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Natural killer cell inﬁltration is discriminative for
antibody-mediated rejection and predicts outcome
after kidney transplantation
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Despite partial elucidation of the pathophysiology of
antibody-mediated rejection (ABMR) after kidney
transplantation, it remains largely unclear which of the
involved immune cell types determine disease activity and
outcome. We used microarray transcriptomic data from a
case-control study (n[95) to identify genes that are
differentially expressed in ABMR. Given the co-occurrence
of ABMR and T-cell–mediated rejection (TCMR), we built a
bioinformatics pipeline to distinguish ABMR-speciﬁc mRNA
markers. Differential expression of 503 unique genes was
identiﬁed in ABMR, with signiﬁcant enrichment of natural
killer (NK) cell pathways. CIBERSORT (Cell type
Identiﬁcation By Estimating Relative Subsets Of known RNA
Transcripts) deconvolution analysis was performed to
elucidate the corresponding cell subtypes and showed
increased NK cell inﬁltration in ABMR in comparison to
TCMR and normal biopsies. Other leukocyte types
(including monocytes/macrophages, CD4 and CD8 T cells,
and dendritic cells) were increased in rejection, but could
not discriminate ABMR from TCMR. Deconvolution-based
estimation of NK cell inﬁltration was validated using
computerized morphometry, and speciﬁcally associated
with glomerulitis and peritubular capillaritis. In an external
data set of kidney transplant biopsies, activated NK cell
inﬁltration best predicted graft failure amongst all immune
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cell subtypes and even outperformed a histologic diagnosis
of acute rejection. These data suggest that NK cells play a
central role in the pathophysiology of ABMR and graft
failure after kidney transplantation.
Kidney International (2019) 95, 188–198; https://doi.org/10.1016/
j.kint.2018.08.027
KEYWORDS: antibody-mediated rejection; gene expression; histology; kidney transplantation; natural killer cells; survival
Copyright ª 2018, International Society of Nephrology. Published by
Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

T

he existing immunosuppressive armamentarium is
insufﬁcient in preventing kidney transplant recipients
from developing humoral alloreactivity1 with the
occurrence of donor-speciﬁc antibodies (DSAs) to human
leukocyte antigen (HLA) and ABMR, which is hallmarked by
microcirculation inﬂammation and complement split product
(C4d) deposition.2,3 In recent years, DSAs were demonstrated
to be a crucial prognostic factor for graft outcome and ABMR
is recognized as a prime reason for graft failure after kidney
transplantation.4–6
The underlying mechanisms of ABMR have been intensively
studied over the past decade to identify potential therapeutic
targets. Given the central role of anti-HLA antibodies in the
occurrence of ABMR, B-cell inhibition (e.g., by B cell–depleting
rituximab treatment), plasma cell inactivation (by proteasome
inhibition using bortezomib), or HLA antibody depletion by
plasma exchange or the IgG-degrading enzyme derived from
Streptococcus pyogenes has been tested in clinical studies.7
However, most of these therapies had only limited success in
the prevention or treatment of ABMR.8 Also, complement
Kidney International (2019) 95, 188–198
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inhibition by eculizumab or other complement inhibitors is
being tested in ABMR, but pilot data suggest that terminal
complement inhibition is effective only in a subset of ABMR
cases.9–11 Therefore, novel and innovative preventive or therapeutic approaches for ABMR are needed to improve outcome
after transplantation. Nevertheless, despite the partial elucidation
of different processes that play a role in the pathophysiology of
ABMR,12 it remains largely unclear which of these pathways
actually determine ABMR activity and outcome after transplantation and which processes are the most promising targets
for the prevention and treatment of ABMR.
In this study we aimed to elucidate the pathways and the
repertoire of graft-inﬁltrating immune cells that distinguish
ABMR from TCMR and that determine graft outcome after
kidney transplantation.
RESULTS
Patient population and phenotypes

Transcriptomic data from 95 samples of the Biomarkers of Renal
Graft Injuries in Kidney Allograft Recipients (BIOMARGIN)
case-control study, all pertaining to unique subjects, were used as
the initial test cohort. ABMR was present in 15 of 95 cases
(15.8%), TCMR in 11 of 95 cases (11.6%), and mixed rejection
(ABMR þ TCMR) in 6 of 95 cases (6.3%). The other 63 of 95
biopsies (66.3%) did not have rejection (no rejection). The
demographic characteristics of this cohort are listed in
Supplementary Tables S1 and S2. Patients with ABMR
(including mixed cases) had signiﬁcantly higher degrees of
proteinuria (0.57  0.64 g/l vs. 0.17  0.42 g/l; P ¼ 0.001) but
similar estimated glomerular ﬁltration rate (37.7  18.2 ml/min
per 1.73 m2 vs. 43.6  19.4 ml/min per 1.73 m2; P ¼ 0.15) than
did patients without ABMR (TCMR or no rejection). C4d
deposition was present in 45% of cases with ABMR.
Identiﬁcation of ABMR-speciﬁc transcripts

Implementing the described statistical pipeline, 783 probe sets
were found with a multivariate ABMR score of >0.25, reﬂecting
discriminative performance for ABMR across all comparisons in
the 95 samples of the BIOMARGIN study. The 783 selected
probe sets represented w1.5% of the transcripts. To further
enrich the probe set list with ABMR-speciﬁc hits, 131 transcripts
with a TCMR score of >0.20 were eliminated, which yielded 652
ABMR-speciﬁc transcripts, corresponding to 503 unique identiﬁed genes. In these 503 unique genes speciﬁc for ABMR, canonical pathway enrichment analysis of the identiﬁed transcripts
using Ingenuity Pathway Analysis (Ingenuity Systems, Redwood
City, CA) demonstrated signiﬁcant enrichment of genes and
pathways involved in innate and adaptive immunity, including
graft versus host disease (P < 0.001), allograft rejection (P <
0.001), antigen presentation (P < 0.001), communication between the innate and adaptive immune systems (P < 0.001),
crosstalk between dendritic and NK cells (P < 0.001), and NK
cell signaling (P < 0.001) (Figure 1a; Supplementary Table S3).
Because these pathways share many genes, all genes from 6 of
the top 10 pathways were selected and plotted in an overlapping
(Figure 1b) and an interaction network (Figure 1c) structure. All
Kidney International (2019) 95, 188–198
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genes except TRGV9, which was omitted from the interaction
network, were strongly connected to each other, either directly
or indirectly. Notably, interferon-gamma and tumor necrosis
factor were at the center of this network, each regulating a large
set of molecules associated with ABMR (140 and 143, respectively; more than one-third of all genes in the ABMR gene set:
196 of 503 genes). We then predicted upstream regulators within
our ABMR gene set by using Ingenuity Pathway Analysis. Most
of the top factors were cytokines such as interferon-gamma,
tumor necrosis factor, and interleukins (Supplementary
Table S4), which is also consistent with the central place of
these cytokines in the network structure shown in Figure 1c.
Transcription regulators were also predicted to explain differential expression of the ABMR gene set including STAT1/3, IRF7,
NKX2-3, and SMARCA4. Interestingly, STAT1, STAT4, IRF1, and
IRF8 were also present in the ABMR gene set.
In Ingenuity Pathway Analysis of the 503 genes associated
with ABMR (Supplementary Table S5), we noted signiﬁcant
enrichment of leukocyte activation (129 of 503 genes) and
immune cell proliferation (131 of 503 genes). This observation was conﬁrmed with Enrichr (a comprehensive gene set
enrichment analysis web server) using public gene expression
data from the human gene atlas,13,14 which speciﬁcally
showed enrichment of genes expressed in CD56þ NK cells
(P < 0.001), CD14þ monocytes (P < 0.001), and CD33þ
myeloid cells (P < 0.001).
Deconvolution of immune cell distribution in ABMR

Considering that many of the differentially expressed transcripts
were not speciﬁc for immune cell subsets, we next performed
more detailed deconvolution analyses to elucidate the nature of
the graft-inﬁltrating immune cell subsets. To estimate the differential relative leukocyte distribution among rejection types,
the CIBERSORT algorithm15 was applied to the transcriptomic
data of the BIOMARGIN samples and an external validation
cohort (GSE21374, a publicly available database). For this purpose, the LM22 gene signature matrix was used, which contains
547 genes that can distinguish between 22 leukocyte subtypes,
corresponding to 11 major leukocyte types. In our cohort, a
signiﬁcantly higher relative percentage of NK cells in ABMR was
demonstrated in comparison to TCMR and no rejection
(Figure 2; Supplementary Figure S1A and Supplementary
Table S6). Similarly, NK cell distribution was increased when
considering mixed and “pure” ABMR cases, respectively.
To obtain an estimation of absolute leukocyte cell subset
inﬁltration, we adjusted the CIBERSORT deconvolution data
(relative fractions of 22 leukocyte subtypes) for the expression
of the pan-leukocyte marker CD45/PTPRC (Supplementary
Figure S2). We then correlated absolute leukocyte inﬁltration of all 11 major leukocyte types in the BIOMARGIN data
set with different transplant rejection phenotypes (ABMR or
TCMR) relative to inﬁltration in samples without rejection.
Among the leukocyte types, NK cells, both resting and activated subtypes, were the only cells that differentiated ABMR
from TCMR (Figure 3a and b; Supplementary Figure S1B).
Other leukocyte types such as monocytes/macrophages, CD4
189
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Figure 1 | Pathway enrichment analysis of antibody-mediated rejection (ABMR) transcripts. (a) The 652 ABMR identiﬁers (503 unique
identiﬁed genes) were analyzed using Ingenuity Pathway Analysis. The ﬁgure shows the top 10 enriched canonical pathways with the
Benjamini-Hochberg (B-H) multiple testing–corrected P values (calculated using the right-tailed Fisher exact test) as well as the number of
genes in our set versus the total in each pathway (ratio). (b) This graph represents the number of signiﬁcant genes (among the 503) that were
shared between 6 of the top 10 enriched immune pathways. The number of genes used for each pathway, with the corresponding P value, is
shown. The number of overlapping genes between each pathway is shown in the connecting lines. (c) The genes from these 6 immune
pathways were plotted in a network structure. All of them (except TRGV9, which was omitted) were strongly connected to each other. Connections represent literature evidence of an interaction, either direct (physical binding, shown by solid lines) or indirect (e.g., inﬂuencing
expression, shown by dashed lines). Red color intensity correlates with the observed fold change value of the individual gene.

and CD8 T cells, and dendritic cells were highly enriched in
ABMR, but did not discriminate ABMR from TCMR
(Supplementary Figure S2B).
NK cell inﬁltration and ABMR histology

Next, we studied whether NK cell inﬁltration is associated
with the presence of DSAs and ABMR-speciﬁc histological
lesions, such as microcirculation inﬂammation (deﬁned as
glomerulitis plus peritubular capillaritis) (Figure 3c). Of
the 24 biopsies with microcirculation inﬂammation, 22
190

(91.7%) had NK cell inﬁltration above the median value
(Figure 3d), with good discriminative performance (area
under the receiver operating characteristic curve, 0.89; P <
0.001). There was no association between NK cell inﬁltration and transplant glomerulopathy. Tubulitis was also
associated with estimated NK cell inﬁltration. All other
lesions including interstitial inﬂammation and chronic
histological lesions did not associate with NK cell inﬁltration. Of the 22 biopsies with both microcirculation
inﬂammation score $2 and increased NK cell inﬁltration,
Kidney International (2019) 95, 188–198
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Figure 2 | Relative fraction of leukocytes and transplant rejection phenotype. (a) The CIBERSORT (Cell type Identiﬁcation By Estimating
Relative Subsets Of known RNA Transcripts) algorithm15 was applied to the transcriptomic data of the BIOMARGIN samples. The averaged
relative distribution of these 11 leukocyte types was compared by type of rejection (see also Supplemental Table S6). (b) A higher relative
percentage of natural killer (NK) cells was demonstrated in antibody-mediated rejection (ABMR) than in T cell–mediated rejection (TCMR) and
no rejection (NR) samples (box: interquartile range; line: median; whiskers: 10th and 90th percentile). *P < 0.05, **P < 0.01, ***P < 0.001. gd T
cell, gamma-delta T cell; CD4, CD4-positive T cell; CD8, CD8-positive T cell; DC, dendritic cell; Eo, eosinophil; HLA, human leukocyte antigen; MC,
mast cell; Mono/MF, monocyte/macrophage; PMN, polymorphonuclear neutrophil.

15 (68.2%) had detectable DSAs. All 15 biopsies were
classiﬁed as ABMR by central pathology. The remaining 7
cases (31.8%) did not have circulating DSAs, and 3 of these
did not have any detectable HLA antibodies. The cause of
the histology and molecular proﬁle of these biopsies with
microcirculation inﬂammation and molecular signs of NK
cell inﬁltration, in the absence of DSAs, remained unknown. C4d deposition in peritubular capillaries was
demonstrated in only 8 of 22 biopsies (36.3%) with a high
estimated NK cell inﬁltration and microcirculation
inﬂammation. All patients with C4d deposition in peritubular capillaries had increased NK cell inﬁltration
(Figure 3e).
NKp46 immunohistochemistry and ABMR histology

To conﬁrm the deconvolution-inferred NK cell increase in
ABMR, computer-assisted histological quantiﬁcation was
used. We compared the density of NK cells between a subset
of samples with ABMR (n ¼ 9), samples with TCMR (n ¼
11), and samples without rejection (n ¼ 9) by using the
consensus phenotypic marker NKp46/CD335 (Figure 4a).16
No mixed rejection phenotypes were included. ABMR
samples had signiﬁcantly higher NK cell inﬁltration than did
samples without rejection (Figure 4b). The number of
inﬁltrating NK cells signiﬁcantly associated with the presence of DSAs, C4d deposition in peritubular capillaries, and
microcirculation inﬂammation. Also, samples diagnosed
with TCMR had higher NK cell inﬁltration than did samples
without rejection. Although the NK cell count was higher in
ABMR than in TCMR, this trend did not reach statistical
signiﬁcance. Nevertheless, individual lesions of TCMR such
as tubulitis or interstitial inﬂammation did not associate
with increased NK cell inﬁltration, illustrating that the
molecular signatures of NK cell inﬁltration correspond
better with the detailed and semiquantitative histological
presentation than with the dichotomous histological diagnoses according to Banff consensus (Figure 4c).
Kidney International (2019) 95, 188–198
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To evaluate which immune cell type associates with graft
outcome, we applied the CIBERSORT algorithm with the
LM22 gene signature matrix to a publicly available database
(GSE21374),16 comprising microarray data of 282 indication
biopsies from 105 patients. Rejection was reported in 77 of
282 biopsies (27.3%), although no further information on the
speciﬁc phenotype was available in the data set. Importantly,
the occurrence of graft failure in the ﬁrst 3 years postbiopsy
was reported.
Similar to our study population, inﬁltration of all major
leukocyte subtypes was increased in cases of rejection
(Supplementary Table S6). However, activated NK cells were
the leukocytes that best predicted graft failure at both 1 year
and 2 years postbiopsy (area under the receiver operating
characteristic curve, 0.74) (Figure 5a–c). Although intrarenal
plasma cells were also predictive of graft failure, this association was lost when only biopsies with histologically proven
rejection were considered but persisted for NK cells (data not
shown). In multivariate Cox proportional hazards analysis,
NK cell inﬁltration predicted graft failure better than (P <
0.001), and independent of, the diagnosis of rejection according to the Banff classiﬁcation (P ¼ 0.039).
DISCUSSION

In this study, we demonstrate that ABMR after kidney
transplantation associates with an intrarenal expression
signature enriched with immune-related pathways in general and NK cell pathways in particular. The speciﬁc association of NK cell inﬁltration with the diagnosis of
ABMR and with microcirculation inﬂammation, estimated
using immune cell deconvolution of microarray expression
data, further corroborates the importance of NK cells in
ABMR.
Although this is not the ﬁrst article reporting the
involvement of NK cells in ABMR, its importance lies in the
demonstration that activated NK cells are the sole cell type
191

clinical investigation

S Yazdani et al.: NK cells in antibody-mediated kidney rejection

Figure 3 | Estimated absolute natural killer (NK) cell inﬁltration and its association with rejection phenotype and individual histological
lesions. (a) Absolute NK cell inﬁltration was estimated by adjusting the relative percentage of total, activated, and resting NK cells from
the CIBERSORT (Cell type Identiﬁcation By Estimating Relative Subsets Of known RNA Transcripts) algorithm15 for CD45 expression in the
biopsy. Expression of activated and resting NK cells was higher in antibody-mediated rejection (ABMR) samples. (Continued)

192
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that discriminates ABMR from TCMR and correlates with
transplant outcome. We describe the speciﬁcity of NK cell
inﬁltration for microcirculation inﬂammation, a hallmark of
ABMR activity, whereas no association was found with other
histological lesions such as interstitial inﬂammation and
interstitial ﬁbrosis. The lack of association with chronic lesions, including transplant glomerulopathy, may implicate a
crucial role for NK cells in the early pathogenesis of active
ABMR. An association of intrarenal NK cell transcripts with
ABMR has been shown in a previous human study.17 In
contrast to our ﬁndings, this earlier study showed that a DSAassociated signature could not differentiate ABMR from
TCMR while NK cell–selective transcripts associated with the
presence of DSAs and microcirculation inﬂammation in late,
but not in early, ABMR biopsies. This leads to questions
about the speciﬁcity of these transcripts for ABMR.18
The more speciﬁc NK cell signatures for ABMR in our
BIOMARGIN set are likely explained by the case-control
study design and focus on well-deﬁned single pathologist
histological phenotyping, including only few mixed cases,
whereas the previous analyses had a cross-sectional study
design and less centralized phenotyping methods. In addition,
in our study, the proportions of ABMR cases and TCMR cases
occurring within the ﬁrst transplant year compared with
those occurring at later time points were similar, which
probably minimized the inﬂuence of time-dependent lesions
and transcripts that was seen in these previous studies.19
A similar NK cell proﬁle was recently reported in heart
transplantation, where NK cell, endothelial cell/angiogenesis,
monocyte, and interferon-gamma–inducible transcripts were
the main molecular signatures of cardiac ABMR.20 This
corroborates the general validity of our ﬁndings and the potential canonical value of these ABMR signatures across
different organ types. The importance of NK cells in ABMR
in humans is supported by animal studies that provided
compelling evidence that these cells are involved in cardiac
and kidney ABMR.17,18,21–26
Mechanistically, although a strong association with NK cell
inﬁltration is demonstrated, it is unclear where they are
involved in the pathogenesis of ABMR, that is, as a late
downstream effector or as an early mediator directly triggered
by DSAs. After transplantation, NK cells were shown to be
primarily involved in complement-independent rejection
mechanisms, such as antibody-dependent cellular cytotoxicity
(ADCC), in both animal models and human studies.21,27
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Indeed, whole-genome and targeted expression analyses also
suggested that ADCC plays a role in acute ABMR.28–30 It has
also been shown that increased ADCC reactivity can be used
to predict the development of chronic allograft injury in
kidney transplant recipients, even independent of DSA
detection.31 Lately, Parkes et al.32 studied CD16a-inducible
transcripts in primary human NK cells in vitro and showed
the involvement of some of these transcripts in NK cell
activation in ABMR, including the central involvement of
interferon-gamma, tumor necrosis factor, and colonystimulating factor 2, which we also identiﬁed as key upstream regulators in our ABMR signature.
The importance of NK cells in ABMR seems contradictory to
the observed small relative fraction, as they constitute only a
minority of inﬁltrating leukocytes. In addition, NK cells have an
important role in producing cytokines and chemokines and
interact with other immune and nonimmune cells. The action of
very few inﬁltrating cells could thus be much broader than is
perhaps suggested by their numbers. Although this might
implicate a rather immunoregulatory role for NK cells, another
explanation may be offered by considering the effector site.
DSAs interact with the vascular endothelium and trigger multiple effector mechanisms, including ADCC, which are initiated
in the dynamic endovascular compartment. Blood circulation
may allow rapid clearance of a majority of NK cells, with only a
minority inﬁltrating into the perivascular compartment. Further
characterization of the inﬁltrating NK cell is necessary to
investigate their origin (tissue-resident vs. inﬁltrating peripheral
blood cell), reactivity (expression of CD16, killer-cell immunoglobulin-like receptor, etc.), and effector mechanism (regulatory
vs. cytotoxic).
Of all the cases with NK cell inﬁltration and microvascular
inﬂammation, 62% did not have C4d deposition in peritubular
capillaries, whereas all cases with C4d deposition had increased
NK cell presence. Although C4d deposition can be a useful
epiphenomenon for the diagnosis of ABMR, this suggests that
complement activation and C4d deposition are not necessary for
NK cell–mediated graft injury, which is supported by the variable
results of studies on complement inhibitors for this disease.9–11
Despite the association between NK cell inﬁltration,
ADCC, and ABMR in one-third of cases with microvascular
inﬂammation and increased NK cell inﬁltration, no circulating DSAs were detected. This ﬁnding remains ill-explained
and could be related to intragraft adsorption of DSAs or
presence of non-HLA DSAs, which therefore remain

=
Figure 3 | (Continued) (b) Logistic regression analysis illustrated the association between ABMR and estimated total NK cell inﬁltration
according to CIBERSORT. (c) Based on the observed associations of estimated NK cell inﬁltration with ABMR, the relation of Banff-graded
individual histological lesions and the presence/absence of donor-speciﬁc antibodies (DSAs) with CIBERSORT-estimated NK cell inﬁltration
was evaluated. Both total and activated NK cells showed a signiﬁcant association with ABMR-deﬁning histological lesions such as glomerulitis,
peritubular capillaritis, and microcirculation inﬂammation. In contrast, other histological lesions such as interstitial inﬂammation, tubular
atrophy, transplant glomerulopathy, and interstitial ﬁbrosis did not show any association with estimated NK cell inﬁltration. The number of
cases with intimal arteritis (Banff “v” lesions) was too low (n ¼ 3) and is not represented separately in this graph. (d,e) In these Venn diagrams,
the number of biopsies with DSAs, microcirculation inﬂammation, complement (C4d) deposition, and increased total NK cell inﬁltration (deﬁned
as above median values) are depicted. Numbers do not match because of lack of C4d staining or information on DSA status in 2 cases,
respectively. AUC, area under the curve; NR, no rejection; TCMR, T cell–mediated rejection.
Kidney International (2019) 95, 188–198
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Figure 4 | Counted natural killer (NK) cell inﬁltration and its association with rejection phenotype and individual histological lesions.
(a) NK cell inﬁltration was determined after immunohistochemical staining in a subset of samples with antibody-mediated rejection (ABMR; n ¼
9), T cell–mediated rejection (TCMR; n ¼ 11), and no rejection (NR; n ¼ 9). From top to bottom: Representative examples of kidney graft biopsies
with, respectively, rich and poor NK cell inﬁltration. Bar ¼ 100 mm. (b) Normalized density of NK cells in normal biopsies was used as reference.
This graph showed a signiﬁcant NK cell fold increase for ABMR versus NR samples, but also for TCMR versus NR samples, albeit to a lesser extent.
The NK cell normalized density was measured using computerized histomorphological analysis. (c) The relation of Banff-graded individual
histological lesions and the presence/absence of donor-speciﬁc antibodies (DSAs) with measured NK cell inﬁltration was evaluated. As depicted
here, NK cell inﬁltration showed a signiﬁcant fold increase in ABMR-deﬁning histological lesions such as peritubular capillaritis, glomerulitis,
microvascular inﬂammation, and complement (C4d) deposition in peritubular capillaries in comparison to those without a lesion. In contrast,
other histological lesions, associated with TCMR, such as interstitial inﬂammation and tubulitis showed no signiﬁcant associations with NK
cell inﬁltration. A signiﬁcant fold increase in NK cell inﬁltration is shown in samples with the presence of DSAs versus absence of DSAs.
*P < 0.05, **P < 0.01, ***P < 0.001 compared to 0 score. To optimize viewing of this image, please see the online version of this article at
www.kidney-international.org.

undetected.33 However, antibody-independent NK cell activation, for example, through endothelial stress ligands or
missing self, should be considered.20,23,24,34,35 Given the evidence on the importance of NK cells in transplant injury in
preclinical models, independent of antibody presence, and the
suggestion of this phenomenon in our clinical study, more
work needs to be done to elucidate the prevalence and
importance of antibody-independent factors in NK cell–
mediated injury to kidney allografts.
194

Identiﬁcation of the underlying NK cell stimulus in the
renal allograft inﬁltration appears challenging. Currently
available clinicopathological parameters provide only indirect
etiological clues. Elucidation of NK cell subtypes within the
allograft may identify populations that are more prone to a
speciﬁc stimulus (e.g., CD56dim cells express CD16 and can
elicit ADCC).36 Flow cytometry of renal allograft tissue has
recently been described37 and may offer more detail about the
characteristics of inﬁltrating NK cells. However, because most
Kidney International (2019) 95, 188–198
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Figure 5 | Activated natural killer (NK) cell transcripts associate with graft failure. To identify which immune cell types associated with
graft failure, logistic regression analysis (area under the receiver operating characteristic curve [ROC AUC]) of the CIBERSORT (Cell type
Identiﬁcation By Estimating Relative Subsets Of known RNA Transcripts)–derived relative leukocyte estimation was performed on the GSE21374
data set for graft failure at 1 and 2 years posttransplant. (a) Heat map of ROC AUC data shows that among all 22 different cell types, activated
NK cells have the highest discriminative power in predicting graft failure at both 1 year and 2 years postbiopsy when considering all biopsies
(AUC, 0.74). (b) Cox proportional hazard (PH) analyses conﬁrm that among all leukocytes, activated NK cell inﬁltration predicted graft failure
most signiﬁcantly. (c) Kaplan-Meier survival curves illustrate the high hazard ratios for graft failure from the estimation of activated NK cell
inﬁltration according to the mean of NK cell inﬁltration across the data set (left panel). In multivariate Cox proportional hazards analysis, NK cell
inﬁltration predicted graft failure better (P < 0.001) than, and independent of, the diagnosis of rejection according to the Banff classiﬁcation
(P ¼ 0.039) (right panel). gd T cell, gamma-delta T cell; CI, conﬁdence interval; DC, dendritic cell; Eo, eosinophil; HR, hazard ratio; MF,
macrophage; MC, mast cell; Mono, monocyte; PMN, polymorphonuclear neutrophil; T fh cell, follicular helper T cells; Treg cell, regulatory T cells.

ligand-receptor interactions are not sufﬁcient as a single
stimulus, caution should be exercised when inferring etiology
on the basis of the phenotype of this innate immune cell.
Finally, from a mechanistic viewpoint, ADCC and other
cytotoxic pathways do not appear mutually exclusive and may
perhaps elicit a synergistic effect in the renal allograft.
In an external cohort, among all immune cell subtypes, we
also showed that inﬁltration of activated NK cells best predicted graft failure, even better than histology of acute
rejection. One could argue that the prognostic signiﬁcance of
intragraft NK cell inﬁltration merely reﬂects the negative
Kidney International (2019) 95, 188–198

outcome that is associated with rejection in general, because
NK cells are also upregulated in TCMR. However, a similar
effect would then be expected for other immunological cell
types but was demonstrated only to a lesser extent for plasma
cells. NK cells, but not plasma cells, uniquely predicted graft
failure in biopsy-proven rejection, supporting our ﬁndings
that NK cell inﬁltration is a differentiating trait in renal
allograft rejection. We hypothesize this association to be
attributable to the inferior survival in ABMR in the current
immunosuppressive era. Interestingly, estimating NK cell
inﬁltration using CIBERSORT outperformed histological
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rejection as a prognostic tool for graft failure. The latest revisions of the Banff classiﬁcation have acknowledged the
limited sensitivity of microscopy and encourage the use of
molecular markers as alternative diagnostic criteria for
ABMR. To our knowledge, estimation of immune cell inﬁltration through deconvolution analysis of transcriptomic
data, although well established in tumor immunobiology, has
not been used previously for this purpose. Although further
validation in independent cohorts is obviously needed, the
robust signal of NK cells, both in a case-control and in a
longitudinal setting, appears promising.
Our study has several limitations. First, this study describes relatively few ABMR cases, including mixed phenotypes. To address this issue, the described statistical
pipeline was speciﬁcally built to disentangle potentially
mixed genetic signals in said samples when calculating an
ABMR and TCMR score. However, in the deconvolution
analysis, pure and mixed ABMR cases were grouped
together. This may explain the association that was initially
found between NK cells and tubulitis but that disappeared
when immunohistochemical NK cell staining was performed on pathology slides of “pure” ABMR cases. Nonetheless, also in mixed ABMR cases, NK cell inﬁltration was
signiﬁcantly increased in comparison to TCMR. Second,
the accuracy of the CIBERSORT algorithm in describing
intrarenal immune cell populations has not been studied to
our knowledge. We partially validated this approach by
immunohistochemical conﬁrmation of predicted NK cell
inﬁltration in association with speciﬁc histological lesions,
which suggests the robustness of this model in renal tissue.
Finally, in the GSE21374 database, no information on the
speciﬁc rejection phenotype was available, therefore
impeding assessment of the diagnostic accuracy for ABMR.
Moreover, the 2009 Banff criteria for TCMR and ABMR
were used in this cohort as a deﬁnition for rejection, and
have been signiﬁcantly reﬁned since then, which may in
part explain the superior performance of the molecular NK
cell marker.
In conclusion, our data indicate the potential of NK cell
activation transcripts as pathogenesis-linked markers for the
diagnosis and prognosis of ABMR in kidney transplantation.
Further investigations are warranted to evaluate the diagnostic and prognostic performance of speciﬁc NK cell activation markers in the real-life setting. NK cell activation
might be a valuable target for the development of novel
therapies to improve outcome after kidney transplantation.
METHODS
Patients and sample collection
In the observational 3xBIOS2 case-control substudy of the BIOMARGIN project (www.biomargin.eu; ClinicalTrials.gov identiﬁer
NCT02832661), samples from kidney transplant recipients were
prospectively collected in 4 European clinical transplant centers: (i)
University Hospitals Leuven, Belgium; (ii) Hôpital Necker Paris,
France; (iii) Medizinische Hochschule Hannover, Germany; and (iv)
Centre Hospitalier Universitaire Limoges, France. At each European
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clinical transplant center, the institutional review board and national
regulatory agency approved the study and all participants provided
written informed consent before inclusion in the study. All clinical,
histological, and sample data were collected in a centralized
electronic case report form, maintained by a clinical coordinating
center. Only single kidney allograft recipients at least 18 years of
age were included. Samples for this study were collected between
October 2, 2012, and December 27, 2013, and case selection (N ¼
121) was performed in April 2014 on the basis of clinical and
histological presentation. Biopsies were performed at the time of
graft dysfunction or at protocol-speciﬁed moments, independent
of graft function, according to local center practice. All biopsies
included in this study were sent to the central pathology core of
the 3xBIOS2 substudy and rescored semiquantitatively according
to the updated Banff classiﬁcation, which implies that all biopsies
were assessed using the same diagnostic criteria, regardless of the
transplant center or the collection date.38,39 No previously
described molecular markers were assessed for the diagnosis of
ABMR. In addition, we used microarray gene expression data
from an external cohort that were described by Einecke et al.40
(GSE21374) and made publicly available in the Gene Expression
Omnibus of the National Institutes of Health (http://www.ncbi.
nlm.nih.gov/geo/).19,40,41
Biopsy sample collection and preparation
Biopsy samples were collected according to a standardized sample
collection procedure common to the 4 clinical transplant centers. Of
each renal allograft biopsy included in this study, at least one-half of
a core was immediately stored in Allprotect Tissue Reagent (QIAGEN Benelux B.V., Venlo, The Netherlands) and, after incubation at
4 C for at least 24 hours and maximum 72 hours, stored locally
at 20 C until shipment to the Laboratory of Nephrology of the KU
Leuven. We performed RNA extraction using the Allprep DNA/RNA/
miRNA Universal Kit (QIAGEN Benelux B.V.) in a QIAcube instrument (QIAGEN Benelux B.V.). The quantity (absorbance at 260
nm) and purity (ratio of the absorbance at 230, 260, and 280 nm) of
RNA isolated from biopsies were measured using the NanoDrop
ND-1000 spectrophotometer (Thermo Scientiﬁc, Life Technologies
Europe B.V., Ghent, Belgium). RNA integrity was evaluated using the
Eukaryote Nano/Pico RNA Kit (Agilent Technologies Belgium NV,
Diegem, Belgium) in the 2100 Bioanalyzer instrument (Agilent
Technologies Belgium NV). Samples were stored at 80 C until
further analysis.
Microarray gene expression analysis
RNA extracted from the BIOMARGIN biopsy samples was ﬁrst
ampliﬁed and biotinylated to complementary RNA using the
GeneChip 30 IVT PLUS Reagent Kit (Affymetrix Inc., High
Wycombe, UK) and subsequently hybridized onto the GeneChip
Human Genome U133 Plus 2.0 Array (Affymetrix Inc.), which
covers >54,000 transcripts, according to the manufacturer’s instructions. Arrays were scanned using the GeneChip Scanner
3000 7G System (Affymetrix Inc.), and image ﬁles were generated
using the GeneChip Command Console Software. Finally, Robust
Multichip Average background correction and normalization
were performed using the Affymetrix Expression Console Software and expression values were log2 scaled. Of the 121 biopsies
that were sent to the Laboratory of Nephrology, 109 survived
prehybridization quality control checks and were analyzed.
Outlier analysis and ﬁltering were performed using the Hotelling’s
T-squared test on principal component analysis components and
Kidney International (2019) 95, 188–198
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quantile distribution of the proﬁles, which left 95 biopsies for
further statistical analysis.
NK cell quantiﬁcation using computerized
histomorphological analysis
Immunostaining was performed on kidney biopsies from KU Leuven
that were included in the BIOMARGIN study by using the consensus
phenotypic marker NKp46/CD335,16 which is highly conserved in
mammals. Eight-micrometer kidney biopsy sections were stored
at 80 C after being ﬁxed in acetone. Before staining, kidney biopsies were thawed and rehydrated 5 minutes in phosphate-buffered
saline. Staining was performed with EnVision Gj2 Doublestain
System, Rabbit/Mouse (DABþ/Permanent Red) kit (code K5361,
DAKO, Les Ulis, France) according to the manufacturer instructions.
Brieﬂy, after neutralization of the endogenous peroxidases and
saturation, each slide was stained with mouse anti-human NKp46
clone 9E2 (BioLegend) or isotype control (clone MOPC21, BioLegend, Koblenz, Germany) at a 1:100 dilution in phosphatebuffered saline for 1 hour. To reveal NKp46-positive cells, polymer/horseradish peroxidase (incubation time, 30 minutes) and
chromogen 3,3’-diaminobenzidine (incubation time, 5 minutes)
were used. Nuclei were counterstained with hematoxylin. Then,
slides were dried and mounted on Diamount (Diapath, Martinengo,
Italy). For computerized-assisted quantiﬁcation of NK cell inﬁltration, slides were scanned and images were analyzed using a custommade macro in Aperio ImageScope (Leica Biosystems, Nanterre,
France) and FIJI software.42 The density, that is, the number of
NKp46-positive cells normalized to the surface of biopsy analyzed,
was calculated in a minimum of 2 sections for each sample.

leukocyte signature matrix, LM22) in tissue samples on the basis of
the expression of 547 genes. Speciﬁcally for NK cells, gene signatures
for resting and activated subtypes were derived from a study by
Abbas et al., who identiﬁed speciﬁc probe sets through deconvolution of microarray expression data.44 In the deconvolution analysis,
ABMR and mixed phenotypes (i.e., concurrent ABMR and TCMR)
were considered as one group. The CIBERSORT algorithm was
applied to the external data set described above. We used SAS 9.3
(SAS Institute, Cary, NC) for statistical analysis and GraphPad Prism
7 (GraphPad Software, San Diego, CA) for data presentation.
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