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Cardiac allograft vasculopathy (CAV) limits the long-term success of heart transplants. Generation of
donor-specific antibodies (DSAs) is associated with increased incidence of CAV clinically, but mecha-
nisms underlying development of this pathology remain poorly understood. Major histocompatibility
complexemismatched A/J cardiac allografts in B6.CCR5�/� recipients have been reported to undergo
acute rejection with little T-cell infiltration, but intense deposition of C4d in large vessels and capil-
laries of the graft accompanied by high titers of DSA. This model was modified to investigate mech-
anisms of antibody-mediated CAV by transplanting A/J hearts to B6.CCR5�/� CD8�/� mice that were
treated with low doses of anti-CD4 monoclonal antibody to decrease T-cellemediated graft injury and
promote antibody-mediated injury. Although the mild inhibition of CD4 T cells extended allograft
survival, the grafts developed CAV with intense C4d deposition and macrophage infiltration by 14 days
after transplantation. Development of CAV correlated with recipient DSA titers. Transcriptomic analysis
of microdissected allograft arteries identified the Notch ligand Dll4 as the most elevated transcript in
CAV, associated with high versus low titers of DSA. More importantly, these analyses revealed a dif-
ferential expression of transcripts in the CAV lesions compared with the matched apical tissue that lacks
large arteries. In conclusion, these findings report a novel model of antibody-mediated CAV with the
potential to facilitate further understanding of the molecular mechanisms promoting development of
CAV. (Am J Pathol 2022, 192: 1053e1065; https://doi.org/10.1016/j.ajpath.2022.04.003)
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The success of heart transplantation to treat end-stage
cardiac disease is undermined by the development of
chronic allograft vasculopathy (CAV). More than 50% of
heart grafts develop CAV within 5 years after trans-
plantation.1e3 The arterial lesions consist of concentric
intimal expansion with proliferating myofibrocytes and
mononuclear cell infiltrates of T cells and macrophages,
resulting in narrowing of the graft arterial lumen, decreased
blood flow, and graft tissue ischemia.4,5 Mechanisms un-
derlying the initiation and progression of CAV remain un-
clear, and it is likely that multiple pathways of graft
endothelial cellemediated injury initiate and promote CAV.
Development of CAV is often associated with donor-
specific antibody (DSA) to allogeneic human leukocyte
stigative Pathology. Published by Elsevier Inc
antigen molecules in the serum of heart transplant re-
cipients, suggesting that some forms of CAV are initiated
and exacerbated by DSA binding to allograft major histo-
compatibility complex (MHC) targets expressed by the
arterial endothelial cells of the graft.6e8 Antibodies to MHC
molecules can have direct effects on endothelial cells by
provoking activation of the complement cascade to mediate
. All rights reserved.

mailto:<!--1-->baldwiw@ccf.org
mailto:<!--2-->fairchr@ccf.org
https://doi.org/10.1016/j.ajpath.2022.04.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajpath.2022.04.003&domain=pdf
https://doi.org/10.1016/j.ajpath.2022.04.003
http://ajp.amjpathol.org
https://doi.org/10.1016/j.ajpath.2022.04.003


-

Figure 1 Near complete arterial occlusion due to neointima expansion
composed of macrophages and a-smooth muscle actin expressing myo-
fibrocytes with only scattered CD4 T cells. B6.CCR5�/�CD8�/� recipients
of A/J cardiac allografts were treated with 100 mg anti-CD4 monoclonal
antibody on days 0, 2, 7, and 14. Terminal graft rejection at 35 days was
characterized by near complete occlusive neointima expansion. Immu-
nohistologic markers for a-smooth muscle actin (a-SMA) stained myofi-
brocytes in the intima, smooth muscle cells in the arterial media, and
necrotic cardiomyocytes that lost visible cross-striations. Mac2 antibody
stained profuse infiltrates of macrophages in the neointima, periarterial
adventitia, and interstitium. Scattered CD4 T cells and no CD8 T cells were
detected in the neointima. Scale bar Z 50 mm.
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endothelial cell injury.9,10 These antibodies can also stim-
ulate the activation of endothelial cells to proliferate, ex-
press cell adhesion molecules, and produce inflammatory
cytokines, including chemoattractant cytokines directing
macrophage infiltration into CAV lesions, which correlates
with clinical antibody-mediated rejection of heart
allografts.11e18

Several preclinical models have been developed that
examine the role of T cells in heart allograft CAV. One
commonly used mouse model involves the transplantation of
hearts from H-2bm12 donors to C57BL/6 mice, a single class
II MHC disparity.19,20 The heart grafts develop CAV over the
course of 30 to 60 days, which is dependent on the activation
of bm12-reactive CD4 T cells. This donor-reactive T-cell
response and the class II MHC disparity are restricted to a
three amino acid difference in the peptide binding groove of
I-Abm12, suggesting that effector functions expressed by the
reactive CD4 T cells mediate the development of CAV.
Similarly, peptides from minor histocompatibility antigens,
such as the male HY antigen, can cause T-cellemediated
chronic rejection of heart allografts.21,22 Using this model,
CD4 T cells were found to orchestrate intense macrophage
infiltrates in the interstitium and arteries of the graft, but the
transcriptome profile for the infiltrates in the CAV lesions
was distinctly different from that in the interstitium.21

Evidence for antibody-mediated CAV in preclinical heart
allograft models has been provided by transfer of
monoclonal antibodies specific for graft class I MHC to
immunodeficient heart allograft recipients, where the graft-
reactive antibodies provoke CAV.23,24 Previous studies
show a dysregulation of DSA responses to solid organ
transplants in CCR5�/� recipients, where complete MHC-
mismatched solid organ allografts induce DSA titers with
>40-fold increases than those induced in wild-type C57BL/
6 recipients. B6.CCR5�/� recipients reject MHC incom-
patible A/J cardiac allografts acutely between 7 and 8 days,
independently of CD8 T cells.25,26 Herein, analysis of the
histopathology of the rejecting heart allografts demonstrated
acute arterial inflammation with endothelial injury and
intense deposition of C4d. These initial studies led us to
hypothesize that administering low doses of anti-CD4 T-cell
monoclonal antibody (mAb) to B6.CCR5�/�CD8�/� mice
at and for a short time after transplantation with complete
MHC mismatched heart allografts would delay DSA pro-
duction and prevent acute rejection. This would allow for
the development of DSA-induced CAV and the identifica-
tion of molecular transcript signatures specifically associ-
ated with the arterial lesions that are not expressed
elsewhere in the graft tissue.

Materials and Methods

Mice

C57BL/6 (H-2b), B6.CCR5�/�, B6.CD8 �/�, and A/J (H-2a)
mice were purchased from the Jackson Laboratory (Bar
1054
Harbor, ME), and B6.CCR5�/� and B6.CD8�/� mice were
crossed to generate B6.CCR5�/�CD8�/� mice. All animal
studies were conducted using male donor and recipient mice
between 8 and 12 weeks of age, and all procedures using
mice were approved by the Institutional Animal Care and
Use Committee of the Cleveland Clinic (Cleveland, OH).

Heterotopic Cardiac Transplantation

Heterotopic vascularized cardiac transplantation was per-
formed, as previously described.25,26 Briefly, complete
MHC-mismatched A/J (H-2a) hearts were transplanted to
B6.CD8�/� or B6.CCR5�/�CD8�/� mice on a C57BL/6
background (H-2b). Hearts from C57BL/6 were transplanted
to B6.CCR5�/�CD8�/� recipients as isograft controls.
Where indicated, recipients were treated intraperitoneally on
days 0, 2, and 7 after transplant with anti-CD4 mAb (100 mg
of a 1:1 cocktail of YTS191 and GK1.5; Bio X Cell,
Lebanon, NH). To deplete B cells and prevent DSA
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Depletion of CD4 T cells in B6.CCR5�/�CD8�/� recipients of
A/J cardiac allografts. B6.CCR5�/�CD8�/� recipients of A/J cardiac allo-
grafts were untreated, or treated with 100 mg control rat IgG or anti-CD4
monoclonal antibody (mAb) on days 0, 2, and 7 after transplant. On day
10, the presence of CD4 T cells in the recipient spleen was assessed by flow
cytometry (A) and ELISPOT enumeration (B) of donor-reactive CD4 T cells
producing interferon (IFN)-g. **P < 0.01 versus control rat IgG-treated
recipients.

Antibody-Mediated Allograft Vasculopathy
production, B6.CCR5�/�CD8�/� and, as a control,
B6.CD8�/� recipients were treated intraperitoneally with
0.25 mg anti-mouse CD20 mAb (AISB12; Bio X Cell) on
either days �2 and 6 or days �2, 3, and 8 after trans-
plantation, as previously reported.27 Grafts were monitored
daily for beating by recipient abdominal palpation and were
recovered on day 14 after transplant for analyses.

Donor-Specific Antibody Quantitation by Flow
Cytometry

Flow cytometry was performed to quantitate DSA in non-
recipient and cardiac graft recipient serum, as previously
reported.26 Briefly, aliquots of donor strain A/J thymocyte
suspensions were incubated with serial dilutions of recipient
sera recovered at defined time points after transplant. After
60 minutes, the cells were washed and stained with fluo-
rescein isothiocyanateeconjugated goat anti-mouse IgG,
Fcg fragment-specific mAb (Jackson Immunoresearch,
West Grove, PA). The geometric mean fluorescence in-
tensity of each dilution of each serum sample was deter-
mined, and the dilution that returned the geometric mean
fluorescence intensity to the background level observed
when B6 thymocytes were stained with autologous wild-
type B6 serum was divided by two and reported as the titer.

Flow Cytometry

To verify CD4 T depletion in B6.CCR5�/�CD8�/� heart
allograft recipients treated with 100 mg control rat IgG or
anti-CD4 mAb on days 0, 1, and 7, recipients were sacri-
ficed on day 14 after transplant, single-cell suspensions from
the spleen were prepared, and aliquots were stained with
fluorescein isothiocyanateeconjugated anti-CD45 mAb (30-
F111; BD Biosciences, San Jose, CA) and
phosphatidylethanolamine-conjugated anti-CD4 mAb
(RM4-5; BD Biosciences) and run on an LSRII flow
The American Journal of Pathology - ajp.amjpathol.org
cytometer (BD Biosciences) followed by data analyses
using FlowJo software version 10 (Tree Star Inc., Ashland,
OR).

ELISPOT Analysis of Heart Allograft Donor-Reactive
CD4 T Cells Producing IFN-g

ELISPOT assays to enumerate donor-reactive CD4 T cells
producing interferon (IFN)-g were performed, as previously
reported, using IFN-g capture and detecting anti-mouse IFN-g
mAb from BD Biosciences.25 Briefly, B6.CCR5�/�CD8�/�

heart allograft recipients were treated with 100 mg control rat
IgG or anti-CD4 mAb on days 0, 1, and 7; recipients were
sacrificed on day 10 after transplant; and single-cell suspen-
sions from the spleen were prepared and aliquots were
co-cultured with mitomycin Cetreated A/J spleen cells in
serum-free CTL-Test medium (Cellular Technology Ltd,
Cleveland, OH) supplemented with 1 mmol/L L-glutamine.
After 24 hours, the cells were removed by washing with
phosphate-buffered saline/0.05% Tween 20, and the filters
were developed to detect IFN-g. The resulting spots were
analyzed using an ImmunoSpot Series analyzer version 5
(Cellular Technology Ltd).

Pathologic Assessment of Heart Grafts

Recovered heart grafts were fixed by immersion in methanol/
acetic acid, embedded in paraffin block, and cut into sections
(5 mm thick) for immunohistochemistry analyses. After an-
tigen retrieval and paraffin removal with Trilogy (Cell Mar-
que, Hot Springs, AR) in a pressure cooker, endogenous
peroxidase activity was quenched with 0.03% H2O2 for 10
minutes, and non-specific protein interactions were inhibited
by incubation with serum-free protein block (Dako, Carpin-
teria, CA). The slides were then stained with the following
primary antibodies: monoclonal rat antibody to mouse Mac2
(Cedarlane Laboratories, Burlington, NC), rabbit monoclonal
anti-CD4 antibody (Abcam, Cambridge, MA), rabbit poly-
clonal antiserum to a-smooth muscle actin (Abcam), and
rabbit polyclonal anti-serum to mouse C4d, produced as
described previously.28 Primary antibodies were visualized
using rat or rabbit on mouse HRP-Polymer Kits (Biocare
Medical, Concord, CA), followed by diaminobenzidine and
counterstained with hematoxylin. Slides were viewed by light
microscopy, and images were captured using ImagePro Plus
(Media Cybernetics, Silver Springs, MD).

RNA Isolation from Heart Grafts for Real-Time
Quantitative PCR Analysis

RNA was isolated from heart isografts and allografts using
Fibrous Tissue kits (Qiagen, Valencia, CA) and reverse
transcribed using the High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems, Thermo Fisher Scienti-
fic, Waltham, MA), as previously described.25 Synthesized
cDNA was used for quantitative PCR with TaqMan Fast
1055
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Figure 3 Cardiac grafts in anti-CD4 monocloncal antibody (mAb)etreated B6.CCR5�/�CD8�/� recipients. A: A/J cardiac allografts in B6.CCR5�/�CD8�/�

recipients treatedwith 100mg anti-CD4mAb on days 0, 2, and 7 display earlymanifestations of chronic arteriopathy 14 days after transplantation. Myofibrocytes in
the intima and smooth muscle cells in the media of the large artery with a smaller arterial branch were stained by antibodies to a-smooth muscle actin (a-SMA).
Mac2 antibody stained moderate numbers of macrophages in the neointima, periarterial adventitia, and interstitium. Scattered interstitial CD4 T cells were
detected. Intense linear deposits of C4d line the arterial and capillary endothelium. B: B6 cardiac isografts in B6.CCR5�/�CD8�/� recipients treated with 100 mg
anti-CD4 mAb on days 0, 2, and 7 display no evidence of chronic arteriopathy 14 days after transplantation. Smooth muscle cells in the media of the large artery
upper right and smaller artery were stained by antibodies to a-SMA. No neointima was evident. Mac2 antibody stained scattered macrophages in the interstitium.
Scattered interstitial CD4 T cells were detected. No deposits of C4d were detected on the arterial and capillary endothelium. Scale barZ 50 mm (A and B).

Tsuda et al
Universal Master Mix (Applied Biosystems) and TaqMan
primer sets (SH2D1B1; Mm04210368_m1, MYBL1;
Mm00485327_m1, CX3CR1; Mm02620111_s1, MRPL32;
and Mm00777741_sH). All PCRs were performed on a
7500 Fast Real-Time PCR System (Applied Biosystems)
and quantified using the ddCt method and normalized to
MRPL32 gene expression.

Laser Capture Microdissection and RNA Extraction for
Nanostring Analysis

Heart allografts were embedded in OCT (TissueeTek;
Miles Laboratories, Inc., Naperville, IL), cryosectioned (12
mm thick), and mounted as serial cross-sections. Arteries in
the heart allografts were microdissected, 25 to 30 sections
from each of two grafts, with a Leica LMD7000 laser
microdissection microscope (Leica Microsystems, Buffalo
1056
Grove, IL); and pooled sections from each of the two grafts
were collected in 0.5-mL RNase-free PCR tube caps with 75
mL of RLT buffer from the RNeasy Micro kit (Qiagen,
Valencia, CA). Total RNA was extracted using an RNeasy
Fibrous Tissue Mini kit (Qiagen) for recovered grafts or an
RNeasy Micro kit (Qiagen) for microdissected vessels, and
was interrogated using the NanoString nCounter platform
(NanoString Technologies, Inc., Seattle, WA) by hybridi-
zation to the mouse PanCancer Immune Panel. Raw counts
were normalized and analyzed using advanced analysis on
nSolver version 4.0 (NanoString Technologies, Inc.). To
identify genes that were significantly differentially
expressed, cutoffs of P � 0.05 were selected and defined at
a threshold of a twofold change. The NanoString transcript
expression data have been deposited in National Center for
Biotechnology Information’s Gene Expression Omnibus
and are accessible through Gene Expression Omnibus series
ajp.amjpathol.org - The American Journal of Pathology
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Table 1 Evaluation of the Large Arteries at the Base of Individual Transplants

Specimen CAVþ versus total large arteries CAV high score* Mac2 in intima* DSA titer

CCR5/CD8 h22 3 of 5 2 2 128
CCR5/CD8 h15 2 of 2 1 1 256
CCR5/CD8 h23 1 of 3 1 1 256
CCR5/CD8 h16 3 of 6 2 2 256
CCR5/CD8 h14 2 of 2 1 1 512
CCR5/CD8 h20 4 of 4 2 3 1024
CCR5/CD8 h24 5 of 5 3 2 1024
CCR5/CD8 h17 3 of 3 2 1 2048
CCR5/CD8 h18 4 of 5 1 1 2048

27 of 35 (77%) 1.6 1.5
2x mCD20 h3 1 of 4 1 1 128
2x mCD20 h4 1 of 4 1 1 128
2x mCD20 h5 1 of 2 1 2
2x mCD20 h6 3 of 3 1 2 256
2x mCD20 h7 4 of 4 2 2 256

9 of 15 (60%) 1.2 1.6
3x mCD20 h9 1 of 7 1 1 16
3x mCD20 h8 1 of 7 1 2 32
3x mCD20 h11 1 of 8 1 2 32
3x mCD20 h10 0 of 8 0 1 64

3 of 30 (10%) 0.8 1.5
CD8ko h5 0 of 2 0 1 128
CD8ko h2 0 of 3 0 1 256
CD8ko h4 3 of 4 2 2 256
CD8ko h3 2 of 3 1 1 512

5 of 12 (42%) 0.8 1.3
mCD20 CD8ko h6 0 of 5 0 0 32
mCD20 CD8ko h7 0 of 5 0 1 64

0 of 10 (0%) 0.0 0.5
B6-CCR5CD8 h10 0 of 2 0 0 4
B6-CCR5CD8 h11 0 of 3 0 0 4
B6-CCR5CD8 h6 0 of 3 0 0 8
B6-CCR5CD8 h7 0 of 2 0 0 8
B6-CCR5CD8 h8 0 of 3 0 0 8
B6-CCR5CD8 h9 0 of 2 0 0 8

0 of 15 (0%) 0 0

*a-Smooth muscle actin and Mac2 scored 0 to 3 in neointima: 0 indicates little or none; 1, <50% involvement; 2, >50% involvement; and
3, circumferential.
CAV, cardiac allograft vasculopathy; DSA, donor-specific antibody.

Antibody-Mediated Allograft Vasculopathy
accession number GSE200623 (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?accZGSE200623).

Statistical Analysis

All data were analyzed using GraphPad Prism Pro version
10 (GraphPad Software Inc., San Diego, CA). All values are
expressed as means � SEM. Comparisons between exper-
imental and control or naïve groups for cellular infiltration
and proliferation were determined by the nonparametric U-
test, and P < 0.05 was considered to be statistically sig-
nificant. Log2 normalized counts and expression ratios were
generated using nSolver version 4.0 and advanced analysis
2.0 as well as ROSALIND analysis platform (NanoString
Technologies, Inc.).
The American Journal of Pathology - ajp.amjpathol.org
Results

Establishing a Model of CAV

B6.CCR5�/�CD8�/� recipients have been shown to pro-
duce markedly higher titers of DSA than wild-type re-
cipients and acutely reject complete MHC incompatible A/J
cardiac allografts between 7 and 8 days with intense depo-
sition of C4d and endothelial injury.25,26 To delay this
increased DSA production and prevent acute rejection, a
series of preliminary experiments established that four doses
of anti-CD4 mAb given intraperitoneally on days 0, 2, 7,
and 14 after transplantation extended graft survival from 7
to 35 days. Complete rejection at day 35 after transplant was
characterized by advanced CAV with near complete arterial
1057
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Figure 4 Donor-specific antibody (DSA) titers generated in response to A/J cardiac allografts. A: Increase of circulating IgG DSA in A/J allografts in
B6.CCR5�/�CD8�/� recipients treated with three doses of 100 mg/dose anti-CD4 monoclonal antibody (mAb) on days 0, 2, and 7 after transplant. B: Com-
parison of DSA in anti-CD4 mAb-treated isograft and allograft recipient groups on day 14 after transplant: B6 isografts to B6.CCR5�/�CD8�/� recipients; A/J
allografts to B6.CCR5�/�CD8�/�recipients treated without or with two or three doses of anti-CD20 mAb; and A/J allografts to B6.CD8�/� recipients treated
without or with three doses of anti-CD20 mAb. *P < 0.05, **P < 0.01 versus A/J allografts to B6.CCR5�/�CD8�/� recipients treated with anti-CD4 mAb.

Tsuda et al
occlusion due to neointima expansion composed of mac-
rophages and a-smooth muscle actin expressing myofi-
brocytes with only scattered CD4 T cells (Figure 1).

To capture the early pathogenesis of chronic arteriopathy,
B6.CCR5�/�CD8�/� recipients of A/J heart allografts were
treated with anti-CD4 mAb on days 0, 2, and 7 after
transplant, and graft arterial pathology was examined 14
days after transplantation. Analysis of graft recipient CD4 T
cells on day 10 after transplant indicated decreased numbers
of CD4 T cells in the spleen that was accompanied by
marked decreases in donor-reactive T cells producing IFN-g
versus control non-treated or rat IgG-treated recipients
(Figure 2). On day 14 after transplant, most allograft
myocardium was viable and contained only moderate in-
filtrates of macrophages and scattered CD4 T cells
(Figure 3A). However, early ischemic injury was evident in
Gomori trichrome stain, with focal necrosis of individual
myocytes and numerous vacuoles in viable myocytes29

(Supplemental Figure S1). Evaluation of the large arteries
at the base of nine individual transplants revealed that 77%
(27/35) of the arteries had mild to moderate arteriopathy,
characterized by concentric intimal expansion containing
macrophages, a-smooth muscle actin expressing myofi-
brocytes, and intense C4d deposition (Table 1). Control
isografts of B6 hearts into B6.CCR5�/�CD8�/� recipients
treated with anti-CD4 mAb had no evidence of CAV
(Table 1 and Figure 3B). In anti-CD4 mAb-treated
B6.CCR5�/�CD8�/� recipients, the A/J heart allografts
induced DSA that was detected at low titers on day 5 after
transplant and increased to higher titers by day 14
1058
(Figure 4A). Anti-CD4 mAb treatment only partially
inhibited the IgG DSA titers induced by the allografts in
B6.CCR5�/�CD8�/� recipients and resulted in a bimodal
distribution of recipients with low or high titers (Figure 4B).
The percentage of large arteries compromised by CAV also
had a wide range but was correlated with the titer of DSA
(Figure 5). In mice with DSA titers of 128 to 256,
only about half of the arteries manifested CAV pathology
(9/16), whereas CAV involved almost all large arteries (18/
19) of allografts recovered from recipients with DSA titers
of 512 to 2048 (Figure 5 and Table 1).

CAV Is Diminished in Recipients with Lower Titers of
DSA

Two approaches were employed to further test the contri-
bution of the high DSA titers to early CAV development.
First, B6.CCR5�/�CD8�/� recipients were treated with B-
cell depleting anti-mouse CD20 mAb on days �2 and 6.
This treatment decreased day 14 after transplant DSA titers
to 128 to 256 (Figure 4), and abated the severity and per-
centage of arteries (60%) per graft with CAV (Table 1). In
this group, two recipients with lower DSA titers of 128 had
few arteries with CAV (25%) and two recipients with higher
titers of 256 had a higher percentage (5/7; 71%) of arteries
with CAV (Table 1). More intensive anti-CD20 mAb
administration to B6.CCR5�/�CD8�/� recipients on days
�2, 3, and 8 after transplant further decreased the DSA titers
and decreased CAV development and arterial inflammation
in the allografts (Figures 4B and 6 and Table 1).
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Scattergram showing correlation be-
tween donor-specific antibody (DSA) titers and
percentage of large arteries with manifestations of
cardiac allograft vasculopathy (CAV) in allograft
recipients. Pearson regression analysis indicated
R2 Z 0.9827 when comparing correlations between
B6.CCR5�/�CD8�/� allograft recipients treated with
versus without anti-mouse CD20 monoclonal anti-
body, indicating that >98% of the variance of the
incidence of CAV in this model is explained by the
DSA titer.

Antibody-Mediated Allograft Vasculopathy
Second, the incidence of CAV in allografts from re-
cipients that produce low titers of DSA was investigated by
transplanting A/J hearts to B6.CD8�/� mice. These re-
cipients produced DSA titers of 128 to 512 (Figure 4B
and Table 1). The pathologic findings in allografts to
B6.CD8�/� recipients manifested several key differences to
allografts in B6.CCR5�/�CD8�/� recipients. First, there
were more intense interstitial and periarterial infiltrates of
macrophages in grafts from B6.CD8�/� recipients compared
with B6.CCR5�/�CD8�/� recipients (Figure 7). Second, the
large arteries displayed evidence of acute injury, including
infiltration of the media by clusters of macrophages and
occasional CD4 T cells, as well as extensive endothelial cell
injury, as manifested by swelling and detachment (Figures 6
and 7). This transmural arteritis contrasted with the CAV
pathology in allografts from B6.CCR5�/�CD8�/� recipients
with either high or low titers of DSA in which the arterial
medium was intact and not infiltrated (Figures 1 and 3A).
Treatment of B6.CD8�/� allograft recipients with anti-
CD20 mAb on days �2, 3, and 8 after transplant further
decreased DSA titers and abrogated the development of
CAV and graft arterial inflammation on day 14 (Figure 6).

Transcriptome Signature of Early CAV

To identify the transcriptome signature of CAV associated
with high versus low titers of de novo DSA, arteries were
microdissected from 25 to 30 sections of each of two allografts
14 days after transplantation to B6.CCR5�/�CD8�/� re-
cipients. These were compared with microdissected arteries
from two allografts recovered from B6.CCR5�/�CD8�/� re-
cipients treated with anti-CD20 mAb to deplete B cells.
The American Journal of Pathology - ajp.amjpathol.org
Multiplexed RNA detection was performed using nSolver
analysis. Analysis of the data by both nCounter and Rosalind
algorithms identified a consensus of eight transcripts that were
increased greater than twofold with a P < 0.05 versus tran-
scripts expressed by allograft arteries in allografts from re-
cipients depleted of B cells (Figure 8A and Table 2). Themost
highly up-regulated of these genes was Dll4 (delta-like ca-
nonical Notch ligand 4). The others included Itga6 (a laminin
receptor), Abl1 (involved in cell differentiation and inflam-
matory functions of many leukocyte populations), Cspg4
(involved in cell spreading on the endothelium basement
membrane), andNfatc2 andTrem2 (expressed in heart resident
macrophages during inflammatory processes). In contrast,
expression of six genes was decreased greater than twofold
and with a P < 0.05 in the arterial lesions of allografts
recovered from recipients with B cells and high DSA titers
versus lesions of allografts recovered from recipients depleted
of B cells and low DSA titers. These differentially expressed
genes included those encoding chemokines that direct the
recruitment of T cells and dendritic cells (Ccl21), endothelial
cells (Cxcl14), monocytes (Ccl7), and genes associated with
promotion of antigen-presenting cell function (Sh2d1b1) and
synthesis of collagen III.

Clinical endomyocardial biopsies were modeled by per-
forming transcript analyses on RNA isolated from the apex
of the mouse cardiac allografts recovered on day 14 from
recipients with high DSA titers, and compared gene
expression in matched CAV lesions in a volcano plot
(Figure 8B and Table 3). Like endomyocardial biopsies,
these allograft apical tissue samples primarily contained
interstitial infiltrates, myocardium, and small vessels.
Expression of only two genes was up-regulated in the CAV
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Figure 6 Histologic evaluation of cardiac isografts and allografts
recovered from B6.CD8�/� and B6.CCR5�/�CD8�/� recipients. Scoring of
immunohistochemical staining of neointima for a-smooth muscle actin (A),
C4d (B), and Mac2 (C) was performed in groups of heart grafts recovered on
day 14 after transplant: B6 isografts to B6.CCR5�/�CD8�/� recipients; A/J
allografts to B6.CCR5�/�CD8�/� recipients treated without or with two or
three doses of anti-CD20 monoclonal antibody (mAb); and A/J allografts to
B6.CD8�/� recipients treated without or with three doses of anti-CD20
mAb. *P < 0.05, **P < 0.01 versus A/J allografts to B6.CCR5�/�CD8�/�

recipients treated with anti-CD4 mAb. CAV, cardiac allograft vasculopathy.
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lesions versus the apical tissue, Sele (E-selectin) and Tlr4,
but the apical tissue had 51 genes significantly up-regulated
versus the CAV lesions. These up-regulated transcripts in
the apical tissue included many involved with lymphocyte,
dendritic cell, and myeloid cell activation, with leukocyte
adhesion during cell-cell interactions and to matrix proteins,
and with promotion of vascular development.
Discussion

CAV has been a major limitation to long-term patient sur-
vival from the beginning of clinical cardiac
1060
transplantation.30 Clinically, CAV is diagnosed by radio-
graphic evidence of luminal narrowing in the coronary ar-
teries. Histopathology of CAV in clinical samples has been
confined to terminally rejected hearts explanted at the time
of a second transplant or at autopsy because endomyocardial
biopsies do not sample medium or large arteries.10,16,31 The
fundamental pathologic finding in terminal CAV is a
circumferential hyperplasia of the intima, composed of
myofibrocytes and mononuclear leukocytes, leading to
ischemic graft injury. In addition to intimal injury, chronic
inflammation and fibrosis is frequently found in the
adventitia. CAV often spares the medium, but in a minority
of arteries, the medium is breached by transmural
inflammation.32

The pathologic heterogeneity of CAV has frequently been
attributed to different underlying effector mechanisms.
Previous experimental models have focused on CAV
mediated by T cells. Chronic rejection is achieved in these
models by performing transplants between strains with
minimal antigenic differences that generate CD4 T-cell re-
sponses and little or no antibody responses.19e22 In these
models, CAV develops in months and is characterized by
high levels of IFN-geinduced cytokines.21 More recently,
DSA has been linked to the pathogenesis of CAV in
humans.7,16 Therefore, we generated a model of CAV in
which DSA titers could be calibrated to avoid acute rejec-
tion and generate different degrees of CAV. This was
accomplished by using B6.CCR5�/�CD8�/� recipients that
produce markedly higher titers of DSA than wild-type re-
cipients. The antibody responses were delayed with a short
course of anti-CD4 mAb to prevent acute rejection. To
determine the effects of different levels of DSA, two regi-
mens of anti-CD20 mAb were used to deplete B cells. These
mouse models encompassed the heterogeneous manifesta-
tions of CAV. In heart allografts in B6.CCR5�/�CD8�/�

recipients, the arterial pathology replicated cardinal features
of CAV (namely, myofibrocytes that express a-smooth
muscle actin and macrophages in an expanded intima). The
neointima contained limited numbers of T cells because the
recipients were CD8 deficient and were treated with anti-
CD4 mAb. Intimal hyperplasia and luminal narrowing
were most extensive in allografts from B6.CCR5�/�CD8�/�

recipients producing high titers of DSA, and within this
recipient group, DSA titers correlated with the incidence
and severity of CAV. Consistent with this, recipient treat-
ment with anti-CD20 antibodies to deplete B cells decreased
DSA titers and the incidence and severity of CAV. In
contrast to CAV in recipients producing high titers of DSA
that included arterial occlusive neointimal expansion with
macrophages and myofibrocytes expressing a-smooth
muscle actin, transmural arteritis was a feature of CAV in
allografts from B6.CD8�/� recipients that produced low
DSA titers, indicating different mechanisms of arterial pa-
thology mediated with high versus low titers of DSA.
There was considerable heterogeneity in the DSA titers
induced in low, nondepleting anti-CD4 mAb-treated
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 A/J cardiac allograft to B6.CD8�/� recipient treated with
three doses of antibodies to CD4 on days 0, 2, and 7 with arteritis 14 days
after transplantation. Infiltration of the media by clusters of Mac2þ mac-
rophages (open arrowheads) as well as intense interstitial and periarterial
infiltrates of macrophages were evident. Occasional CD4 T cells also breach
the media. C4d stains demonstrate extensive endothelial cell injury in the
artery (closed arrowheads) and capillaries. Scale bar Z 50 mm. a-SMA, a-
smooth muscle actin.

Antibody-Mediated Allograft Vasculopathy
B6.CCR5�/�CD8�/� recipients of heart allografts. It is
likely that the range of DSA titers is due to differences in the
impact of the anti-CD4 mAb on the recipient CD4 T cells as
well as the early time after transplant that the allografts were
recovered for analysis. Consistent with these findings, recent
reports underline the value of post-transplant assessment of
DSA titer for transplant recipient risk stratification for
development of CAV and allograft loss.2,33,34 Higher DSA
mean fluorescence intensity levels correlate with the ca-
pacity to activate complement and are associated with
development of transplant vasculopathy and allograft
loss.35e37 Antibody titer affects the ability of human
leukocyte antigen DSA to transduce signals and subsequent
endothelial activation. In previous work, increasing quanti-
ties of human leukocyte antigen antibody binding to endo-
thelial cells were found to result in augmented fibroblast
growth factor receptor (FGFR) expression and cellular
proliferation and migration.12,38 In contrast, lower antibody
concentrations trigger signal transduction pathways that
up-regulate prosurvival genes and antiapoptotic proteins in
endothelial cells.39
The American Journal of Pathology - ajp.amjpathol.org
Molecular interrogation of cardiac transplant rejection has
been primarily limited to endomyocardial biopsies in
humans and homogenates of whole heart grafts in small
animal models.17 The major sources of RNA in these
samples are interstitial infiltrates, myocardium, and small
vessels. However, CAV is predominantly a lesion of coro-
nary arteries. Our model of CAV allows probing of early
transcriptome signatures in microdissected large arteries
from mouse cardiac allografts. It was somewhat surprising
that the number of transcripts up-regulated and down-
regulated in arterial lesions in allografts from recipients
with high versus low titers of DSA was small. Tran-
scriptomic analysis identified the Notch ligand Dll4 as the
most elevated transcript in CAV associated with high versus
low titers of DSA. Dll4 was discovered as a differentially
expressed gene in arterial endothelium.40 Up-regulation of
Dll4 has been reported in endomyocardial biopsies from
human cardiac transplants during antibody-mediated rejec-
tion.41 In vitro co-culture studies indicate that Dll4 is up-
regulated by both endothelial cells and monocytes, and
that Dll4 induces macrophage polarization toward an in-
flammatory phenotype.41 In support of this, mouse models
of atherosclerosis indicate macrophage stimulation through
Dll4 induces a proinflammatory profile.42 Other transcripts
up-regulated during the antibody-mediated CAV included
those involved with cell differentiation (Abl1), those medi-
ating cell spreading on endothelial basement membranes
(Cspg4), and those associated with inflammatory immune
cell functions (Nfatc2) and expressed by heart-resident
macrophages during inflammatory processes (Trem2).43

Intriguingly, the integrin a subunit Itga6 was also
increased in CAV, and its partner integrin b4 was previ-
ously shown to form a complex with MHC and is required
for proliferation of endothelial cells stimulated by MHC
class Iespecific antibodies.15 In contrast, allografts from
B6.CCR5�/�CD8�/� recipients treated with B-
celledepleting antibodies had increased arterial expression
of genes encoding chemoattractants for T cells and dendritic
cells and genes involved in antigen presentation. Expression
of these genes could explain the greater infiltration and
activation of macrophages and T cells in the media of ar-
teries of allografts from B6.CD8�/� recipients, which pro-
duced low titers of DSA. One limitation of the approach
used in the current studies is the limited number of genes
probed, but the code set used includes >700 probes for
inflammatory mediators. It is likely that extension of these
studies to single-cell sequencing of the arterial lesions will
identify other transcripts expressed during DSA-induced
CAV that are not represented in the probe set used in
these studies.

Clinical endomyocardial biopsies were modeled by per-
forming transcript analyses on RNA isolated from the apex
of the mouse cardiac allografts. Like endomyocardial bi-
opsies, these tissue samples primarily contained interstitial
infiltrates, myocardium, and small vessels. Histologic eval-
uation of the myocardium confirmed an increased interstitial
1061
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Figure 8 Volcano plots of multiplexed RNA detection indicate increased and decreased genes expressed in A/J heart allografts on day 14 after transplant
between: microdissected graft arteries with cardiac allograft vasculopathy (CAV) from B6.CCR5�/�CD8�/� recipients versus graft arteries from B6.CCR5�/

�CD8�/� recipients treated with anti-mouse CD20 monoclonal antibody to deplete B cells (A); and CAV lesions compared with intact apical wall of A/J al-
lografts in B6.CCR5�/�CD8�/� recipients (B). In both volcano plots, open gray circles represent transcripts that are not changed between the two groups; solid
blue circles indicate differentially expressed genes (DEGs) with P < 0.05; solid red circles indicate DEGs with P < 0.01. The most highly significant DEGs are
labeled on the plots. The higher dashed horizontal line indicates the cutoff for differentially expressed transcripts with a P < 0.01, and the lower dotted
horizontal line indicates the cutoff for differentially expressed transcripts with a P < 0.05.
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fibrosis in the myocardium. However, this pathologic pro-
cess is more global and not directly related to the mecha-
nisms that cause CAV in large arteries. Expression of only
E-selectin and toll-like receptor 4 was up-regulated in the
DSA-mediated CAV lesions versus the apical tissue, but the
apical tissue had 51 genes significantly up-regulated versus
the CAV lesions. The up-regulated transcripts in the apical
tissue included many promoting lymphocyte, dendritic cell,
and myeloid cell recruitment and activation, myocardial
ischemia, and vascular development. One of the most highly
up-regulated genes was for myeloperoxidase, which Swirski
et al20 have localized by magnetic resonance imaging to the
ventricular wall rather than coronary arteries. Transcripts
related to T-cellemediated CAV in a mouse minor antigen
disparate model are also compartmentalized to large arteries
and not reflected in the surrounding myocardial tissues.21
Table 2 Consensus Differentially Expressed Genes by Rosalind and nCo
DSA

Increased in high DSA CAV De

Rosalind nCounter Ro

Genes Log2 fold change Genes Log2 fold change Ge

Dll4 4.33 Dll4 3.71 Cc
Itga6 2.33 Itga6 2.37 Cx
Abl1 2.05 Abl1 2.09 Co
Masp1 1.8 Masp1 1.89 Sh
Nfatc2 1.62 Nfatc2 1.66 Du
Trem2 1.47 Trem2 1.47 Cc
Tbk1 1.41 Tbk1 1.45
Cspg4 1.21 Cspg4 1.26

CAV, cardiac allograft vasculopathy; DSA, donor-specific antibody.
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Interestingly, high expression of Tlr4 is observed in CAV
lesions in both the DSA- and the T-cellemediated injury
responses. These results reveal transcriptional differences
between anatomic regions of the heart, but the apical
myocardial transcriptional signature remains to be distin-
guished from grafts without CAV.
Recent studies have indicated the expression of genes

associated with natural killer cell activation in biopsies of
clinical kidney and heart grafts during acute antibody-
mediated rejection.44,45 This identification has resulted in
a panel of six natural killer cell activation associated tran-
scripts that are markers of this pathology. The expression of
three of these genes associated with natural killer cell acti-
vation during antibody-mediated rejection was tested in the
RNA isolated from the apex of the heart allografts by real-
time quantitative PCR.MybL1, SH2D1B, and CX3CR1 were
unter Analysis for CAV Lesions in Recipients with High versus Low

creased in high DSA CAV

salind nCounter

nes Log2 fold change Genes Log2 fold change

l21a �4.55 Ccl21a �4.36
cl14 �4.3 Cxcl14 �4.32
l3a1 �3.41 Col3a1 �3.35
2d1b1 �1.97 Sh2d1b1 �1.93
sp4 �1.64 Dusp4 �1.6
l7 �1.18 Ccl7 �1.15
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Table 3 Consensus Differentially Expressed Genes by Rosalind and nCounter Analysis for CAV Lesions versus Apex in Recipients with High
DSA

Increased in CAV versus apex Decreased in CAV versus apex

Rosalind nCounter Rosalind nCounter

Genes Log2 fold change Genes Log2 fold change Genes Log2 fold change Genes Log2 fold change

Sele 3.8 Sele 3.64 Camp �6.26 Camp �6.13
Tlr4 1.72 Tlr4 1.65 Mmp9 �5.77 Mmp9 �5.33

Mpo �5.75 Mpo �5.31
Ncam1 �5.51 Ncam1 �5.55
Prkce �5.01 Prkce �4.57
Nftatc4 �5.00 Nftatc4 �4.56
Cola1a �4.98 Cola1a �5.05
Bcl6 �4.93 Bcl6 �5.01
Cd7 �4.58 Cd7 �4.14

CAV, cardiac allograft vasculopathy; DSA, donor-specific antibody.

Antibody-Mediated Allograft Vasculopathy
expressed at high levels in the heart allografts but not iso-
grafts (data not shown). However, the expressions of all
three genes were observed in allografts regardless of high
versus low DSA titers and development of CAV. Consistent
with these results, NanoString analyses indicated expression
of SH2D1B was higher in dissected allograft arteries from
B6.CCR5�/�CD8�/� recipients treated with anti-CD20
mAb than in allograft arteries from control-treated re-
cipients (Figure 7).

In summary, the current experiments established a mouse
model of DSA-mediated CAV that allows selective probing
of the arteries during the development of CAV and provides
mechanistic insights to the pathogenesis of CAV. This
approach identified expression of specific transcripts within
the arterial CAV lesion that were not detected by testing
RNA isolated from the unselective homogenates of graft
tissue. The development of this pathology can be further
interrogated by performing arterial dissection and molecular
analysis on grafts from recipients at different times in the
progression of antibody responses to MHC class I and II
antigens. Furthermore, the model will allow manipulation to
begin testing the function of allograft- and recipient-derived
cells in the development of the arterial CAV lesions.
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