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Abstract
Chronic allograft vasculopathy (CAV) in murine heart allografts can be elicited by adoptive
transfer of donor specific antibody (DSA) to class I MHC antigens and is independent of
complement. Here we address the mechanism by which DSA causes CAV. B6.RAG1−/− or
B6.RAG1−/−C3−/− (H-2b) mice received B10.BR (H-2k) heart allografts and repeated doses of
IgG2a, IgG1 or F(ab’)2 fragments of IgG2a DSA (anti-H-2k). Intact DSA regularly elicited
markedly stenotic CAV in recipients over 28 days. In contrast, depletion of NK cells with anti-
NK1.1 reduced significantly DSA-induced CAV, as judged morphometrically. Recipients
genetically deficient in mature NK cells (γ-chain knock out) also showed decreased severity of
DSA-induced CAV. Direct NK reactivity to the graft was not necessary. F(ab’)2 DSA fragments,
even at doses twofold higher than intact DSA, were inactive. Graft microvascular endothelial cells
responded to DSA in vivo by increased expression of phospho-extracellular signal-regulated
kinase (pERK), a response not elicited by F(ab’)2 DSA. We conclude that antibody mediates CAV
through NK cells, by an Fc dependent manner. This new pathway adds to the possible mechanisms
of chronic rejection and may relate to the recently described C4d-negative chronic antibody-
mediated rejection in humans.
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Introduction
Chronic allograft vasculopathy (CAV) remains the major factor limiting long-term survival
of heart allografts in humans (1,2) despite advances therapy. Mechanistic studies in mouse
heart allografts have demonstrated three distinct pathways to CAV: T cells with minor
antigen mismatch (3,4), natural killer (NK) cells with parent to F1 grafts (5,6) and MHC
antibody with adoptive transfer of donor specific antibody (DSA) (4,7,8). Antibody-
mediated CAV was demonstrated initially by adoptive transfer of polyclonal or monoclonal
DSA in normal and immunodeficient recipients of heart allografts (8) and in human vascular
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allografts in mice (9). Uehara et al. showed that adoptive transfer of monoclonal DSA to
class I MHC in RAG1−/− mice (4) induced CAV in heart allografts within 28 days. During
these studies we appreciated that some noncomplement fixing DSA (IgG1) also produced
CAV, which was unexpected because acute antibody-mediated rejection had been shown to
be complement-dependent (10–12). Furthermore, CAV occurred even in the absence of C3,
one of the crucial components of the complement cascade. The CAV lesions were infiltrated
by NK cells and macrophages (7) and we speculated that either or both might be the effector
cell.

Several studies point to a potential importance of Fc receptors on either NK cells or
macrophages in antibody-mediated rejection (13). In vitro activation of NK cells by FcγRIII
leads to production of IFNγ and TNFα among other effects (14,15). Macrophages trigger
FcγR dependent chemokine release from cultured endothelial cells and augment the effect
of antibody alone (13). However, antibody alone, without cells, elicits strong responses in
cultured endothelial cells that include proliferation and activation of intracellular proteins
such as extracellular signal-regulated kinase (ERK; Refs. 16–21). It is not clear which, if
any, of these three potential pathways is relevant to complement-independent antibody-
mediated CAV.

We have, therefore, designed experiments to test several possible mechanisms by which
antibody mediates CAV, including NK cells reacting by Fc receptors, NK cells reacting
directly to the endothelium with antibody as an accessory and antibody acting on its own
independent of Fc receptors on cells.

Materials and Methods
Mice

C57BL/6 (H-2b), B10.BR (H-2k), B6.129S7-Rag1tm1Mom (B6.RAG1−/−, H-2b) and BALB/c
(H-2d) mice aged 5–7 weeks were purchased from Jackson Laboratory (Bar Harbor, ME,
USA). The (B10.BR × B6.129S7-Rag1−/−)F1 and B10.BR × B6.RAG1−/− F1 mice were
bred in our facility. BALB/c.Rag 2−/− and gamma chain knock out (GCKO) B6.Rag2−/−

mice were obtained from Taconic Farms (Hudson, NY, USA) and were bred together to
create a (CB6F1 GCKO Rag2−/−)F1 according to a cross-breeding agreement with Taconic
Farms. C3 deficient B6.RAG1−/−(B6.RAG1−/−C3−/−) male mice were kindly provided by
Dr. Michael Carroll, Harvard Medical School and bred as described (7). All mice were
maintained under pathogen-free conditions in filter-top cages throughout the experiments
with an automatic water system and were cared for according to methods approved by the
American Association for the Accreditation of Laboratory Animal Care.

Adoptive transfer of monoclonal antibodies
Anti-H-2Kk IgG1(clone AF 3–12.1.3), anti-H-2Kk IgG2a (clone 36-7-5 or 15-3-1S [HB13]),
F(ab’)2 fragment of anti-H-2Kk IgG2a (HB13) and anti-NK1.1mAbs (PK136) were all
obtained from BioXCell, Lebanon, NH, USA.

B6.RAG1−/− KO or B6.RAG1−/−C3−/− DKO mice were given repeated injections of mAb at
a dose of 30 µg in 200 µL phosphate-buffered saline (PBS) i.p., beginning the day after
transplantation and continuing twice a week until completion of the experiments. To delete
NK cells from recipient mice, recipientswere pretreated with anti-NK1.1 antibody (PK136)
at a dose of 200 µg on day 6 and injected with the same dose on day +1 and once a week
until animals were sacrificed. This protocol provided about 70–80% depletion of NK cells
from the spleen (data not shown). In the second set of experiments, B6.RAG1−/− recipients
were given repeated injections of mAb at a dose of 60 µg of anti-H-2KkIgG2a mAb with or

Hirohashi et al. Page 2

Am J Transplant. Author manuscript; available in PMC 2013 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



without anti-NK1.1 mAb at a dose of 200 µg. Some recipients were given a dose of 120 µg
of the F(ab’) 2 fragment of anti-H-2KkIgG2a mAb.

Murine heterotopic heart transplantation and histological techniques
Hearts were transplanted heterotopically into recipients as previously described (22).
Briefly, under 4% chloral hydrate anesthesia, the donor aorta and pulmonary artery were
anastomosed to the recipient abdominal aorta and inferior vena cava, respectively. The
transplanted hearts were removed on day 28 and the grafts were cross-sectioned into three
parts (base, middle and apex). The basal and middle parts of transplanted hearts were
embedded and frozen in OCT compound (Sakura Finetek USA Inc., Torrance, CA, USA),
and stored at −20°C. The remaining apical blocks were fixed in 10% formalin and
embedded in paraffin. Sections including proximal coronary arteries were cut at 4–6 µm and
stained using Weigert’s method for elastic fibers to evaluate the severity of coronary lesions
of transplanted hearts.

Flow cytometry
Peripheral blood was used to confirm the absence of CD3+ T cells in B6.RAG1−/− and
B6.RAG1−/−C3−/− recipients and the effects of anti-NK1.1(PK136) mAb on DX-5+ NK
cells. In brief, peripheral blood samples were depleted of erythrocytes by water lysis and
resuspended in PBS, 1% w/v BSA and 0.1% w/v sodium azide (FACS media). Cells were
incubated for 30 min at 4°C with fluorescein (FITC)-conjugated anti CD3e-FITC (BD
Pharmingen), Dx5-PE (BD Biosciences, San Diego, CA, USA). The cells were washed with
FACS media twice and fixed in 2% paraformaldehyde solution. Two color FACSCaliber
analysis (BD Biosciences) was performed using CellQuest (BD Biosciences) software.

To confirm the H-2k reactivity and the absence of the Fc portion of anti-H-2Kk IgG2a
(HB13), FACS analysis was performed. In brief, 0.5 × 106 thymocytes/well from B10.BR
mice were incubated for 30 min with either intact anti-H-2Kk IgG 2a mAb (HB13) or the
F(ab’)2 fragment of the same antibody. After washing twice with FACS medium, cells were
stained with either anti-mouse light chain FITC (BD Biosciences) or anti-mouse IgG2a
FITC (BD Biosciences) for 30 min at 4°C. The cells were washed with FACS medium and
fixed with 2% paraformaldehyde for 10 min at 4°C.

Immunohistochemistry
To identify infiltrating cells around coronary lesions and in the neointima, antibodies to
Ly49g2 (clone 4D11, BD Biosciences) were utilized. Frozen sections were stained with
peroxidase-conjugated antibody using standard techniques. Mouse IgG was detected using
FITC-conjugated goat anti-mouse IgG (MP Biomedical, Santa Ana, CA, USA; Ref. 8). C4d
was detected using a rat monoclonal antibody against mouse C4 that reacts with C4b/C4d
(16D2; Abcam Inc., Cambridge, MA, USA, as previously described (4). Immunoperoxidase-
stained sections were then developed in a solution of 3-amino-9-ethyl carbazole (Aldrich
Chemical Co., Inc., Milwaukee, WI, USA), postfixed in 4% formaldehyde, counterstained
with hematoxylin, and mounted in Gelvatol (Monsanto Co., Springfield, MA, USA) as
previously described. Formalin-fixed transplanted heart sections were stained with a rabbit
polyclonal antibody to phospho-ERK (pERK; Thr202/Try204, #4376, Cell Signaling,
Beverly, MA, USA) to detect endothelial cell activation using immunohistochemistry as
above.

Morphometric analysis
Morphometric analysis was performed on digital microscopic images of coronary arteries
near the ostia on tissue sections stained with Weigert’s elastin stain. This is the preferential
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and earliest site of transplant arteriopathy in the mouse; these vessels are similar in size to
intramyocardial vessels in the human (23). An image of each proximal coronary was
captured digitally by light microscopy at 100–200× magnification. Image processing and
analysis with ImageJ (NIH) was used to demarcate the borders of the lumen and the intima
of the artery. One evaluator, who was blinded as to the diagnosis and treatment of the hearts,
demarcated the areas on all the sections. Longitudinal arterial sections were demarcated
similarly to cross-sections but the measurement was made on the coronary artery only, at the
junction of the coronary artery and the aorta. The software then quantitated the manually
demarcated luminal and intimal areas. From these area values the “neointimal index”,
defined as neointimal area divided by neointimal area plus luminal area multiplied by 100,
was calculated similar to what has been described previously (24). A higher value of the
neointimal index indicates a more severe coronary lesion with 100 being complete
occlusion.

For pERK analysis, paraffin sections stained for pERK were scored at 400× for positive and
negative nuclei, counting separately the capillary and arterial endothelium and also the
cardiac myocytes (25–100 nuclei per slide). Results were expressed as %positive nuclei for
each cell type.

Statistical analysis
Statistical differences between two groups were analyzed by either the Fisher’s exact test or
two-tailed Student’s t-test. In comparison of multiple groups, data were initially assessed for
normality with the Bartlett’s test. Because the variables were not normally distributed,
nonparametric procedures were used to compare neointimal index. Nonparametric data were
expressed as percentile values. In comparisons of two groups, the Mann–Whitney test was
performed because the data were skewed. A p value of <0.05 was considered significant.
The Excel statistical software for Windows (version 2002, Social Survey Research
Information Co. Ltd, Japan) and the Stat View (2002, Japanese version Hulinks Inc., Japan)
were used for statistical analysis.

Results
NK depletion prevents CAV in complement deficient recipients

Adoptive transfer of DSAs (36-7-5, IgG2a mAb to H-2Kk) into immunodeficient and
complement deficient B6.RAG1−/−C3−/− recipients bearing B10.BR heart allografts (H-2Kk)
induced CAV when given as 30 µg twice per week over 28 days. In contrast, similar
recipients treated with DSA and the NK depleting antibody PK136 (anti-NK1.1) had a
reduced frequency of CAV, 4/12 versus 10/12 in animals treated with DSA, p < 0.05 (Table
1). The difference between the groups was quantitated using morphometric analysis. The
CAV lesions were significantly less stenotic in anti-NK1.1 treated recipients of anti-H-2Kk
IgG2a mAb (8.3 ± 15.2 vs. 65.6 ± 32.2, p < 0.005, Figure 1), and not distinguishable from
the untreated controls, which had little or no CAV and a low overall neointimal index.

NK depletion reduces significantly DSA-mediated CAV in complement sufficient recipients
We hypothesized that the NK dependent pathway might be relevant only in the absence of a
functional complement system. Therefore, we repeated the experiment in recipients with an
intact complement system (B6.RAG1−/−; Table 1). As expected, in the recipients with an
intact complement system, IgG2a DSA (36–7–5) elicited CAV in most allografts. However,
addition of NK 1.1 mAb significantly reduced the frequency and severity of the CAV
lesions (0/6 vs. 9/10, 5.6 ± 3.4 vs. 55.5 ± 24.9, p < 0.0001 and <0.005, respectively; Figure 2
and Figure 3), similar to those levels seen in complement deficient recipients. C4d was
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present in the myocardial vessels in both groups that received DSA, with or without NK
depletion (data not shown).

Histological examination showed that allografts in recipients of DSA had prominent
neointimal formation and infiltration of mononuclear cells in the intima and periadventia at
28 days (Figure 3). Cells were present in the intima and adventitia of the coronary arteries
that stained for the NK molecule Ly49g2 (Figure 3C). In contrast, anti-NK1.1 treated
recipients given DSA had little or no neointimal formation and inflammation or Ly49g2+
cells and were similar to controls (Figure 3D).

To rule out a peculiarity of the 36–7–5 antibody, we tested a second IgG2a mAb to H-2Kk

(HB13; Table 2, Figure 4). B10.BR hearts in B6.RAG1−/− recipients given repeated doses of
HB13 (60 µg twice per week for 28 days) all developed CAV (5/5). The severity of vascular
lesions using morphometric analysis was similar to that in animals given mAb 36-7-5. When
NK cells were depleted from B6.RAG1−/− recipients with B10.BR hearts treated with HB13
mAb, the CAV lesions were quantitatively less severe by morphometric analysis than those
treated with HB13 alone (Figure 4, p < 0.05), even though the CAV frequency was not
significantly lower (Table 2). Control B6 isografts treated with HB13 had no CAV.

IgG1-mediated CAV is NK dependent
NK cells only express Fcγ RIII (CD16; Ref. 12). Fcγ RIII is a low affinity, activating
receptor responsible for IgG-mediated cell cytotoxicity and for production of various
cytokines and chemokines in response to multimeric IgG (25,26). We reasoned that if NK
cells were necessary for CAV, DSA of an IgG1 isotype, which binds only to FcγRIII but not
FcγRIIb or FcγRI, would be sufficient to mediate CAV.

A transfer of 30 µg of IgG1 DSA to B6.RAG1−/− recipients of B10.BR hearts induced florid
CAV inmost allografts (Table 1 and Figure 2). C4d was not detected in myocardial vessels,
confirming the lack of complement fixation in vivo (data not shown). Depletion of NK cells
with anti-NK1.1 during the course of administration of the DSA significantly diminished the
frequency (p < 0.05) and the severity (p < 0.005) of the CAV (Table 1 and Figure 2).

The next series of experiments addressed the mechanism by which NK cells mediate CAV.
Two possibilities were considered. First, NK cells and antibody attack the vessel in parallel:
the NK cells recognize the absence of self on the donor heart and the DSA acts separately on
the endothelium. We considered this possibility, because under certain circumstances, NK
cells can cause CAV in the absence of antibody (5,6). The second, more conventional
possibility is that NK cells act through Fc receptors and do not need to recognize the graft as
foreign.

Effect of DSA in F1 grafts in parental strain recipients in which NK cells are nonreactive
The (B10.BR × B6.RAG1−/−)F1 hearts were transplanted into B6.RAG1−/− recipients and
DSA (HB13) was given according to the standard schedule (60 µg twice per week for 28
days). All recipients (3/3) developed CAV, with an average severity not different from those
in five B10.BR grafts in B6.RAG1−/− recipients given DSA (72.9 ± 29.1% vs. 68.6 ± 19.2%,
respectively, N.S.). Controls in the same combination not given DSA had no lesions (0/2).
We conclude that the NK receptors do not have to interact directly with the graft, since these
grafts contain all self antigens (i.e. no “missing self”). Therefore, we tested the second
possibility that NK cells interact by Fc receptors.
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Comparison of effects of intact IgG and F(ab’)2 DSA on CAV
F(ab’)2 fragments of anti-H-2Kk IgG2a mAb (HB13) were injected at doses of 120 µg (a
twofold excess by weight and threefold excess by antigen combining sites, compared with
intact antibody). When F(ab’)2 fragments of anti-H-2KkIgG2a mAb were given to recipient
animals with B10.BR hearts, none of the five hearts developed coronary lesions (Table 2).
The severity of coronary lesions from animals treated with F(ab’)2 fragments of anti-H-2Kk

IgG2a mAb was significantly less than that in animals treated with intact HB13 mAb
(Figure 4, p < 0.01). Coronary lesions from these experimental groups are shown in Figure
5. C4d deposition was not detected in myocardial vessels, confirming the lack of intact
IgG2a in the F(ab’)2 preparation (data not shown).

We observed that donor T cells homeostatically expand in RAG1−/− recipients after B10.BR
heart transplantation and are eliminated by IgG2a but not F(ab’)2 DSA (data not shown).
Therefore, to eliminate the possibility that these absorbed the F(ab’)2, one dose of anti-
H-2KkIgG2a HB13 was given to recipient animals with B10.BR heart grafts on day 1
followed by F(ab’)2 fragment of HB13 twice per week. This eliminated donor T cells (data
not shown) but did not lead to CAV (0/3, Table 2 and Figure 4; neointimal index 5.4 ±
2.7%). A single dose of intact HB13 was also insufficient to promote CAV (Figure 4).

NK deficient recipients
As an alternative to antibody-mediated NK depletion, we tested recipients deficient in the
common γ-chain, which are deficient in mature NK cells (27). The gene for the common γ-
chain is on the X chromosome, therefore, we compared four γ-chain deficient CB6F1
hemizygous males (RAG2−/−γc−/γ) with six control CB6F1 heterozygous females
(RAG2−/−γ c−/+), each bearing B10.BR cardiac allografts and given DSA (HB13) by the
standard 28 day regimen. CAV severity was significantly less in the γ-chain deficient males
than in the heterozygote female controls (43.8 ± 15.7% vs. 65.9 ± 13.3%, respectively; p <
0.05), although all animals in both groups had some degree of CAV. We conclude that
antibody-mediated CAV is partially dependent on mature NK cells, although another
mechanism, perhaps involving immature NK precursors or macrophages may contribute.

Effect of NK depletion on the activation of ERK in endothelial cells in response to DSA
Samples from the various treatment groups were stained for pERK to seek evidence of
endothelial activation in vivo. Immunohistochemical analysis showed a marked increase in
pERK in myocardial microvascular endothelial cells (both arteries and capillaries) in
animals treated with DSA antibody (Figure 6A and Table 3). We observed no appreciable
accumulation of leukocytes in the capillaries in the apex of the heart (data not shown). In
contrast, treatment with F(ab’)2 fragments of the DSA showed minimal or no pERK staining
(Figure 6B; p < 0.01 vs. intact IgG2a), which was similar to the minimal staining seen in
isografts treated with the same antibody (Figure 6D). Treatment of mice with anti-H-2Kk Fc
and anti-NK1.1 showed less intense staining for pERK than DSA alone (Figure 6C) and a
moderately decreased extent, but this difference was not statistically significant compared
with DSA alone. Immunohistochemical analysis of native B6.RAG1−/− hearts showed no
pERK staining (data not shown). Cardiac myocyte nuclei had a prominent increase in pERK
in the DSA group. We conclude that graft endothelial ERK activation was caused by intact
DSA by a mechanism that was dependent on the Fc portion of the antibody.

Discussion
This study shows that NK cells play a necessary role for the development of antibody-
mediated chronic rejection, whether or not the antibodies activate complement. NK cells
were identified in the CAV lesions and depletion of NK cells prevented CAV. NK-cell
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depletion significantly attenuated the frequency and severity of antibody-mediated chronic
rejection mediated by three different DSA of two different DSA isotypes, whether or not
complement was functional. Removal of the Fc portion of the DSA eliminated its activity.
These results argue that antibody alone cannot mediate the lesions and that macrophages, if
they contribute, are insufficient without the participation of NK cells.

Microvascular complement deposition in allografts, particularly the C4d fragment of C4, has
been a useful marker of acute and chronic antibody-mediated rejection (28). Ample studies
support the necessary role of complement fixation in acute antibody-mediated rejection in
humans and experimental animals as shown, for example, by the inhibition achieved with
anti-C5 (11). However, complement fixation has not been proved for chronic rejection and
we have shown that florid CAV can be promoted by noncomplement fixing antibodies and
in complement deficient recipients (C3−/−; Ref. 7). In humans, endothelial gene transcript
increases can be detected in a subset of patients with DSA and no detectable C4d deposition
(29), arguing for a pathway less dependent on complement fixation. These studies identify a
complement independent pathway that requires NK cells and, at least in mice, is the
dominant pathway even in the presence of an intact complement system and complement
fixing DSA.

NK cells, key players in innate immunity, have been recognized as participants in rejection
and acceptance of transplanted organs (5,6). NK cells can affect target cells through natural
cytotoxicity or antibody dependent cellular cytotoxicity (ADCC). Natural cytotoxicity
occurs by a balance of stimulatory and inhibitory receptors that recognize self-antigens
expressed by the target cells. This mechanism is relevant to the “hybrid resistance” of F1
recipients to parental bone marrow transplants and the CAV that develops in parent to F1
heart allografts. In contrast, ADCC is triggered by interaction of Fcγ RIII on NK cells with
immunoglobulin bound to antigen on target cells, leading to NK activation (25,26). NK
cells, by their Fc receptors, are necessary for hyperacute xenograft rejection mediated by
noncomplement fixing anti-Gal antibodies (12). Depletion of NK cells with anti-asialo-GM1
prolongs survival of mouse to rat cardiac xenografts, arguing for their participation in acute
antibody-mediated rejection (30).

Reed and colleagues demonstrated direct effects of MHC antibody on endothelial cells, not
requiring complement or leukocytes (31). Stimulation of cultured human endothelial cells
with w6/32, a mAb against class I HLA, increased endothelial cell proliferation, an effect
also elicited by F(ab’)2 fragments (32). Among the changes noted was increased
phosphorylation of ERK (pERK), indicative of increased ERK activity (33). Activation of
the ERK pathway promotes cellular proliferation (34,35) and is evident in response to
ischemia (36). Our data show a correlation with an upregulation of pERK in myocardial
endothelial cells with DSA in vivo and inability of F(ab’)2 to mediate CAV, corroborating
the previous work by Reed and colleagues. However, we found that little or no detectable
upregulation of pERK occurred after administration of F(ab’)2 fragments of DSA. These
results contrast with those of Jin et al. who reported that F(ab’)2 and intact DSA cause a
similar increase in pERK in mouse allografts (37). The reason for the difference may be
methodological due to differences in analysis (western blot vs. immunohistochemistry).
Cardiac myocytes express pERK and this may confound interpretation of tissue extracts.
Some of the the pERK expression, particularly that inmyocytes, may be a response to
ischemia produced by the CAV (36). Depletion of NK cells did not fully prevent the pERK
response to DSA, indicating that this response is less sensitive to NK cell levels, compatible
with the ability of DSA alone to induce pERK in cultured endothelial cells (33). Proximal
coronaries were not available for pERK staining due to lack of formalin-fixed tissue.
However, we have observed increased pERK in the endothelium of affected arteries in
samples of human allografts with chronic humoral rejection (Alessandrini et al., unpublished
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data). Although data from this manuscript and from Jin et al. (33) indicate that pERK is up-
regulated in response to DSA, we have yet to show a direct relationship between pERK
expression and the development of CAV.

Our studies do not rule out a role for macrophages that may augment the effects of NK cells
and DSA. Studies by Lee and colleagues reported that IgG1 alloantibodies to major
histocompatibility complex class I antigens can result in increased graft injury by
stimulating endothelial cells to secrete IL-6 and MCP-1 and by activating mononuclear cells
through their Fc receptors (13). These findings have been confirmed by others (38).
However, in the present experiments, it is unlikely that macrophages are the primary
responder because NK depletion prevented IgG2a DSA CAV induction and IgG2a binds to
all major Fcγ receptors in the mouse, including the high affinity Fcγ RI on macrophages.
We did note that γ-chain deficient mice given DSA do have some degree of CAV. The
nature of this γ-chain independent pathway was not determined.

Recent studies suggest that NK cells participate in acute and chronic rejection of organ
allografts in humans (39,40). NK-cell transcripts and intravascular accumulation of NK cells
(CD56+) have been detected in human kidney allografts with DSA and chronic humoral
rejection, even in the absence of complement deposition (41). NK cells also are increased in
the blood and in grafts during chronic rejection of lung allografts (42). Blood NK cells are
activated in patients with chronic rejection and the number of CD16(+) NK cells increased
in the grafted lung during the progression of chronic rejection (30).

In summary, we have identified a mechanism for antibody-mediated chronic rejection in the
mouse that is NK-cell dependent and independent of complement fixation, although it does
require the Fc portion of the antibody. This is the principal pathway by which DSA mediates
CAV in the mouse, even in the presence of complement fixing antibodies. The NK-DSA
pathway may also be relevant to chronic antibody-mediated rejection in the human, which
can occur with little or no complement fixation. Further search for evidence of this pathway
in humans is warranted.
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CAV chronic allograft vasculopathy

DSA donor specific antibody

ERK extracellular signal-regulated kinase

Fc crystallizable fragment (of immunoglobulin molecule)

NK natural killer
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Figure 1. NK depletion inhibits DSA induced CAV in B6.RAG1−/−C3−/−recipients
The severity of coronary lesions in B10.BR heart allografts in B6.RAG1−/− C3−/− recipients
given DSA (anti-H-2Kk; clone 36–7–5) is compared with and without anti-NK1.1 mAb
treatment. The neointimal index was significantly less in the anti-H-2KkIgG2a mAb
treatment group given anti-NK1.1. The severity of coronary lesions in anti-H-2Kk IgG2a
plus anti-NK1.1 mAb is similar to that of the no treatment group, 8.3% versus 7.2%. The p
values were calculated with the Mann–Whitney U test. The numbers in the parenthesis
indicate the numbers of the hearts examined. The number adjacent to the block column
indicates the median value of the neointimal index in each group.
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Figure 2. Effects of NK depletion on IgG2a or IgG1 DSA mediated CAV in complement
sufficient recipients
In B6.RAG1−/− recipients with B10BR hearts, anti-H-2Kk IgG2a mAb and anti-H-2KkIgG1
mAb induced CAV. As in complement deficient B6.RAG1−/− recipients, addition of anti-
NK1.1 mAb to either anti-H-2Kk IgG2a mAb or anti-H-2KkIgG1 mAb eliminated the CAV,
as judged by the neointimal index (<0.005). Annotations as in Figure 1.

Hirohashi et al. Page 13

Am J Transplant. Author manuscript; available in PMC 2013 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Coronary arteries of B10.BR heart allografts in B6.RAG1−/− complement sufficient
recipients after administration of DSA with or without NK depletion
(A) A severely stenotic coronary artery in a B10.BR allograft from a B6.RAG1−/− recipient
treated with anti-H-2KkIgG2a mAb is shown, demonstrating severe CAV. (B) Addition of
anti-NK1.1 mAb during anti-H-2KkIgG2a mAb administration prevents the CAV lesion. (C)
Ly49g2 immunohistochemical stain of a coronary artery with CAV from a B10.BR heart in
a B6.RAG1−/− recipient given anti-H-2Kk IgG2a. Red stained NK cells are present in the
thickening intima and in the adventitia (white arrows). (D) Same strain combination given
anti-NK1.1 in addition to anti-H-2Kk IgG2a. No Ly49g2+ cells or intimal thickening are
seen. A–D, elastin stains; black arrows indicate coronary arteries
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Figure 4. Effect of NK depletion on DSA (HB13) induced CAV and lack of CAV with
F(ab’)2fragments of HB13
A second anti-H-2Kk IgG2a DSA (HB13) given to B6.RAG1−/− recipients with B10.BR
hearts induces CAV of comparable severity to 36–7–5 DSA, as judged by the neointimal
thickness. Addition of anti-NK1.1 mAb during administration of the HB13 DSA eliminates
coronary lesions (p < 0.05). The severity of coronary lesions from animals treated with
F(ab’)2 fragment of HB13, one dose of anti-H-2Kk IgG2a DSA (HB13), one dose of anti-
H-2Kk IgG2a DSA (HB13) plus F(ab’) of anti-H-2Kk IgG2a DSA (HB13) significantly
were lower than that of intact HB13 (p < 0.05, p < 0.01 and p < 0.01, respectively). No
lesions are seen in B6.RAG1−/− isografts in response to HB13. Annotation as in Figure 1.
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Figure 5. Comparison of the effects of intact and F(ab’)2DSA on CAV
(A) A coronary artery from anti-H-2Kk (HB13) mAb treated B6RAG1−/− recipient of a
B10.BR heart at day 21 shows marked intimal thickening. (B) Addition of anti-NK1.1 mAb
to anti-H-2KkIgG2a mAb eliminated the coronary lesions. (C) Administration of F(ab’)2
fragments of anti-H-2Kk HB13 mAb even in doses 2× that of the intact mAb failed to induce
CAV. (D) Control isograft B6RAG1−/− hearts in B6.RAG1−/− recipients given anti-
H-2KkIgG2a mAb showed no evidence of vascular lesions. Black arrows indicate coronary
arteries.
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Figure 6. Effects of DSA on pERK expression in heart allograft endothelial cells on day 28
(A) Intact anti-H-2Kk DSA (HB13) elicits a strong arterial (black arrow) and capillary
(white arrow) endothelial pERK response in B10.BR allografts in B6.RAG1−/− recipients.
Myocyte nuclei (black arrowhead) also showed pERK expression. (B) In contrast, little
pERK was detected in B10.BR allografts in response to F(ab’)2 DSA. (C) Endothelial
expression of pERK was somewhat less extensive when NK cells were depleted during the
time of DSA administration. (D) Isografts in B6.RAG1−/− recipients given HB13 showed
little or no increase in pERK expression. Immunhistochemical stains with anti-pERK;
original magnification 400×.
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