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Background: Human natural killer (NK) cells are key functional players in kidney

transplant rejection. However, the respective contributions of the two functionally distinct

human NK cell subsets (CD56bright cytokine-producing vs. CD56dim cytotoxic effector)

in episodes of allograft rejection remain uncertain, with current immunohistochemical

methods unable to differentiate these discrete populations. We report the outcomes of

an innovative multi-color flow cytometric-based approach to unequivocally define and

evaluate NK cell subsets in human kidney allograft rejection.

Methods: We extracted renal lymphocytes from human kidney transplant biopsies. NK

cell subsets were identified, enumerated, and phenotyped by multi-color flow cytometry.

Dissociation supernatants were harvested and levels of soluble proteins were determined

using a multiplex bead-based assay. Results were correlated with the histopathological

patterns in biopsies—no rejection, borderline cellular rejection, T cell-mediated rejection

(TCMR), and antibody-mediated rejection (AMR).

Results: Absolute numbers of only CD56bright NK cells were significantly elevated

in TCMR biopsies. In contrast, both CD56bright and CD56dim NK cell numbers were

significantly increased in biopsies with histopathological evidence of AMR. Notably,

expression of the activation marker CD69 was only significantly elevated on CD56dim NK

cells in AMR biopsies compared with no rejection biopsies, indicative of a pathogenic

phenotype for this cytotoxic NK cell subset. In line with this, we detected significantly

elevated levels of cytotoxic effector molecules (perforin, granzyme A, and granulysin) in

the dissociation supernatants of biopsies with a histopathological pattern of AMR.

Conclusions: Our results indicate that human NK cell subsets are differentially recruited

and activated during distinct types of rejection, suggestive of specialized functional roles.

Keywords: natural killer cells, innate lymphocytes, kidney allograft rejection, T cell mediated rejection, antibody-

mediated rejection
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INTRODUCTION

Kidney transplantation is the gold standard treatment for
end stage kidney disease, with superior quality of life and
patient survival compared to dialysis. Despite advances in
kidney transplantation techniques and immunosuppression
therapy, immunological rejection continues to account for
loss of graft function and eventually graft loss (1). Immune-
mediated allograft rejection is classified histopathologically into
two types: T cell-mediated rejection (TCMR) and antibody-
mediated rejection (AMR) (2, 3). TCMR is characterized by
tubulointerstitial inflammation mediated by host alloreactive
lymphocytes targeting donor human leukocyte antigen (HLA)
molecules in the graft, whilst AMR is a process of microvascular
inflammation (glomerulitis, peritubular capillaritis) driven by
donor-specific antibodies (DSA) interacting with the allograft
endothelium (4–6). Most immuno-biological studies of kidney
allograft rejection have focused on conventional T (CD4+ or
CD8+) and B cells. Less is known about the roles of innate
lymphocytes in the different patterns of immune-mediated
allograft rejection.

Natural killer (NK) cells are innate lymphocytes that have
an immune surveillance function under homeostatic conditions,
but can be rapidly recruited to sites of inflammation under
pathological conditions. NK cells are activated by a combination
of inhibitory and activating signals orchestrated through cell
surface receptors and/or cytokine stimulation. Once activated,
NK cells display immediate effector function through the
production of pro-inflammatory cytokines and via cytotoxic
activity (7).

Human NK cells are classically defined as
CD3−/CD56+/CD335 (NKp46)+ mononuclear cells. They
are subcategorised based on expression levels of CD56 (neural
cell adhesion molecule) into low-density (CD56dim) and high
density (CD56bright) subsets. The two NK cell subsets differ
in phenotypic and functional properties. CD56dim NK cells
express high levels of CD16 (low affinity receptor for IgG,
FcγRIII) (8) and are considered functionally to be cytotoxic
effector cells (9). Upon activation, CD56dim NK cells produce
cytotoxic granules containing perforin/granulysin that, when
released, create pores in the cell membranes of targeted cells and
granzymes that induce apoptosis (9). In contrast, CD56bright NK
cells express high levels of CD56, are CD16−/low and mediate
immune responses by secreting pro-inflammatory cytokines
[e.g., interferon (IFN)-γ] (9).

NK cells are emerging as powerful drivers in immune-
mediated kidney allograft rejection. Their functional role has
been established in mouse models of kidney allograft injury
(10–12). Initial investigations in humans, focused primarily on
peripheral blood NK cells from kidney transplant recipients and
transcriptomic studies of allograft biopsies, provide compelling
evidence supporting a role for NK cells in kidney allograft injury
(13–18). Indeed, immunohistochemical (IHC)-based studies
report significant associations between human NK cells and both
TCMR (19, 20) and AMR (18, 21, 22). However, these IHC-based
studies are limited to single antigen (CD56, CD16, or NKp46)
labeling to identify human NK cells, a technical approach that

cannot unequivocally define this innate lymphocyte population
nor differentiate between the distinct NK cell subsets. Thus, to
date, the discrete roles of kidney NK cell subsets in different types
of human allograft rejection have not been reported.

These technical limitations can be addressed using multi-
parameter staining methodologies that accurately identify,
enumerate and phenotype human NK cells, in particular, NK cell
subsets, in kidney allograft biopsies. In this study, we extend our
previously published multi-color flow cytometry-based approach
to provide, for the first time, a comprehensive mapping of human
NK cell subsets in kidney allograft rejection, ascribing specialized
roles during the two patterns of immune-mediated rejection
(TCMR vs. AMR).

METHODS

Study Design
Kidney transplant recipients (n = 56) were biopsied at the Royal
Brisbane and Women’s Hospital or Princess Alexandra Hospital
between 2015 and 2018. All biopsies were undertaken for clinical
indications. Written informed consent for participation in the
study was obtained. The Royal Brisbane and Women’s Hospital
Human Research Ethics Committee (2006/072) and the Princess
Alexandra Hospital Ethics Committee (HREC/16/QPAH/214)
approved the study.

Kidney Tissue Specimens
Fresh biopsy specimens were taken with either an 18-gauge
or 16-gauge biopsy needle (Biopsybell, Mirandola, Italy) and
immediately divided for (i) tissue dissociation (1–5mm of a
core biopsy specimen); and (ii) assessment of allograft rejection
by specialist renal histopathologists blinded to experimental
results. The biopsies were examined for rejection in the pathology
departments of participating hospitals.

Samples were graded according to the Banff-classification
(23). According to these criteria, biopsies were then grouped
into: no evidence of rejection (no rejection), borderline
cellular rejection (borderline), TCMR alone, or biopsies with
an indication of AMR. Samples that arrived for processing
>12 h post collection were excluded. Biopsies that had other
diagnoses such as BK nephropathy, recurrent patterns of
glomerulonephritis like IgA nephropathy and additional
pathology (e.g., amyloidosis) were also excluded from the study.

Tissue Dissociation for Flow Cytometric
Analysis
Allograft biopsy specimens excess to clinical diagnostic need were
digested within 12 h of collection using our published protocol
(24). In brief, kidney cortical tissue was digested with 1 mg/ml
collagenase P (Roche, Mannheim, Germany) in the presence of
20 mg/ml DNase I (Roche) for 15min. Following centrifugation,
supernatant was collected for assessment of soluble cytotoxic
effector proteins. Tissue was further digested with 10 mg/ml
trypsin+ 4 mg/ml ethylenediamine tetraacetic acid (EDTA) (Life
Technologies, Grand Island, NY) for 10 min.
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Flow Cytometry
Single cell suspensions were initially stained with LIVE/DEAD
Fixable Near-IR Dead Cell Stain Kit (Life Technologies) to
exclude non-viable cells. Cells were then incubated with Human
TruStain FcX Blocking Solution (Biolegend, San Diego, CA) at
room temperature for 5min and then stained on ice for 30min
with combinations of test- (0.25 µg per antibody) (Table 1)
or isotype-matched control antibodies in cold fluorescence-
activated cell sorter buffer (0.5% bovine serum albumin [Sigma-
Aldrich, St. Louis, MO] and 0.02% sodium azide [Sigma-Aldrich]
in phosphate buffered saline).

Flow-Count Fluorospheres (Beckman Coulter, Brea, CA)
were used for direct determination of absolute counts following
the manufacturer’s recommendations. Briefly, target cell
concentrations (cells/µl) were calculated as the total number
of target cells counted/total number of fluorospheres counted
X Flow-Count Fluorosphere concentration. This value was
then multiplied by the total sample volume to obtain absolute
counts for each target cell population. Total cell counts were
then normalized to cell numbers per cubic centimeter of tissue,
in which the volume of renal tissue was calculated as πr2 ×

length of biopsy tissue, where the radius (r) of a 16-gauge
biopsy specimen is 0.8mm and 18-gauge biopsy specimen is
0.6mm. Cell acquisition was performed on an LSR Fortessa
(BD Biosciences, San Jose, CA) and data analyzed with FlowJo
software (TreeStar, Ashland, OR) to identify immune cell
populations as presented in Figure 1.

Quantification of Cytokines by
Multi-analyte Flow Cytometric
Immunoassay
Cytotoxic effector proteins in tissue dissociation supernatants

were quantified by the LEGENDplex
TM

Multi-analyte flow assay
kit (human CD8/NK panel) according to the manufacturer’s
instructions (Biolegend, San Diego, USA). Data acquisition
was performed on an LSR Fortessa (BD Biosciences, San Jose,
CA). Standard curve and concentrations were calculated with

BioLegend’s LEGENDplex
TM

Data Analysis Software (Biolegend,
San Diego, USA). Cytokine values were normalized to pg per cm3

of tissue.

TABLE 1 | Antibodies used for flow cytometric staining.

Antigen Clone Flurophore Source

CD45 HI30 BV510 BioLegend

CD14 M5E2 AF700 BioLegend

CD3 OKT3 BV650 BioLegend

CD19 HIB19 FITC BD

CD56 HCD56 PerCPCy5.5 BioLegend

CD16 3G8 PE-CF594 BD

HLA-DR L243 BV785 BioLegend

CD69 FN50 PE BD

Statistics
All statistical tests were performed using Prism 7.0 analysis
software (GraphPad Software, La Jolla, CA). Multiple
comparisons were performed using a Kruskal-Wallis test
with Dunn’s post-test. A Mann-Whitney u-test was used for
comparisons of non-parametric data from two groups. P < 0.05
were considered statistically significant.

RESULTS

Human Population Demographics
As reported in Table 2, the mean age of the 56 patients in the
study was 52.2 ± 14.5 years (range 20–80 years), with 66.1%
(37/56) male. The majority of patients (85.7%; 48/56) undergoing
biopsy had not undergone previous transplantation, suggesting
a reasonably unsensitised population. Cadaveric transplants
accounted for 92.8% (52/56) of all biopsies, with donor after
brain death (DBD) being the most common type of cadaveric
graft biopsied. The median HLA matching was 4/6. All but one
patient underwent basiliximab, mycophenolic acid, tacrolimus,
and prednisolone based induction therapy, with the remaining
patient receiving thymoglobulin induction. The majority of
patients (55.4%; 31/56) were classed as low immune risk at
transplantation with undetectable calculated Panel Reactive
Antibodies (cPRA 0%), whilst highly sensitized patients with
cPRA >95% accounted for only 3.6% (2/56) of total patients.
The majority of patients (66.1%; 37/56) underwent biopsy within
the first 3 months of transplantation. Mean creatinine at time
of biopsy was 219.1 ± 106.7 µmol/L (n = 41), with 15 patients
who were haemodialysis-dependent at time of biopsy due to
delayed graft function or kidney injury excluded from mean
creatinine calculations.

The transplant biopsy specimens were categorized based upon
histopathological examination by renal histopathologists blinded
to experimental results. Samples were graded according to the
Banff-classification (23). According to these criteria, the 56
biopsies sorted into groups without histopathological evidence
of rejection (no rejection; n = 17; 13 males/4 females; mean age
of 53.0 ± 13.4 years), borderline cellular rejection (borderline;
n = 22; 13 males/9 females; mean age of 49.4 ± 14.4 years),
T cell-mediated rejection (TCMR; n = 7; 4 males/3 females;
mean age of 45.1 ± 18.2 years) and antibody-mediated rejection
(AMR; n = 10; 7 males/3 females; mean age of 58.1 ± 7.4 years).
Demographic and clinical characteristics of these cohorts are
given in Table 2.

Identification of NK Cell Subsets in Human
Allograft Kidney Tissue
Human allograft kidney tissue was enzymatically digested to
obtain single cells for flow cytometric analysis. Briefly CD45+

leukocytes separated into granulocytes (with higher side scatter)
and mononuclear cells (Figures 1A,B). The mononuclear cells
were further divided into CD14+ monocyte and CD14−

lymphocyte populations (Figure 1C). Lymphocytes were then
delineated into CD3+ T cells, CD19+ B cells, and CD3−
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FIGURE 1 | Identification of T cells, B cells, and natural killer (NK) cell subsets in human kidney tissue. Gating strategy used to identify T cells (CD3+), B cells

(CD19+), total NK cells (CD3− CD19− CD56+ lymphocytes), and NK cell subpopulations (CD56dim and CD56bright NK cells) in human kidney transplant tissue.

Single, live, CD45+ mononuclear cells (MNC) and granulocytes are gated on a forward-scatter (FSC)/side-scatter (SSC) plot (A,B). Total lymphocytes are

distinguished from granulocytes and monocytes based on low SSC and absent CD14 expression (C). Total lymphocytes are further separated into T cells or B cells by

their expression of CD3 and CD19 respectively (D). NK subpopulations, CD56bright and CD56dim NK cells, are identified based on CD56 intensity and CD16

expression (E). Representative flow cytometric data from 1 of 10 individual antibody-mediated rejection (AMR) renal biopsy specimens are shown. An identical gating

strategy was used for no rejection, borderline rejection and T cell-mediated rejection (TCMR) biopsies. MNC, mononuclear cells; FSC-A, forward-scatter area; SSC-A,

side-scatter area.

CD19− double-negative cells (Figure 1D). Within this double-
negative population, total NK cells were identified as CD56+

cells, with CD56bright CD16−/low and CD56dim CD16+ NK cell
subsets defined for the first time in human kidney allograft
tissue (Figure 1E). Importantly, these surface molecules used to
identify NK cells subsets in kidney allograft tissue were resistant
to proteolytic cleavage as confirmed by enzymatic digestion
(with collagenase P and trypsin-EDTA) of peripheral blood
mononuclear cells (data not shown).

Significantly Increased Numbers of Total
NK Cells in Allograft Biopsy Specimens
With TCMR and AMR
In order to profile the major lymphocyte populations in human
kidney allograft tissue, we enumerated total T (CD3+) cells, B
(CD19+) cells, and NK (CD3− CD19− CD56+) cells in patient
biopsies. Biopsies were stratified based on the histopathological
pattern of rejection, classified as: unsuspicious biopsy (no
rejection), borderline cellular rejection, TCMR or AMR.

To establish the independent association between lymphocyte
numbers and the severity of cellular rejection as graded
using Banff criteria, we firstly performed a subgroup analysis
in which patients with a histopathological pattern of AMR
were excluded. For this analysis, biopsies were stratified
based on the severity of cellular rejection into borderline
rejection and TCMR rejection (grades I–II). Quantification

using Flow-Count Fluorospheres showed numbers of total T
cells, B cells, and NK cells to be significantly increased in
biopsy specimens with a histopathological pattern of TCMR
compared with biopsy specimens with no evidence of rejection
(Figures 2A–C; p < 0.05).

To independently assess lymphocyte numbers in association
with AMR, a second subgroup analysis was performed in which
patients with cellular rejection alone were excluded. Total T cell
andNK cell numbers were significantly increased in biopsies with
a histopathological pattern of AMR compared with no rejection
(Figure 3A; p < 0.01 and Figure 3C; p < 0.001, respectively),
whilst no statistical difference was observed for total B cells
(Figure 3B). Collectively, these results associate human NK cells
with both TCMR and AMR.

Significantly Increased Numbers of
CD56bright NK Cells in Allograft Biopsy
Specimens With TCMR
We next assessed human kidney NK cells at a subset level. Firstly,
we examined the absolute numbers of CD56bright and CD56dim

NK cell subsets in allograft biopsies with cellular rejection alone
(borderline/TCMR). Notably, only the CD56bright NK cells were
significantly elevated in the TCMR group compared with biopsies
with no evidence of rejection (P < 0.01; Figures 4A,B). We also
examined the phenotypes of the human kidney NK cell subsets in
cellular rejection. Although not reaching statistical significance,
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TABLE 2 | Demographic and clinical characteristics of human kidney transplant patients in study cohort.

All biopsy (n = 56) No rejection (n = 17) Borderline (n = 22) TCMR (n = 7) AMR (n = 10)

Mean age (years) [SD] 52.2 [14.5] 53.0 [13.4] 49.4 [14.4] 45.1 [18.2] 58.1 [7.4]

Male : female (n) 37:19 13:4 13:9 4:3 7:3

First transplant (n) 48 13 20 7 8

Transplant type DBD (n) 34 10 12 5 7

DCD (n) 8 2 4 2 0

Cadaveric-NOS (n) 10 4 4 0 2

Living donor (n) 4 1 2 0 1

Median HLA match 4 4 5 4 4

DSA present (n) 5 2 0 0 3

cPRA 0% (n) 31 11 14 3 3

>0–95% (n) 4 1 2 0 1

>95% (n) 2 2 0 0 0

Unavailable 19 3 6 4 6

Biopsy within 3m of transplantation (n) 37 13 14 3 7

Mean creatinine prior to biopsy (µmol/L) [SD] 219.1 [106.7] 284.9 [288.7] 222.0 [135.8] 145.0 [54.4] 267.1 [135.1]

Patients receiving haemodialysis at biopsy (n) 15 6 7 1 1

DBD, donor after brain death; DCD, donor after circulatory death; Cadaveric-NOS, Cadaveric-Not otherwise specified; HLA, human leukocyte antigens; DSA, Donor-specific antibodies
(pre-existing); cPRA, calculated Panel Reactive Antibodies (at transplantation).

FIGURE 2 | Significantly increased T cells, B cells, and NK cells in TCMR. Absolute numbers of total (A) T cells, (B) B cells, and (C) NK cells in kidney transplant biopsy

tissue with histopathological diagnosis of no rejection (n = 7), borderline cellular rejection (n = 10), and T cell-mediated rejection (TCMR; grades I–II; n = 7). Values for

individual donors are presented; donors with DSA are identified using open symbols; bars represent means. *P < 0.05, Kruskal-Wallis test with Dunn’s post-test.

FIGURE 3 | Significantly increased T cells and NK cells in AMR. Absolute numbers of total (A) T cells, (B) B cells, and (C) NK cells in kidney transplant biopsy tissue

with histopathological diagnosis of no rejection (n = 7) and with indication of AMR (AMR; n = 8). Values for individual donors are presented; donors with DSA are

identified using open symbols; bars represent means. **P < 0.01, ***P <0.001, Mann-Whitney test.

expression levels of activation marker CD69 were elevated on
CD56bright NK cells in the borderline/TCMR group compared
with non-rejecting biopsies (Figure 4C), whilst CD69 expression
levels on CD56dim NK cells were comparable between the two
groups (Figure 4D).

CD56dim NK Cells With an Activated
Phenotype Associated With AMR
In order to investigate the role of human NK cell subsets
in humoral rejection, we examined the absolute numbers of
CD56bright and CD56dim NK cells in allograft biopsies with a
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FIGURE 4 | Significantly increased CD56bright NK cells in TCMR. (A,B) Absolute numbers of total (A) CD56bright NK cells and (B) CD56dim NK cells in kidney

transplant biopsy tissue with histopathological diagnosis of no rejection (n = 7), borderline cellular rejection (n = 10) and T cell-mediated rejection (TCMR; grades I–II; n
= 7). Values for individual donors are presented; donors with DSA are identified using open symbols; bars represent means. (C,D) Surface expression of CD69 on (C)

CD56bright NK cells and (D) CD56dim NK cells in kidney transplant biopsy tissue with histopathological diagnosis of no rejection (n = 7) and borderline or T

cell-mediated rejection (n = 8). Median fluorescence intensity (median FI) values for individual donors are presented; bars represent means, with mean values

presented in parentheses. **P < 0.01, Kruskal-Wallis test with Dunn’s post-test.

histopathological pattern of AMR. Interestingly, both CD56bright

(p < 0.001; Figure 5A) and CD56dim NK cell subsets (p < 0.01;
Figure 5B) were significantly increased in the AMR group
compared with non-rejecting biopsies.

Expression levels of activation markers on NK cell subsets
were again assessed.Whilst CD69 expression levels on CD56bright

NK cells were similar between the AMR and no rejection groups
(Figure 6A), expression of CD69 on CD56dim NK cells was
significantly elevated in AMR biopsies (p < 0.05; Figure 6B),
suggestive of an activated phenotype. Human CD56dim NK cells
are reported to downregulate CD16 expression and upregulate
HLA-DR upon activation (16). Consistent with an activated
phenotype, we observed trends toward lower CD16 expression
(Figure 6C) and higher HLA-DR (Figure 6D) on CD56dim NK
cells from biopsies with evidence of AMR; however, these did not
reach statistical significance. Collectively, these results indicate
that CD56dim NK cells shift toward a more activated state in the
AMR micro-environment.

Significantly Elevated Levels of Cytotoxic
Effector Molecules in AMR Biopsies
The primary function of activated CD56dim NK cells is
cytotoxicity through the release of effector molecules perforin,
granulysin, and granzymes. Thus, the supernatants from
dissociated allograft biopsies were analyzed for levels of these

cytotoxic effector molecules. Consistent with a putative role for
activated CD56dim NK cells in AMR, we observed significantly
elevated levels of perforin (p < 0.01; Figure 7A), granulysin
(p < 0.05; Figure 7B), and granzyme A (p < 0.01; Figure 7C) in
biopsies with a histopathological pattern of AMR compared with
non-rejecting biopsies.

DISCUSSION

Current treatment modalities offer non-specific therapeutic
targets in the treatment of TCMR and especially AMR,
and while patients can be risk stratified using donor and
recipient immunological (cytotoxic and flow cross-match, HLA
mismatching, DSAs, and previous recipient sensitization) and
non-immunological (ischemia-reperfusion injury, warm and
cold ischemic time) parameters, no biomarker exists to predict
which patients will develop renal allograft rejection. To more
accurately define the local drivers of immune-mediated allograft
rejection, we report the use of a multi-color flow cytometric
approach to analyse immune cell populations in human renal
allograft tissue. Muczynski et al. used this technique to examine
the relative proportions (not absolute counts) of immune cell
populations in kidney allograft rejection (25). Here, we report,
for the first time, the use of this methodology to examine absolute
numbers of discrete lymphocyte populations (including NK cell
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FIGURE 5 | Significantly increased CD56bright NK cells and CD56dim NK cells in AMR. Absolute numbers of total (A) CD56bright NK cells and (B) CD56dim NK cells

in kidney transplant biopsy tissue with histopathological diagnosis of no rejection (n = 7) and with indication of AMR (AMR; n = 8). Values for individual donors are

presented; donors with DSA are identified using open symbols; bars represent means. **P < 0.01, ***P < 0.001, Mann-Whitney test.

FIGURE 6 | Human CD56dim natural killer (NK) cells in AMR biopsies display an activated phenotype. (A,B) Surface expression of CD69 on CD56bright NK cells (A)

and CD56dim NK cells (B) in biopsy specimens without (no rejection; n = 7) and with AMR (n = 4). (C,D) Surface expression of (C) CD16 and (D) HLA-DR on

CD56dim NK cells in biopsy specimens without (no rejection; n = 14) and with AMR (n = 10). Median fluorescence intensity (median FI) values for individual donors are

shown; bars represent means, with mean values presented in parentheses. *P < 0.05, Mann-Whitney test.

subsets) in different patterns of immune-mediated rejection
(TCMR, AMR).

To focus in on putative drivers of grades of cellular rejection,
we performed a subgroup analysis in which AMR biopsies
were excluded and remaining biopsies stratified into borderline
cellular rejection and TCMR (grades I–II). Using this approach,
we observed significantly elevated numbers of total NK cells
in TCMR biopsies, consistent with previous transcriptomic and
IHC-based studies of cellular rejection. An early transcriptomic
investigation of kidney allograft biopsies reported associations
between high NK cell transcript expression and histological

patterns of TCMR (14). More recently, IHC-based studies
showed significant associations between human NK cells and
TCMR (19, 20, 22). In agreement with our findings, dos Santos
et al. reported significantly increased numbers of CD56+ cells
associated with histopathological manifestations of interstitial
inflammation and tubulitis; both hallmark features of TCMR
(20, 22). Another study reported a positive correlation between
the number of CD56+ cells and the severity of TCMR (19).
However, these IHC-based evaluations have identified NK cells
based on the expression of a single marker (e.g., CD56) and
thus, none of these studies are able to irrefutably exclude the
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FIGURE 7 | Human kidney tissue from patients with an indication of AMR have an elevated cytotoxic effector molecule profile. Expression of (A) Perforin, (B)

Granulysin, and (C) Granzyme A in transplant biopsy specimens without (no rejection; n = 10) and with AMR (n = 9). Concentrations of effector molecules normalized

to cubic centimeters of kidney tissue for individual donors are shown; donors with DSA are identified using open symbols; bars represent means. *P < 0.05,

**P < 0.01, Mann-Whitney test.

interference of CD3+ CD56+ NK-like T cells or evaluate NK
cell subsets.

Through the use of multi-parameter flow cytometry, our
group has extended these earlier investigations to unequivocally
identify and characterize humanCD56bright andCD56dim NK cell
subsets in kidney allograft tissue. Indeed, in TCMR biopsies, we
observed significantly elevated numbers of only the CD56bright

NK cell subset (and not CD56dim NK cells). CD56bright NK cells
function to trigger pathological immune responses through the
production of pro-inflammatory cytokines (e.g., IFN-γ, TNF-α)
and chemokines (e.g., monokine induced by gamma interferon;
MIG) (9, 26, 27). It is thus tempting to speculate that CD56bright

NK cells play a specialized functional role in TCMR pathology
by secreting these pro-inflammatory molecules that, in turn:
(1) enhance recruitment of alloreactive T cells (28, 29) and (2)
upregulate HLA alloantigens (e.g., MHC class I and II) on target
donor kidney cells to make them more susceptible to cytotoxic
killing (26).

AMR remains one of the major barriers to graft survival in
kidney transplant patients. Diagnoses of AMR center on the
detection of DSA, complement deposition and the presence of
inflammatory effector cells in the peritubular capillaries and
glomeruli (30). Thus, we next identified and examined the
role of effector NK cells in AMR pathology. We observed
significantly elevated numbers of total NK cells in biopsies
with a histopathological pattern of AMR, in line with earlier
studies of humoral rejection. Indeed, previous investigations
using single marker immunostaining (CD56 or NKp46) reported
elevated NK cell numbers associated with peritubular capillaritis
(13, 19), glomerulitis (22), microcirculatory inflammation, and
peritubular C4d deposition (18), associating NK cells with
microcirculatory injury. Furthermore, elevated numbers of
CD56+ cells have been shown to correlate with AMR and
poor graft survival (19). Differential gene expression analyses
of allograft biopsies have also demonstrated NK cell-related
transcriptomic signatures in biopsies from patients with DSA and
microcirculatory damage (14, 18).

We extended the work of these studies by examining human
NK cells in AMR biopsies at a subset level. We report here that
numbers of both CD56bright and CD56dim NK cells were elevated
in biopsies with a histological pattern of AMR. However, only
CD56dim NK cells uniquely displayed significantly elevated CD69

levels in biopsy-proven AMR, suggesting this subset specifically
is driven to an activated phenotype within the AMR micro-
environment. Our results are in line with a recent study by
Hoffman et al. showing that NK cells in the peripheral blood
of kidney transplant recipients display an activated phenotype
(16). In particular, this study reported the presence of activated
circulating CD56dim NK cells in kidney transplant recipients,
characterized by up-regulated CD69 and HLA-DR, as well as
reduced expression of CD16 (16). Similarly, the kidney CD56dim

NK cells in our AMR biopsies displayed elevated HLA-DR and
reduced CD16 expression levels, although these did not reach
statistical significance. Given that only this cytotoxic subset was
both elevated in number and displayed an activated phenotype
in AMR biopsies, our findings specifically implicate the CD16-
expressing CD56dim NK cell subset in the pathogenesis of AMR.

Antibody-mediated activation of NK cells via triggering of
CD16 on their cell surface has been proposed to drive antibody-
dependent cellular cytotoxicity (ADCC) and thus, allograft
rejection (21). Indeed, gene transcript profiling of AMR biopsies
has provided initial evidence for NK cell activation and signaling
via engagement of Fc receptor CD16 with IgG DSA (17).
Critically, in our AMR biopsies, CD56dim NK cells express high
levels of cell surface CD16, making them capable of engaging
with DSA bound to allograft endothelial cells and, in turn,
releasing cytotoxic granules (containing perforin, granulysin, and
granzyme A) that can trigger targeted allograft apoptosis. In
line with this concept, we found significantly elevated levels of
perforin, granulysin, and granzyme A in biopsies with AMR. We
speculate that CD56dim NK cells contribute to the burden of
cytotoxic molecules observed in biopsies with AMR. In support
of our hypothesis, a recent study of the molecular signatures
in human AMR biopsies strongly associated endothelial injury
and cytotoxic molecules characteristic of CD56dim NK cells
[e.g., granulysin (GNLY) and FGFBP2] with chronic AMR
(17). In conjunction with these earlier reports, our collective
findings in AMR biopsies strongly support an ADCC-mediated
pathogenic function for the human CD56dim NK cell subset in
humoral rejection.

Previous studies have reported reduced numbers of CD56dim

NK cells in the peripheral blood of kidney transplant recipients
with indicative AMR (15, 31). In one study, the presence of
DSA was associated with reduced numbers of CD56dim NK cells
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in peripheral blood of kidney transplant recipients compared
to healthy donors (31). A second, larger cohort confirmed
this finding, reporting patients with anti-HLA DSA had lower
proportions and absolute numbers of peripheral blood CD56dim

NK cells compared to patients without HLA antibodies (15). In
the context of our hypothesis, a reduction in circulating CD56dim

NK cells might reflect homing of this cytotoxic subset into the
rejecting allograft.

It is problematic as to whether human NK cell functions are
adequately inhibited by current immunosuppression regimes.
An in vitro study of peripheral blood NK cells from kidney
transplant recipients demonstrated that immunosuppression
did not affect the capacity of NK cells to respond to
stimulation. In this study, circulating NK cells from recipients
receiving immunosuppression secreted equivalent levels of IFN-
γ, perforin, and granzyme A in response to stimulation with HLA
class I-negative K562 cells compared with NK cells from healthy
individuals (16). The inability of current immunosuppression
regimes to downregulate activated NK cell functions represents
a therapeutic opportunity. Novel treatments with the specificity
to target either activated NK cells and/or their effector functions
warrant testing.

In addition to our novel human NK cell subset data,
our present study also examined the absolute numbers
of other lymphocyte populations (e.g., B lymphocytes) in
different patterns of immune-mediated rejection. Notably, we
demonstrated significant increases in absolute numbers of
B lymphocytes in TCMR biopsies (Figure 2B), but not in
AMR biopsies (Figure 3B). Although an unexpected result
given the role of B lymphocyte lineage cells (plasma cells)
in antibody production, these findings are in fact consistent
with previous reports of B lymphocyte infiltration significantly
associating with TCMR, but not with AMR (32, 33). These
analogous findings from these earlier IHC-based studies further
confirm the efficiency and integrity of our multi-color flow
cytometric approach.

In summary, we report the first comprehensive
characterization of discrete kidney NK cell subsets in human
allograft rejection. Our data provide the first evidence that
human kidney NK cells may have subset-specific functional roles
in the pathobiology of TCMR vs. AMR. Further evaluation of
the kidney NK cell compartment in allograft models will test its
utility in high precision tissue-based diagnostics. In addition,
this will foster therapeutic approaches that specifically target

the recruitment (e.g., chemokine receptors) or triggering (e.g.,
activating receptors) of discrete NK cell subsets dependent on
the pathological conditions.
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