad Prism Pro (GraphPad Software Inc., San

Diego, CA). Unpaired Students’ t-test was used to determine significance throughout.

Kaplan-Meyer survival curves were generated and log-rank testing was used to determine

significance with P < 0.05 being considered significant.

Results

B6.H-2bm12 kidney rejection by B6.CCR5−/− recipients

Single class II MHC disparate B6.H-2bm12 (bm12) renal allograft rejection by C57BL/6 (n =

12) vs. B6.CCR5−/− (n = 11) recipients was compared. Consistent with the inability of

C57BL/6 mice to reject complete MHC-mismatched A/J renal allografts (21), all bm12 renal

allografts survived longer than 100 days in wild type recipients. In contrast, CCR5-deficient

recipients rejected all bm12 renal allografts by day 42 post-transplant (Figure 1A). Neither

C57BL/6 nor B6.CCR5−/− recipients rejected syngeneic renal grafts (data not shown and

(21)). Acute injury and dysfunction of bm12 renal allografts in CCR5−/− recipients was

indicated by sharp rises in serum creatinine levels beginning on day 25 post-transplant

(Figure 1B). C57BL/6 bm12 renal allograft recipients had a modest rise in serum creatinine

levels, first detected at day 56 post-transplant and maintained through day 100 post-

transplant.

Histological evaluation of bm12 renal allografts at day 14 post-transplant indicated intense

mononuclear infiltration in grafts from B6.CCR5−/−, but not C57BL/6, recipients (Figure 2C

vs. B, respectively). Neutrophil, macrophage and T cell infiltration into bm12 renal

allografts was detected as early as day 7 post-transplant (Figure 2A). Numbers of CD4 T

cells infiltrating bm12 allografts were nearly identical in C57BL/6 and B6.CCR5−/−

recipients. Surprisingly, compared to the low CD8 T cell infiltration into bm12 renal

allografts in wild type recipients, intense CD8 T cell infiltration into allografts in

B6.CCR5−/− recipients was observed as early as day 7 post-transplant and increased

markedly thereafter (Figure 2A, B and C). The intense CD8 T cell infiltration into the bm12

renal allografts in B6.CCR5−/− recipients was accompanied by high mRNA levels of all

proinflammatory cytokine genes tested, including TNFα and IFN-γ when assessed on day 14

post-transplant where as expression of these proinflammatory mediators was low-absent in

allografts from wild type recipients (Figure 3).

The CD8 T cell infiltration into the bm12 renal allografts in B6.CCR5−/− recipients led us to

test evidence of bm12-reactive CD8 T cell priming in the recipients spleen. On day 14 post-

transplant, CD4 and CD8 T cells were isolated from the spleens of C57BL/6 and

B6.CCR5−/− recipients of bm12 renal allografts and enumerated for cells producing IFN-γ

during culture with bm12 stimulator cells by ELISPOT assay (Figure 4). In wild type

C57BL/6 recipients, bm12 renal allografts induced low numbers of bm12-reactive CD4 and

CD8 T cells producing IFN-γ. In B6.CCR5−/− allograft recipients the numbers of donor-
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reactive CD4 T cells producing IFN-γ were similar to those in the spleens of naïve C57BL/6

mice, but extremely high numbers of bm12-reactive CD8 T cells producing IFN-γ were

induced.

CD8 T cells mediate bm12 renal allograft rejection in B6.CCR5−/− recipients

Previous results from this laboratory demonstrated that B6.CCR5−/− rejection of complete

MHC-mismatched renal allografts is mediated by donor-specific antibodies (21). Although

the bm12 mutation is localized to 3 amino acids lying in a α helix of the I-A β chain in

positions that are not likely to be accessible to antibody (13, 14, 29), we considered the

possibility that rejection of bm12 renal allografts was mediated by donor-specific antibody.

However, CCR5−/−/µMT−/− recipients that were unable to make antibody rejected bm12

renal allografts as rapidly as CCR5−/− recipients with robust infiltration of CD4 and CD8 T

cells at the time of rejection, indicating that the rejection was not mediated by donor-specific

antibody (Figure 5).

The requirement for CD4 and CD8 T cells in the rejection of bm12 renal allografts by

B6.CCR5−/− recipients was then tested by treating recipients with specific monoclonal

antibody to deplete CD4 or CD8 T cells or with control IgG before transplant. Depletion of

either CD4 or CD8 T cells abrogated the ability of B6.CCR5−/− recipients to reject the bm12

allografts, indicating both T cell populations were required for rejection (Figure 6A).

To test the possible requirement for CD4 T cells in the induction of bm12-reactive CD8 T

cells in B6.CCR5−/− recipients, priming of donor-reactive CD8 T cells was tested in

recipients treated with control IgG or with CD4 T cell-depleting antibodies. On day 14 post-

transplant, CD8 T cells were purified from recipient spleens and numbers of donor-reactive

CD8 T cells producing IFN-γ were enumerated by ELISPOT assay (Figure 6B). In control

Ig-treated bm12 renal allograft recipients, high numbers of donor-reactive CD8 T cells

producing IFN-γ were induced. In contrast, depletion of CD4 T cells reduced this number

more than 10-fold indicating that CD4 T cells are required for the priming of the CD8 T

cells that mediate rejection of the single class II MHC disparate renal allografts.

The ability of bm12-reactive CD8 T cells from B6.CCR5−/− mice to directly reject

B6.H-2bm12 allografts was tested in a model in which CD4 T cells are not required for

donor-reactive CD8 T cell priming. Groups of wild type C57BL/6 and B6.CCR5−/− mice

were treated with control IgG or anti-CD4 or anti-CD8 mAb to deplete CD4 or CD8 T cells

and then received full thickness B6.H-2bm12 trunk skin allografts. Depletion of CD4 T cells

in both groups treated with anti-CD4 mAb was greater than 98% and depletion of CD8 T

cells was > 90% in B6.CCR5−/− recipients and > 80% in wild type C57BL/6 recipients

treated with anti-CD8 mAb, when assessed on day 15 post-transplant (not shown). Rejection

of B6.H-2bm12 skin allografts was observed by day 19 in wild type recipients treated with

control IgG or with anti-CD8 mAb but depletion of CD4 T cells abrogated bm12 skin

allograft rejection (Table II). In contrast, B6.CCR5-deficient recipients depleted of either

CD4 or CD8 T cells rejected the bm12 skin allografts by day 13 post-transplant. Thus,

rejection of bm12 skin allografts is mediated by CD4, but not CD8, T cells in wild type

recipients whereas either CD4 or CD8 T cells can mediate bm12 skin allograft rejection by

B6.CCR5−/− recipients.
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CD8 T cell recognize class II MHC peptides presented by class I MHC molecules

We considered two potential mechanisms to account for the induction of a CD8 T cell

response to the bm12 allografts in B6.CCR5−/− recipients. First, the bm12-reactive CD8 T

cells could react directly to the allogeneic class II MHC molecules. Second, the CD8 T cells

could recognize a bm12 β chain-derived peptide presented by Kb or Db. Since an antibody

specific for the B6.H-2bm12 class II MHC molecule was not available, we tested the ability

of anti-Kb and anti-Db antibodies to block the activation of the donor-primed CD8 T cells.

On day 20 post-transplant, CD8 T cells were purified from the spleens and tested for

numbers of bm12-reactive T cells producing IFN-γ by ELISPOT assay in the presence of the

anti-Kb and anti-Db antibodies (Figure 6C). Addition of either anti-Kb or anti-Db antibodies

as well as both antibodies together resulted in significant decreases in donor-reactive CD8 T

cells producing IFN-γ, suggesting that activation of the CD8 T cells requires engagement of

self class I MHC, raising the possibility that the class I MHC molecules were presenting I-

Abm12-derived peptides.

A series of different I-Abm12 β chain peptides spanning the sequence containing the three

amino acid differences from I-Ab were designed and their binding restriction and calculated

affinity to Kb or to Db were determined (Table 1). The peptides were synthesized and T cell

depleted B6 splenocytes cells pulsed with the different peptides were tested for activation of

CD8 T cells isolated from the spleens of C57BL/6 and B6.CCR5−/− bm12 renal allograft

recipients (Figure 7). CD8 T cells from B6.CCR5−/− recipients were activated during culture

with bm12 stimulators and during culture with B6 splenocytes pulsed with the Kb- and Db-

presented I-Abm12 β chain-derived peptides but not during culture with C57BL/6 cells alone

or with C57BL/6 cells pulsed with the Kb-binding SIINFEKL peptide. In contrast, neither

bm12 cells nor C57BL/6 cells pulsed with any of the peptides stimulated CD8 T cells from

C57BL/6 allograft recipients.

CD8 T cells are activated by I-Abm12-derived peptides presented by endothelial cells

We postulated that the initial activation of the bm12-reactive CD8 T cells would occur at the

vascular endothelium of the allograft followed by their infiltration into the graft

parenchymal tissue (30). To test the presentation of I-Abm12 β chain-derived peptides by

allograft endothelial cells, aortic endothelial cells from bm12 mice and from C57BL/6 mice,

as a negative control, were generated and grown in culture. CD8 T cells were purified from

the spleens of C57BL/6 and B6.CCR5−/− recipients of bm12 heart allografts on day 10 post-

transplant. Aliquots of C57BL/6 or bm12 aortic endothelial cells were stimulated with a

cocktail of proinflammatory cytokines or not stimulated and cultured with aliquots of the

purified CD8 T cells from the heart allograft recipients to assess activation of the CD8 T

cells to produce IFN-γ (Figure 8). CD8 T cells from C57BL/6 recipients did not produce

IFN-γ during culture with unstimulated bm12 endothelial cells but produced low levels of

IFN-γ when cultured with cytokine stimulated endothelial cells. Addition of Kb or Db

restricted I-Abm12 peptides to cytokine stimulated C57BL/6 endothelial cells only provoked

low levels of IFN-γ production by CD8 T cells from C57BL/6 recipients. In contrast, CD8 T

cells from B6.CCR5−/− bm12 heart allograft recipients were activated to produce high levels

of IFN-γ during culture with cytokine stimulated, but not unstimulated, bm12 endothelial

cells. In addition, the CD8 T cells from CCR5-deficient recipients of bm12 heart allografts
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produced high levels of IFN-γ when cultured with cytokine stimulated C57BL/6 endothelial

cells pulsed with the Db-restricted, but not Kd-restricted, peptides. These data suggest that

CD8 T cells primed to bm12 cardiac allografts are activated to produce IFN-γ in response to

I-Abm12-derived peptides presented in complex with self class I MHC on graft endothelial

cells.

Inability to induce bm12 peptide/class I MHC-reactive CD8 T cells in C57BL/6 mice

We have previously shown that Treg inhibit the magnitude of the bm12-reactive CD4 T cell

response in wild type C57BL/6 recipients of bm12 heart allografts (15). Consistent with

these previous studies, C57BL/6 bm12 cardiac allograft recipients treated with anti-CD25

mAb had marked increases in CD4 T cells producing IFN-γ compared to control-treated

recipients, but continued to have low-absent numbers of bm12-reactive CD8 T cells (Figure

9A). Therefore, we tested an alternative approach to testing the generation of bm12-reactive

CD8 T cells in wild type C57BL/6 mice by immunizing groups of C57BL/6 and

B6.CCR5−/− mice with a mixture of four Kb- and Db-restricted bm12 peptides emulsified in

Complete Freund’s Adjuvant. After 12 days, splenic CD8 T cells were isolated and the

number of bm12-reactive or peptide-reactive CD8 T cells producing IFN-γ was tested by

ELISPOT. Peptide immunization of CCR5-deficient mice induced CD8 T cells that were

activated to produce IFN-γ during culture with either bm12 spleen cells or autologous

C57BL/6 spleen cells pulsed with the immunizing peptides (Figure 9B). In contrast, CD8 T

cells from immunized C57BL/6 mice did not produce IFN-γ during culture with either bm12

stimulator cells or autologous cells pulsed with the immunizing peptides.

Discussion

The response to single class II MHC-disparate, B6.H-2bm12 heart grafts in C57BL/6

recipients is comprised almost entirely of bm12-reactive CD4 T cells that is restricted by

CD4+ Tregs (15). Treatment of bm12 heart allograft recipients with anti-CD25 mAb to

deplete the Tregs markedly increases the bm12-reactive CD4 T cell response and provokes

acute rejection of the allografts within 20–40 days post-transplant. In contrast to wild type

C57BL/6 recipients, B6.CCR5−/− recipients of bm12 heart allografts have a Treg

dysfunction and the unregulated bm12-reactive effector T cell response in these recipients

rapidly provokes acute rejection (17). Colvin and colleagues identified the rapid infiltration

of CD4+FoxP3+ cells into MHC mismatched renal allografts as the mechanism underlying

the long-term survival of complete MHC-mismatched renal allografts in many donor →

recipient strain combinations of mice (19), prompting us to test the rejection of renal

allografts with a single class II MHC disparity in recipients with compromised

immunoregulatory function.

B6.CCR5−/− recipients did reject bm12 renal allografts, but donor-reactive CD8 T cells

rather than CD4 T cells were the primary effector cells mediating the rejection. Several

studies have reported data either suggesting or documenting class II MHC-reactive CD8 T

cells. C57BL/6 nude mice reconstituted with purified CD8 T cells and transplanted with

bm12 heart allografts developed an IFN-γ dependent vasculopathy suggesting CD8 T cells

reactive to I-Abm12 as a possible mechanism of the chronic pathology (31). With regards to
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CD8 T cells expressing receptors cross-reactive with allogeneic class II MHC molecules,

human CD8 T cells induced to cytomegalovirus (CMV) peptide/HLA Cw complexes were

also reactive to a B cell derived peptide presented by HLA-DR on allogeneic B cells (12). In

contrast to direct cross-reactivity with allogeneic class II MHC, in vitro activation of the

bm12-reactive CD8 T cells to produce IFN-γ was inhibited by antibodies to Kb or Db class I

MHC molecules, indicating restriction to presentation by syngeneic class I MHC. Moreover,

bm12 renal and cardiac allografts in B6.CCR5-deficient, but not C57Bl/6, recipients induced

CD8 T cells reactive to peptides spanning the 3 amino acid difference in the I-Abm12 vs. I-

Ab β chains presented by the class I MHC molecules shared by the graft donor and recipient.

It is important to note that the bm12 allograft induced CD8 T cells were responsive to a wide

range of Kb and Db binding peptides from the I-Abm12 β chain, but it is also worth

considering that these peptides were chosen for high affinity binding to Kb or Db. These

results are reminiscent of CD8 T cells induced by vaccination with rhesus monkey CMV

expressing SIV genes that had reactivity to a broad range of SIV peptides presented by

syngeneic and allogeneic class II MHC molecules versus the CD8 T cells with restricted

peptide/class I MHC specificities induced by vaccination with SIV constructs alone (11).

The first graft cells that alloantigen-primed T cells will encounter are the vascular

endothelial cells. The I-Abm12 peptide/class I MHC-reactive CD8 T cells from renal and

heart allograft recipients were activated to produce IFN-γ during culture with cytokine

stimulated aortic bm12 endothelial cells or endothelial cells from C57BL/6 mice presenting

exogenously added I-Abm12 peptides. These results implicate this presentation and the

allograft endothelial cells as major targets in the acute rejection of the bm12 renal allografts

by B6.CCR5−/− recipients. The targeting of allograft endothelial cells presenting allogeneic

complexes is well established and their apoptosis is a key event during acute injury as well

as during the development of chronic allograft injury (30, 32–34). Similarly, transgenic CD8

T cells reactive to the male antigen H-Y peptide presented by Db molecules rejected skin

allografts from male C3H (H-2k) donors on female RAG-1−/− recipients if the endothelium

revascularizing the allograft expressed the appropriate class I MHC molecule (28). It is

worth noting that our results indicated that the bm12-reactive CD8 T cells were activated by

endothelial cells presenting the Db-restricted peptides but not by presentation of the Kb-

restricted peptides. Whether this restricted presentation reflects a function of endothelial

cells is unknown at this time but certainly warrants further investigation. Also, other class II

MHC expressing cells, such as kidney interstitial dendritic cells and resident macrophages

may also present the complexes to activate the bm12-reactive CD8 T cells as they infiltrate

the kidney parenchymal tissue and be required to complete rejection. Since the allograft

donor and recipient share class I MHC alleles, recipient-derived monocytes and dendritic

cell populations may acquire the bm12 class II MHC molecules as they infiltrate the renal

allografts and following processing, cross-present the class II MHC/class I MHC complexes

to activate the infiltrating CD8 T cells.

The results of this study clearly indicate that the renal graft injury imposed by the bm12-

reactve CD8 T cells is very inefficient and delays the progression to allograft failure. The

donor-reactive CD8 response was apparent at high numbers in the recipient spleen as early

as day 14 post-transplant and the allograft is heavily infiltrated with the CD8 T cells at this

time. However, increases in serum creatinine were not apparent until day 25 post-transplant
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and the allografts did not begin to reject until this time and several survived until day 45.

One possible mechanism to account for this delay is that efficient rejection of renal

allografts requires the synergistic activities of donor-reactive T cells and antibody (35, 36).

The recipient and donor class II MHC molecules (I-Ab and I-Abm12) are closely

homologous, reflected by the reactivity of most anti-I-Ab antibodies with I-Abm12, so any

induction of an anti-donor antibody response to the bm12 renal allografts would be likely to

mediate autoreactive pathology in the recipient (13, 14, 29).

Our previous studies had indicated that depletion or absence of the Tregs dysregulated the

bm12-reactive CD4 T cell response and provoked acute rejection of bm12 heart allografts

(15). Treatment of wild type C57BL/6 recipients of bm12 renal allografts with anti-CD25

mAb prior to and following the transplant did not result in the appearance of the CD8 T cells

reactive to I-Abm12 β chain peptides presented by Kb or Db. Furthermore, the reactive CD8 T

cells were also induced by immunizing CCR5-deficient mice with I-Abm12 β chain peptides

emulsified in CFA but this strategy failed to induce a similar CD8 T cell response in the

wild type C57BL/6 mice. These findings suggest that the CCR5 deficiency uncovers or

allows for the development of bm12-reactive CD8 T cell clones not present in wild type

mice implicating an important role for chemokines and chemokine receptors in early T cell

repertoire development and selection.

The results of this study reveal novel specificities of alloreactive CD8 T cells in CCR5-

deficient recipients of single class II MHC renal and cardiac allografts. These CD8 T cells

are activated through recognition of the peptide/class I MHC complexes on graft or recipient

presenting cells through the direct (donor antigen-presenting cells) and indirect (host

antigen-presenting cells) presentation pathways, respectively. To our knowledge these are

the first observations of CD8 T cells reactive to class II MHC peptides presented by class I

MHC. The response elicited is sufficient to provoke rejection of the renal allograft though

not with the efficiency observed in the rejection of class I MHC-mismatched allografts that

induce both donor-reactive CD8 T cell and antibody responses. It is important to note that

about 1% of Caucasians express a homozygous mutation, Δ32, rendering CCR5 non-

functional and renal transplantation has been performed in small numbers of Δ32 patients

(37). Such Δ32 patients would have received renal grafts with greater disparity than a single

class II MHC difference. Nevertheless, the available repertoire of alloreactive CD8 T cells in

Δ32 patients is likely to be more diverse and of a higher frequency than that of a patient

expressing functional CCR5 and may put such patients at increased risk of acute and/or

chronic graft injury. Overall, the current studies in CCR5-deficient mice predict similar

novel T cell specificities in these patients and warrant further studies.
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Figure 1.
Single class II MHC-disparate renal allograft rejection by CCR5-deficient, but not wild type

C567BL/6, recipients. Groups of wild type C57BL/6 and B6.CCR5−/− mice received single

class II MHC disparate renal grafts from B6.H-2bm12 donors. (A) B6.CCR5−/− mice rejected

the allografts within 40 days post-transplant (MST=28, n=11) whereas wild type recipients

did not reject the allografts. (B) Serum creatinine levels in the renal allograft recipients were

measured weekly after transplant and the mean serum concentration for each group is shown

at each time point ± SEM. C57BL/6 kidney isografts were maintained by both wild type

C57BL/6 and B6.CCR5−/− recipients long-term without any rise in serum creatinine levels

(data not shown). *p < 0.05.
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Figure 2.
Leukocyte infiltration into single class II MHC-disparate renal allografts in CCR5-deficient

and wild type C57BL/6 recipients. (A) bm12 renal allografts were harvested from groups of

wild type C57BL/6 and B6.CCR5−/− recipients on the indicated days post-transplant.

Following digestion of the allografts and bm12 kidneys from non-transplanted B6.H-2bm12

mice, aliquots of prepared single cells suspensions were stained with antibody and analyzed

by flow cytometry to determine the numbers of graft infiltrating leukocyte populations,

expressed as numbers/mg graft tissue ± SEM. *p < 0.05; **p < 0.01. Renal allografts from

(B) C57BL/6 and (C) B6.CCR5−/− recipients were harvested on day 14 post-transplant and

frozen sections were prepared and stained with hematoxylin and eosin or with anti-CD4 or

anti-CD8 antibodies. Magnification ×400.
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Figure 3.
Proinflammatory cytokine mRNA expression in single class II MHC-disparate renal

allografts in CCR5-deficient and wild type C57BL/6 recipients. bm12 renal allografts were

harvested from groups of C57BL/6 and B6.CCR5−/− recipients on day 14 post-transplant

and whole cell RNA was isolated from grafts and from native bm12 kidneys and analyzed

by qPCR for expression levels of the indicated inflammatory molecules. Results shown

indicate mean expression level of each cytokine in 4 allograft samples per group ± SEM. *p

< 0.05; **p < 0.01.
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Figure 4.
Absence of recipient CCR5 results in exaggerated CD8 T cell responses to single class II

MHC-disparate bm12 renal allografts. Groups of wild type C57BL/6 and B6.CCR5-

deficient mice received bm12 renal allografts. On day 14 post-transplant CD4 and CD8 T

cells were purified from each of the recipient spleens and the frequency of bm12 donor-

reactive CD4 and CD8 T cells producing IFN-γ was quantified by ELISPOT assay. The

results indicate the mean number of spots for splenic CD4 or CD8 T cells from 4 individual

mice per group ± SEM.*p < 0.05
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Figure 5.
Rejection of single class II MHC-disparate bm12 renal allografts by B6.CCR5-deficient

recipients is not mediated by antibody. (A) Groups of wild type C57Bl/6, B6.CCR5−/− and

B6.CCR5−/−µMT−/− mice received single class II MHC disparate renal grafts from

B6.H-2bm12 donors and allograft survival was monitored. (B) Grafts were harvested from

B6.CCR5−/−µMT−/− recipients at the time of rejection and formalin-fixed/paraffin embedded

sections were stained with hematoxylin and eosin and frozen sections were stained with

antibodies to detect CD4 and CD8 T cells. Magnification x400.

Ishii et al. Page 17

J Immunol. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6.
Rejection of single class II MHC-disparate bm12 renal allografts in B6.CCR5-deficient

recipients is dependent on CD4 and CD8 T cells. (A) B6.CCR5−/− mice were treated with

200 µg control rat IgG, anti-CD4 mAb or anti-CD8 mAb on three consecutive days prior to

transplantation with a B6.H-2bm12 kidney and allograft survival was monitored. (B) Groups

of wild type C57Bl/6 and B6.CCR5-deficient mice received bm12 renal allografts, with the

indicated groups depleted of CD4 T cells by treating with anti-CD4 mAb prior to the

transplant. On day 14 post-transplant, CD8 T cells were purified from each of the recipient

spleens and the frequency of bm12 donor-reactive CD8 T cells producing IFN-γ was

quantified by ELISPOT assay. The results indicate the mean number of spots for splenic

CD8 T cells from 4 individual mice per group ± SEM. *p < 0.05. (C) Groups of

B6.CCR5−/− mice received bm12 renal allografts. On day 20 post-transplant, CD8 T cells

were purified from each of the recipient spleens and the frequency of CD8 T cells producing

IFN-γ during culture with syngeneic C57BL/6 or bm12 stimulator cells was quantified by

ELISPOT assay. In the indicated cultures, 20 µg of anti-Kb and/or anti-Db mAb was added

at the initiation of the ELISPOT culture. The results indicate the mean number of spots for

splenic CD8 T cells from 4 individual mice per group in each of the stimulation cultures ±

SEM. *p < 0.05.
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Figure 7.
Donor reactive CD8 T cells induced in response to single class II MHC-disparate bm12

renal allografts in B6.CCR5-deficient recipients react to I-Abm12 β chain peptides. Groups of

wild type C57BL/6 and B6.CCR5-deficient mice received bm12 renal allografts. On day 14

post-transplant, CD8 T cells were purified from each of the recipient spleens and from the

spleens of naïve mice and the frequency of CD8 T cells producing IFN-γ during culture with

syngeneic C57Bl/6 or bm12 stimulator cells was quantified by ELISPOT assay. In the

indicated cultures, 20 µg of the indicated control (SIINFEKL) or I-Abm12 β chain peptides

were added at the initiation of the ELISPOT cultures. The results indicate the mean number

of spots for splenic CD8 T cells from 4 individual mice per group ± SEM. p < 0.05 for all

CCR5−/− recipients compared to wild type recipients with either bm12 or C57BL/6 plus

bm12 peptide stimulator cells.
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Figure 8.
Donor reactive CD8 T cells induced in response to single class II MHC-disparate bm12

cardiac allografts in B6.CCR5-deficient recipients react to cytokine-stimulated bm12 aortic

endothelial cells. Groups of 4 wild type C57BL/6 and B6.CCR5-deficient mice received

bm12 heart allografts. On day 10 post-transplant, CD8 T cells were purified from each of the

recipient spleens and cultured with aortic endothelial cells from syngeneic C57BL/6 or

bm12 mice that had been pre-activated with cytokines as detailed in the Materials and

Methods. The activation of the CD8 T to produce IFN-γ after 24 hours of culture was

quantified by ELISA of the culture supernatants. In the indicated cultures, 20 µg of Kb- or

Db-restricted peptides (#1 and #4 in Table 1) or control SIINFEKL peptide (S) were added

at the initiation of the cultures. The results indicate the mean concentration of IFN-γ

produced in CD8 T cell stimulation cultures from 4 individual allograft recipients per group

± SEM. *p < 0.05
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Figure 9.
Absence of bm12-reactive CD8 T cell priming in wild type C57BL/6 recipients of bm12

heart allografts. (A) Groups of C57BL/6 mice received B6.H-2bm12 heart allografts and

were treated with 250 µg anti-CD25 mAb on days −1, +1, +3, +5, +7 and +9 post-transplant.

On day 18 post-transplant, CD4 and CD8 T cells were purified from each recipient spleen

and the frequency of bm12 donor-reactive CD4 and CD8 T cells producing IFN-γ was

quantified by ELISPOT assay. The results indicate the mean number of spots for the splenic

T cell populations from 4 individual mice per group ± SEM. *p < 0.05. (B) Groups of wild

type C57Bl/6 and B6.CCR5-deficient mice were immunized subcutaneously with a mixture

of 2 Kb- plus 2 Db-restricted I-Abm12 β chain peptides emulsified in Complete Freund’s

Adjuvant and 12 days later the CD8 T cells were purified from each of the spleens. The

frequency of CD8 T cells producing IFN-γ during culture with syngeneic C57Bl/6 or bm12

stimulator cells was quantified by ELISPOT assay. In the indicated cultures, 20 µg of the I-

Abm12 β chain peptides were added at the initiation of the ELISPOT cultures with the

C57Bl/6 stimulator cells. The results indicate the mean number of spots for splenic CD8 T

cells from 4 individual mice per group ± SEM. *p < 0.05.
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Table I

Characteristics of control and I-Abm12 β chain peptides

Peptide Sequencea
MHC

Restriction
Binding
Scoreb

Binding
Affinity (nM)c

Control SIINFEKL Kb 25 1252.65

1 SQPEFLEQ Kb 13 18524.27

2 WNSQPEFL Kb 12 8001.27

3 LEQKRAEL Kb 12 11541.13

4 YWNSQPEFL Db 14 8792.23

5 FLEQKRAEL Db 14 17837.99

6 SQPEFLEQK Db 12 33517.94

7 QKRAELDTV Db 11 29102.53

a
Bold letters indicate mutation residues in I-Abm12 β chain vs. I-Ab β chain: EYWNSQPEFLEQKRAELDTVC

b
Predicted based on 14-0 scale generated using SYFPEITHI web soft

c
Predicted using NETMHCpan Server web software.
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Table II

CD8 T cell-mediated rejection of B6.H-2bm12 skin allografts by B6.CCR5−/− recipients

Allograft
Recipient

Recipient
Treatment

Day of
Graft Rejection

C57Bl/6 Control IgG 13, 15, 19, 19, 23, 1 × >23

C57Bl/6 Anti-CD4 mAb 19, 5 × >23

C57Bl/6 Anti-CD8 mAb 13, 16, 20, 21, 23, 1 × >25

B6.CCR5−/− Anti-CD4 mAb 10, 10, 11, 12

B6.CCR5−/− Anti-CD8 mAb 10, 10, 12, 13

Groups of 4–5 wild type C57Bl/6 and B6.CCR5−/− mice received full thickness trunk skin allografts from B6.H-2bm12 donors. Graft status was
monitored daily and the day of rejection indicated by >80% graft destruction. Recipients received 200 µg of control IgG, anti-CD4 mAb or anti-
CD8 mAb on days −3, −2, −1, +5 and +10.
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