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Abstract
Background—Antibodies (Ab) responses to major and minor HLA loci may impact graft survival
after organ transplantation.

Methods—A ProtoArray platform was used to study 37 serum samples from 15 renal transplant
patients with (n=10) and without (n=5) acute rejection (AR), and 7 normal controls and the clinical
relevance of MICA-Ab measurements were investigated. Biopsy immunohistochemistry (IHC) was
conducted for localization of the MICA antigen.

Results: De novo—MICA-Ab were detected in 11 of the 15 transplant patients in this study,
irrespective of interval acute graft rejection. Mean MICA-Ab signal intensity was higher in transplant
patients with C4d+AR (121.4) vs. C4d−AR (4.3), correlated with DSA to HLA antigens (r=0.66;
p=0.0078), was not elevated in cellular rejections, and correlated with decline in graft function over
the subsequent year (r=0.73; p=0.0022). Integrative genomics accurately predicted localization of
the MICA antigen to the glomerulus in the normal kidney (1), as this was confirmed subsequently
by IHC.

Conclusions—Integrative genomics analysis of ProtoArray data is a powerful tool to ascertain de
novo antibody responses after renal transplantation, and to accurately predict the anatomical location
of the target renal antigens. This proof-of-concept study on MICA measurements by ProtoArray
demonstrate that antibody responses are modulated to MICA after transplantation in patients,
irrespective of graft rejection, may be high at the time of humoral rejection, and may not be elevated
in cellular rejection. Understanding that MICA is preferentially localized to the glomerulus, may
explain both immunoregulatory and pathogenic roles for MICA after transplantation.
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INTRODUCTION
HLA-specific antibodies, specifically directed against the donor organ, have been shown to be
associated with poor graft outcomes and accelerated graft loss (2). Nevertheless, despite good
tissue matches at the HLA loci between donor and recipient, as well as HLA identical organ
transplantation, graft rejection can still occur (3). Recently, there has been a growing body of
literature supporting that non-HLA antigens could be additional targets of injury in organ
transplant recipients (4) (5). A well studied non-HLA antigen associated with an increased risk
of graft loss is MHC class I-chain related gene A or MICA (6). The proteins encoded by MICA
are membrane-bound antigens, and are expressed in freshly isolated monocytes, keratinocytes,
endothelial cells, dendritic, fibroblasts cells (7), and gastrointestinal epithelium (8), but
localization of this antigen in the kidney is currently unknown. MICA is induced on peripheral
blood stimulated CD4+ and CD8+ T lymphocytes, and results in engagement of CD3 and CD28
(9). Antibodies against MICA alleles have been detected at acute renal (10), and heart (11)
allograft rejection and associate with reduced one year graft survival (12) and chronic kidney
graft dysfunction (13).

The aims of this study were three fold: (1) to utilize a novel integrative proto-genomics
approach to investigate the generation of de novo post-transplant MICA responses after renal
transplantation in children and young adults, irrespective of graft dysfunction; (2) to investigate
any correlation between the intensity of de novo MICA-Ab responses with graft rejection; and
(3) to predict and confirm renal compartmental localization of the MICA antigen with a view
to understanding its pathogenic relevance in transplantation.

MATERIALS and METHODS
Patients and samples

Thirty paired pre- and post-transplant serum samples from 15 pediatric and young adult kidney
allograft recipients were included for analysis of de novo post-transplant HLA and non-HLA
antibody responses, across a human Protoarray platform (1). All patients were primary
transplant recipients. 7 control samples were also examined on the ProtoArray for comparison
(Table 1). All post-transplant serum samples were collected at the time of paired graft biopsies
(protocol or for graft dysfunction, prior to any treatment intensification) and HLA donor
specific antibodies (DSA) were measured. All biopsies were graded by the Banff classification
(14–16) for acute rejection, and intragraft C4d stains were performed (17,18) to assess for acute
humoral rejection (AHR) (19,20). Three clinical patient phenotypes were included in this study.
The first group consisted of 5 patients with C4d+ acute rejection, the second group consisted
of 5 patients with cellular rejections which were C4d− and with no measureable DSA, and the
third group consisted of 5 patients with stable graft function without any interval rejection. The
mean age of the recipients at transplantation, recipient gender, race, cause of ESRD, creatinine
clearance at the sample date, donor gender, and donor source were matched for these 3 groups
(Table 1). The post-transplant serum samples were collected between February 2004 and
November 2006, at a mean of 26 (range 3–72 months) months after transplantation. Written
informed consent was obtained from all subjects and the study was approved by the Institutional
Review Board of Stanford University.

Plasma profiling using the Protein Microarray Measurement
Pre- and post-transplant serum antibodies were profiled for each patient, using the Invitrogen
ProtoArray® Human Protein Microarray v3.0 platform (Invitrogen, Carlsbad, CA). This
platform contains 5,056 non-redundant human proteins expressed in a baculovirus system,
purified from insect cells and printed in duplicate onto a nitrocellulose-coated glass slide. Each
protein is spotted twice on each array, to measure the quality of the signal intensity. Details
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for experiment processing and analysis follow the previous publication from our group (1).
Prospector software was used to retrieve the expression based on immune response profiling
of the .gal files. Pearson correlation coefficients between duplicated spots across all proteins
were calculated, and raverage is 0.97 (range 0.71–0.99) for all patients.

The signal intensity was measured by subtracting the antibody signal detected from the
background signal (Signal used = Signal Ab − Signal background) described in our previous study
(Fig 1) (1). De novo antibody formation after transplantation was identified by using the
equation Immune Response Ab = Signal used post-transplant − Signal used pre-transplant

We also tested for affinity of the MICA antigen on the ProtoArray by a MICA monoclonal
antibody (mouse anti-human MICA monoclonal antibody, Minneapolis, MN 55413). We
followed the manufacturer’s method for ProtoArray except we hybridized the arrays with
monoclonal MICA antibodies (1:1000 fold dilution). The antibodies were then detected by a
secondary antibody (Alexa Fluor® 647 goat anti-mouse IgG, Carlsbad, CA).

AILUN re-annotation and determining kidney compartment specific genes
Due to the inconsistencies over time in 5% of NetAffx probe-to-gene annotations (21) and
approximately 30–50% discrepancy between the original and the redefined probes sets in the
genes previously identified (22), AILUN (http://ailun.stanford.edu) (23) was used to re-
annotate probe IDs from each platforms’ to the most recent NCBI Entrez Gene ID to overcome
this inconsistency. Probes on any platform that non-specifically mapped to more than a single
NCBI Entrez Gene were eliminated. Seven compartmental gene expression measurements
from normal kidney tissue (inner and outer cortex, inner and outer medulla, papillary tips, renal
pelvis and glomeruli) (24) were re-downloaded, re-annotated by AILUN and cross-mapped to
the re-annotated Protoaray probe IDs, to determine kidney compartment specific genes, as
previously described (1).

Immunohistochemistry staining
Immunohistochemical staining was performed on formalin fixed paraffin embedded tissue
using goat polyclonal anti-human antibodies directed against MICA (R & D Systems,
Mineapolis, MN, Catalog # AF1300). Serial sections of 4 mm were obtained, deparaffinized
in xylene, and hydrated in a graded series of alcohol. Heat induced antigen retrieval was carried
out by microwave pretreatment in citric acid buffer (10mM, pH 6.0) for 10 minutes.
Nonspecific reactivity was inhibited by incubation for 30 minutes in a solution of 20% normal
rabbit serum (VECTA STAIN Kit Elite PK 6105; Vector Laboratories, Burlingame, CA). The
sections were then incubated with antisera to MICA (dilution 1:200) overnight for 18 hours at
4 degrees C. Subsequently, the tissue was incubated with biotinylated rabbit anti goat
immunoglobulins, followed by avidin-biotin complex/horseradish peroxidase(VECTA-
STAIN Kit Elite PK 6105) and diaminobenzidine for 8 minutes. The slides were counterstained
with hematoxylin The staining was optimized using appropriate negative controls. Other
immunostains used include antiserum against CD20 (DAKO, Carpenteria, CA, dilution
1:1000), C4d (Biomedica Gruppe, Austria, distributed by ALPCO, Windham NH, catalog
#004-BI-RC4D; dilution 1:20), CD8 (DAKO, Carpenteria, CA, dilution 1:30) and CD56
(Zymed Laboratories, Carlsbad, CA, dilution 1:20).

Statistical analysis
T, chi-square, and ANOVA tests were used to compare continuous or categorical clinical
variables for two or three phenotype groups. Banff grade were assigned as ordinal variables as
range 0 to 4 according to the Banff grade (mild, IA, IB, IIA, IIB) based on severity. Spearman
correlations were calculated to see if the association between immune response signal, rejection
Banff grade, C4d+ rejections, DSA detection, time post-transplantation and change in
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creatinine clearance over time. All results were reported as mean ± standard error, and p≤0.05
was used as a significant level. All statistical tests were performed by SAS 9.1.3 software (SAS
institute, Cary, NC).

RESULTS
MICA antibody increases after kidney transplantation, irrespective of graft rejection

The mean immune response signal in post-transplant patient serum, showed an increase in the
MICA-Ab, with range from 21 to 364. When compared with healthy normal controls (n=7)
volunteers, the MICA-Ab signal intensity was significantly higher in all 15 transplant recipients
(37.9 ± 24.8 in normal controls vs. 129.0 ± 30.0 in transplant patients, p=0.03) (Table 2a).
Among the 15 transplant patients, 73% (11/15), regardless of the presence or absence of biopsy
proven graft rejection, showed an increase in MICA specific antibody immune responses after
transplantation. When only examining post-transplant MICA-Ab responses in the 5 stable
transplant patients, without acute rejection, the increase in MICA-Ab signal was seen to occur
within a lower dynamic range (range 0–46.5). There was no association between the MICA-
Ab signal intensity and sampling time post-transplantation (r=0.03; p=0.91) (Table 1 and Fig
2a). When the ProtoArray was probed with the MICA monoclonal antibody (mouse anti-human
MICA monoclonal antibody, R & D Systems®, Minneapolis, MN), we observed positive signal
for the MICA antigen, based on affinity between the MICA monoclonal antibody and the MICA
protein on the ProtoArray.

MICA antibody levels are higher in C4d+ acute rejection and correlate with Class II DSA
The intensity of the antibody signal against the MICA antigen was highest in C4d+ rejection
with 121.4±56.3, vs. 4.3±2.6 in C4d− rejection (p=0.1) (Table 2b). There was a correlation
between high MICA levels and C4d+ graft rejection r=0.54 (p=0.039), and MHC class II
specific circulating DSA in these patients (r=0.66; p=0.0078).

Mapping MICA in different compartments of normal kidney
Kidney compartment specific gene lists have been previously generated (1) for each of the 7
individual kidney compartments (24), with false discovery rates (FDR) <5% from statistical
analysis of microarrays (SAM; (25). To summarize, each gene on the cDNA platform was
compared between a specific kidney compartment, versus all other compartments, by a two-
unpaired class comparison and a multi-class comparison (Fig 1) (1). 109 targets were identified
on the Protoarray, mapping specifically to genes most highly regulated in the glomerulus (1).
By ranking these targets by average signal intensity and positive signal percentage across the
15 patients, the intensity signal of the MICA-Ab ranked in the top 15 glomerulus–specific
targets (Table 3) that are known to mount antibody responses after transplantation (1). The
MICA antigen was found to have a 2.7-fold higher expression (false discovery rate [FDR] =
2.5%) in the glomerulus, when compared to the other 6 normal kidney compartments (in a two-
unpaired class comparison), and with a contrast score (the standardized mean difference
between MICA expression in glomeruli versus its overall mean expression) of 1.6 (FDR 0.1%
by multi-class comparison).

High MICA antibody levels correlate with declining graft function
To evaluate if the intensity of MICA-Ab responses after transplantation bore clinical relevance
for predicting transplant function, the intensity of MICA-Ab responses were correlated with a
change in the calculated creatinine clearance using Schwartz equation over the next year (26,
27) (difference between the calculated creatinine clearance measured at the post-transplant
sample time and the clearance measured 1 year after this sample time). There was significant
positive correlation between the intensity of the antibody signal to MICA and decline in graft
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function over the subsequent year (r=0.73; p=0.0022) (Fig 2b). As HLA Class II antibodies
were the only other clinical parameter that correlated with a subsequent decline in graft function
(r=0.74; p= 0.0016), we next controlled for the clinical confounder of donor specific antibodies
against HLA-Class II, and found that there was a persistent trend towards positive association
between MICA antibody signal and a decline in graft function over the subsequent year (r=0.5,
p=0.0873). This data suggests that MICA antibodies may have an independent impact on
adverse graft outcomes. Interestingly, except MICA, none of the top 15 targets which are
specific to the glomerulus showed a similar correlation with downstream graft function (Table
3).

Immunochemistry (IHC) to confirm compartment-specific location
As we wanted to confirm if the MICA antigen localizes specifically to the glomerulus, as
predicted by integrated genomics, immunohistochemistry (IHC) was performed for the MICA
antigen on normal kidney biopsies obtained from dissection of normal renal tissue from renal
carcinomas. Additionally, we also performed IHC for the MICA antigen in rejecting and stable
transplant biopsies (C4d+ and C4d−), to ascertain if the localization of the MICA antigen was
similar to normal kidney.

Within normal and stable transplanted kidneys, cytoplasmic granular staining for MICA was
observed solely in podocytes within glomeruli (Fig 3: Normal kidney). In acute rejection, in
addition to the persisting glomerular staining, the infiltrating mononuclear lymphocytes also
showed strong positive staining for MICA (Fig 3: AR kidney), as well as other known
infiltrating cells in acute rejection, such as B lymphocytes (CD20+), cytotoxic T cells (CD8+)
and scattered NK cells (CD56+). To accurately co-localize lymphocyte subsets with MICA
positive lymphocytes, we attempted double staining using fluorescence in situ hybridization
(FISH) probes for CD8, CD20 and MICA. Unfortunately, we were unsuccessful in obtaining
a signal for MICA by FISH despite repeated measures; hence co-localization data for MICA
and other infiltrating cell types is not currently available.

DISCUSSION
Immune responses to non-HLA antibodies are becoming increasingly recognized as critical in
the pathogenesis of organ allograft outcomes. Non-HLA antibody responses are receiving
increasing interest in acute and chronic rejection and studies to determine specificity, affinity,
and pathogenicity are ongoing to estimate their contribution. Recent studies suggest that an
immune response against the MHC class I-chain related gene A or MICA may play a role in
organ allograft rejection in some patients (28). MICA is a highly polymorphic, non classic
MHC class I molecule constitutively expressed on the cell surface of epithelial and endothelial
cells, and fibroblasts (7) (8), up-regulated in inflammation (29) and can elicit antibody
production. It has been shown that kidney allografts undergoing both acute and chronic
rejection can measure antibodies against MICA antigens (12,13,28,30). MICA binds to the C-
type lectin receptor, NKG2D, triggering the secretion of cytokines which enhance the response
of CD4+T cells. This augmented reaction generates signals from the T cell to the B cell,
triggering antibody production (31).

Our recently published study (1) demonstrated the integrated genomics approach which
combined the analysis of ProtoArray data with gene expression microarray data. We used a
data from this publication to evaluate the kidney compartment specificity of the MICA antigen.
The methodology for integrative genomics initially uses a customized software program called
AILUN (http://ailun.stanford.edu) (23) for re-annotating all protein and gene probes to the
most recent NCBI gene identifiers. This creates an atlas of overlapping antigens (measured on
the ProtoArray) and their matching genes, expressed in one of seven different compartments
of the kidney (expression assessed on the cDNA gene expression platform; supplemental files
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also available at http://sarwal.stanford.edu/ProtoArray). Using this novel technology of
integrative proto-genomics by integration of antibody, protein and RNA measurements (1) and
immunohistochemistry for confirmation of antigen localization in the kidney, we can
demonstrate, that MICA antigen was accurately predicted by this methodology to be selectively
localized to normal kidney glomerulus. Immunohistochemistry established that the MICA
antigen preferentially localizes to the glomerular podocytes. It is interesting to note that
podocytes have immunomodualtory activities in renal injury (32), the podocyte localizes
immunoregulatory molecules like toll like receptors (TLR) (33), and additionally, TLRs are
known to up- regulate MICA expression (34). It has been demonstrated in vitro, that low surface
expression of MICA on activated CD4+ T cells can be a safeguard mechanism to protect cells
from resting NK cells, especially during T cell dependant infectious immunity, to allow for an
efficient antigen elimination phase. It is thus possible that, based on in vitro studies (35), MICA
expression on the podocyte in vivo, may be a means to resist NK cell-mediated nephrotoxicity.
Thus, MICA expression in the normal kidney podocyte may actually be necessary for
protection against infectious and inflammatory stimuli. In this study we demonstrate, for the
first time, that de novo serological responses to the MICA antigen can be detected in almost
70% of patients after kidney transplantation, regardless of graft dysfunction or biopsy
confirmed rejection. Thus the mere detection of MICA antibodies after renal transplantation
does not appear to be pathogenic, and may be a result of increased expression of the MICA
antigen in response to various inflammatory stimuli after transplantation.

Various cytokines, specifically IL2, IL4 and IL15 (9,35), are known to further induce MICA
expression on T lymphocytes in vitro. We show in this study, that during a rejection episode,
where a cytokine storm is known to occur in the inflamed graft, MICA expression is induced
in vivo on infiltrating lymphocytes. In this study, MICA-Ab levels track at much higher levels
in humoral rejections, when compared to cellular rejections. Though the direct association
between anti-HLA and anti-MICA antibodies remains unclear, they may be correlative
mechanisms during acute humoral rejections, given the much stronger signal for MICA
antibodies in patients with C4d+ acute rejection in this study. Anti-HLA antibodies, often seen
during humoral rejection episodes, and correlative with the presence of peritubular C4d
deposition in the graft (36), inhibit engagement of the inhibitory NK cell receptors (KIR2DLs,
KIR3DLs), with resultant NK cell activation and T cell cytotoxicity. NKG2D is a receptor for
MICA, detected on most T cells, and NK cells (37), may also be highly regulated during a
humoral rejection episode. Engagement of MICA by antibodies has been previously shown to
activate endothelial cells in vitro and induce a prothrombotic phenotype leading to vascular
thrombosis and loss of graft function (38). This may be one mechanism for graft injury by
MICA that may explain the correlation of MICA-Ab signal intensity after renal transplantation
with progressive graft dysfunction. Another mechanism of chronic graft injury may relate to
our finding of an association between MICA and anti-HLA Class II antibodies. As anti-class
II Ab in turn have been correlated with development of chronic transplant glomerlopathy, it is
not possible to dissect the independent pathogenic association between chronic glomerular
injury, anti-HLA class II Ab and anti-MICA antibodies.

Thus, in conclusion, antibody responses are modulated to MICA after transplantation in
patients, irrespective of graft rejection. MICA-Ab levels increase with humoral rejection
episodes, but are not necessarily elevated in cellular rejection. Thus, rather than checking
MICA-Ab levels cross-sectionally at the time of rejection, serial measurements of MICA-Ab
levels may be more informative, with a significant increase in antibody titers likely to occur
prior to and at the time of humoral rejection. Integrative genomics accurately predicted that
MICA is a glomerular antigen, and the correlation of MICA-Ab with decline in graft function
may relate to the development of progressive glomerular injury and transplant glomerulopathy
with resultant chronic transplant dysfunction. Additional antibodies to different renal
compartment antigens, discovered by this novel and unique integrative genomics approach
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(1), should be explored as potential biomarkers for serial tracking of different etiologies of
graft dysfunction after organ transplantation.
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Fig 1. Work flow for identifying anti-MICA antibody
Work flow of study to identify compartmental localization and clinical relevance of MICA
Antibodies by using integrated genomics approach.

Li et al. Page 10

Transplantation. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 2. Association between MICA immune response signal intensity and kidney chronic injury
A: Scatter plot for association between post-transplant sample time (months) and the signal
intensity of MICA-Ab detected from ProtoArray from 15 patients, correlation coefficient =
0.03.
B: Scatter plot for association between the change of calculated creatinine clearance by
Schwartz equation over the subsequent year (Δ Crcl) and the signal intensity of MICA-Ab
detected from ProtoArray from 15 patients, correlation coefficient = 0.73.
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Fig 3. IHC staining on normal kidney, infiltrates, and cell types
Normal kidney: IHC staining for MICA-Ab on 7 compartments from normal kidney tissue.
Cytoplasmic staining is observed solely in the glomerulus podocyte for MICA.
AR kidney: The infiltrating mononuclear lymphocytes also showed strong positive staining
for MICA in addition to positive staining in glomerular. Right upper corner: This biopsy is
also seen to have focal staining of the peritubular capillaries (20%) and glomerular endothelial
cells with C4d+.
The lower panel shows the lymphocytic infiltrates in acute rejection: Dense lymphocytic
infiltrates in rejection stain positive for MICA+ cells, CD56+ NK cells, CD8+ T cells and
CD20+ B cells.
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Table 2

Table 2a:

Pediatric recipient (N=15) Healthy control (N=7) P

(+)% of MICA post-txp signal intensity 100% 86% 0.13

MICA post-txp signal intensity 129.0 ± 30.0 37.9 ± 24.8 0.03

Table 2b:

C4d+ (N=5) C4d−(N=5) P(C4d+ vs. C4d−)

(+)% of MICA signal intensity 100% 40% 0.01

De novo MICA signal intensity 121.4±56.3 4.3±2.6 0.1
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