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A B S T R A C T

Acute and chronic rejections limit the long-term survival after lung transplant. Pulmonary antibody-mediated
rejection (AMR) is an incompletely understood driver of long-term outcomes characterized by donor-specific
antibodies (DSAs), innate immune infiltration, and evidence of complement activation. Natural killer (NK) cells
may recognize DSAs via the CD16 receptor, but this complement-independent mechanism of injury has not been
explored in pulmonary AMR. CD16þ NK cells were quantified in 508 prospectively collected bronchoalveolar
lavage fluid samples from 195 lung transplant recipients. Associations between CD16þ NK cells and human
leukocyte antigen mismatches, DSAs, and AMR grade were assessed by linear models adjusted for participant
characteristics and repeat measures. Cox proportional hazards models were used to assess CD16þ NK cell asso-
ciation with chronic lung allograft dysfunction and survival. Bronchoalveolar lavage fluid CD16þ NK cell fre-
quency was associated with increasing human leukocyte antigens mismatches and increased AMR grade.
Although NK frequencies were similar between DSAþ and DSA� recipients, CD16þ NK cell frequencies were
greater in recipients with AMR and those with concomitant allograft dysfunction. CD16þ NK cells were associated
with long-term graft dysfunction after AMR and decreased chronic lung allograft dysfunction–free survival. These
data support the role of CD16þ NK cells in pulmonary AMR.
1. Introduction

Chronic lung allograft dysfunction (CLAD) occurs in approximately
50% of lung transplant recipients by 5 years and is the major barrier to
long-term survival and quality of life.1 Although T cell–mediated im-
mune responses, in the form of acute cellular rejection, contribute to
the risk of CLAD, humoral immune responses are also CLAD risk fac-
tors and can be associated with particularly severe manifestations.2

Antibodies against donor human leukocyte antigen (HLA) class I and II
molecules are observed in lung allograft recipients at even higher
frequencies than in other solid organ transplant cohorts.3 Recipients
with preexisting, de novo donor-specific antibodies (DSAs) or
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autoantibodies against lung parenchymal self-antigens have greater
rates of acute rejection, CLAD, and death than those that remain free
of allograft-specific antibodies.4,5

Antibody-mediated rejection (AMR) is an acute process that occurs
when an antibody binds to the lung allograft, resulting in innate immune
infiltration and tissue injury. In severe clinical manifestations, these
pathologic findings are accompanied by lung allograft dysfunction. The
pathophysiology of AMR is believed to result from the binding of graft-
specific antibodies to vascular endothelial cells leading to the activa-
tion of the complement pathway.6 However, the observation of patients
with lethal AMR and no evidence of complement activation implies that
injury also occurs via a complement-independent pathway.7
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Antibody-dependent cell cytotoxicity (ADCC) occurs when innate
immune cells bind to the Fc component of immunoglobin G (IgG) anti-
bodies, resulting in target cell death, independent of complement acti-
vation. Natural killer (NK) cells are innate immune cells increasingly
recognized as important in lung transplant outcomes.8-10 NK cells express
the activating Fc receptor, FcγRIIIa (CD16).11 Upon ligation, CD16 trig-
gers NK cell–mediated cytokine production and cytotoxicity via gran-
zymes and perforin.12 NK cells are the dominant source of interferon
gamma within the lung.13 When cultured with primary cells bound with
antibody, their secretion of interferon gamma is reduced by blocking the
CD16 receptor.14

The extent to which ADCCmediates lung transplant AMR is unknown.
In contrast to other Fc receptors on macrophages and neutrophils, CD16
is exclusively activating. Thus, NK cells are likely the dominant effector
cells in ADCC.15 Therefore, we hypothesized that NK cells, as measured
in the bronchoalveolar lavage (BAL), would be associated with acute and
chronic injury in pulmonary AMR.

2. Materials and methods

2.1. Study population

Consenting adult participants who underwent lung or heart-lung
transplantation between January 22, 2014, and August 15, 2016, were
considered for inclusion in this study, which was approved by the Uni-
versity of California San Francisco (UCSF) institutional review board.
BAL was prospectively collected as part of routine clinical care, and
excess fluid and cells were analyzed. Participants were included if at least
1 adequate BAL sample, defined as>50 NK cells, was collected within the
study period. Bronchoscopies were performed for clinical indication or
for allograft surveillance at 0.5, 1, 2, 3, 6, 12, 18, and 24 months after
transplantation and then annually.16

2.2. Clinical data and outcomes

UCSF lung transplant clinical protocols, including induction and
maintenance immunosuppression regimens and antifungal and cyto-
megalovirus (CMV) prophylaxis strategies, have been previously re-
ported.9,16,17 Participant clinical data were obtained from chart review of
medical records and the United Network for Organ Sharing database. We
prospectively recorded all transbronchial biopsy pathology findings, BAL
microbiology results, and vital status.

HLA was typed as part of routine clinical care, and mismatches be-
tween donor and recipient were categorized across A, B, C, DRB1, DRB3,
DRB4, DRB5, DQB1, DQA1, DPA1, and DPB1 loci. The HLA class I and II
antibodies were measured using a Luminex-based single-antigen bead
assay (One Lambda Inc).18 Serum samples were pretreated with dithio-
threitol to prevent aggregation of high titer antibodies. Interassay vari-
ation was limited using a high throughput liquid handling system
(LABXpress, One Lambda). DSAs were defined as antibodies against the
donor’s mismatched HLA reaching a mean fluorescent intensity (MFI) of
>1000 on a Luminex single-antigen bead immunoassay (One Lambda).
DSAs were assessed at the time of surveillance bronchoscopy during the
first 2 years after transplantation and for cause in the setting of multi-
modal clinical investigation of allograft dysfunction. Persistent DSAs
were characterized as those detected for at least 3 consecutive months.
Participants with DSA assays above 3000 MFI without the evidence of
graft dysfunction were treated with monthly infusions of intravenous
immunoglobulin (IVIG) until 3 months following clearance.

Transbronchial biopsies were reviewed clinically by experienced
pulmonary pathologists, graded for acute rejection, and stained for
complement component 4d (C4d) with clinical or pathologic suspicion.19

AMR was graded using international criteria into 4 categories: no AMR,
possible AMR, probable AMR, and definite AMR.20 AMR was further
classified as clinical or subclinical based on the presence of acute allo-
graft dysfunction, defined as an acute decrease in forced vital capacity or
2

forced expiratory volume in 1 second by at least 10% from posttransplant
baseline or as the presence of diffuse chest radiographic abnormalities.
Other causes of allograft dysfunction were characterized based on
pathogens identified in BAL, the presence of pleural effusion, acute
cellular rejection, or an increase in recipient weight. The initial treatment
of AMR consisted of corticosteroids and IVIG, with subsequent therapy
dependent on clinical consensus opinion and the severity of AMR clinical
manifestations. Following the diagnosis of clinically meaningful acute
rejection, bronchoscopy was repeated 1 month later or after treatment.

CLAD was defined as an unresolved 20% decline in forced expiratory
volume in 1 second or forced vital capacity lasting for >30 days, as
previously described.21-23 CLAD-free survival was quantified as years of
freedom from CLAD or death.
2.3. BAL immunophenotyping

Fresh BAL samples were collected, processed, and stained with anti-
bodies for enumeration of NK cell subsets by flow cytometry (Supple-
mentary Fig. S1). Antibodies and staining strategies were performed as
described previously.9 After processing, samples were acquired using a
Beckman Coulter Navios cytometer, and data were analyzed with the
Kaluza software package (Beckman Coulter). Live lymphocytes were
identified by side and forward light scatter properties, CD45 positivity,
and absence of viability dye. NK cells were defined as CD3�CD56þ

lymphocytes and stratified by CD16 expression. Absolute quantities of
NK cells were derived from total lymphocyte counts on paired clinical
BAL cell differentials.
2.4. Statistical analysis

The clinical outcomes of interest were DSAs and AMR. Comparisons
between NK cells and nonordinal outcomes in longitudinal data were
made using generalized linear models, adjusted with generalized esti-
mating equations with an exchangeable covariance matrix to account for
repeated observations within participants. Comparisons between NK
cells and the ordinal variable of AMR grade employed cumulative-linked
mixed models adjusted for repeat observations within participants. All
regression models were also adjusted for recipient age and CMV seros-
tatus, and models using longitudinal data were adjusted for time after
transplantation. Pairwise differences in these models were assessed with
estimated marginal means and adjusted for multiple comparisons using
Benjamini-Hochberg corrections.

Cox proportional hazards models were used to assess the difference in
CLAD-free survival hazard ratios (HRs) between the AMR grade, median
percentage of CD16þ NK cells among AMR participants, and median
percentage of CD16þ NK cells across all participants. We applied gener-
alized type 1 censoring for all participants who survived for 6 months
after transplantation. All Cox proportional hazards models were adjusted
to include participant characteristics frequently associated with poor
transplant outcomes or NK cell frequencies: recipient age at trans-
plantation, sex, ethnicity, donor and recipient CMV serostatus, lung
allocation score indication grouping (A: obstructive, B: pulmonary
vascular, C: cystic fibrosis, and D: fibrotic, as referent group), and the
type of lung transplantation (double, single, or heart-lung). All analyses
were adjusted for time-dependent covariates and repeat measures among
participants. Time-dependent analyses treated each bronchoscopy as an
individual occurrence such that covariate values of participants who
experienced an event were compared to all others at risk at that time.24,25

Bronchoscopies were coded according to intervals of time relative to
CLAD-free survival, and bronchoscopies occurring after an event did not
contribute to the analysis. Survival data were displayed with extended
Kaplan-Meier plots.26

Statistical analyses and graphics were conducted in R (R Foundation
for Statistical Computing) using packages “survminer,” “gee,” “lsmeans,”
“ggplot,” “survival,” “dplyr,” “ordinal,” and “ggbeeswarm.”



Figure 1. Inclusion and exclusion criteria for study participants. BAL, bron-
choalveolar lavage; CLAD, chronic lung allograft dysfunction.
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3. Results

3.1. Participant characteristics

Characteristics of the 195 participants included in the study are dis-
played in theTable1, andaflowdiagramdetailing inclusion andexclusion
criteria is presented in Figure 1. UCSF is a referral center for interstitial
lung diseases; as such, more double lung transplants and fewer lung
transplants for cystic fibrosis are performed at our center, compared with
other centers. A total of 795 bronchoscopies were performed within the
study dates, with 508 samples included in the final analysis. Notably, 287
samples were excluded because of lack of collection, low sample quality,
or too few cells to enumerate populations. Supplementary Table. S1
illustrates the indication and time of collection for the included bron-
choscopy samples.

3.2. CD16þ NK cells are mature and more proliferative than CD16- NK
cells

We characterized the phenotypes of BAL NK cells expressing the
CD16 Fc receptor and those that did not express the CD16 Fc receptor.
The gating strategy and representative histograms are shown in Sup-
plementary Figure S1. Cell proliferation, inhibitory receptors, and acti-
vating receptors were measured in these NK cells (Fig. 2A). The median
absolute number of CD16þ NK cells in lavage was 2.6� 105 cells/L (IQR,
8.1 � 104 to 7.3 � 105 cells/L), and the median percentage of NK cells
with CD16 was 31% (IQR, 20%-51%). Compared with CD16� NK cells,
CD16þ NK cells were more proliferative (P < .0001), had more
maturation-associated killer cell immunoglobulin-like receptor (KIR)
expression (P < .0001), and had less inhibitory receptor NKG2A (Fig. 2B,
P < .0001). The CMV-specific receptor, NKG2C, was present on 9% (IQR,
2%-17%) of CD16þ NK cells, compared with 4% (IQR, 1%-12%) of
CD16� NK cells (P < .0001).

Because immunosuppression and chronic inflammation may influ-
ence the NK cell phenotype, we characterized NK cell subsets by time
after transplantation. Notably, percentages of CD16þ NK cells (Supple-
mentary Fig. S2A) and the absolute quantity of CD16þ NK cells (Sup-
plementary Fig. S2B) did not change over time. However, there was a
small positive correlation between time after transplantation and KIRþ

NK cells (Supplementary Fig. S2C) as well as with NKG2Cþ NK cells
(Supplementary Fig. S2E).
Table 1
Baseline characteristics for the 195 participants with bronchoscopy results.

Variable Value

Recipient age (y), median (IQR) 58 (49-64)
Male sex, n (%) 122 (63)
Transplant type, n (%)
Double lung 176 (90)
Single lung 16 (8)
Heart-lung 3 (2)

Ethnicity, n (%)
Caucasian 138 (71)
African American 20 (10)
Hispanic 28 (14)
Asian/Pacific American 9 (5)

Transplant group, n (%)
COPD 31 (16)
Pulmonary hypertension 3 (2)
Cystic fibrosis 18 (9)
Interstitial lung disease 143 (73)

CMV serostatus, n (%)
R�/D� 31 (16)
R�/Dþ 54 (28)
Rþ/D� 38 (19)
Rþ/Dþ 69 (36)
Unknown 3 (2)

CMV, cytomegalovirus; COPD, chronic obstructive pulmonary disease.
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3.3. Percentage of CD16þ BAL NK cells are positively associated with
donor and recipient HLA mismatches

Participants with increasing donor and recipient HLA mismatches are
at increased risk of AMR, CLAD, and death.27-29 Additionally, increased
HLA mismatches would be expected to confer less inhibitory NK cell re-
ceptor engagement.10 Therefore, we sought to assess differences in NK
cells in BAL by HLAmismatch. We found that the median number of HLA
mismatches between donor and recipient was 9 (IQR, 7-11). Figure 3A
illustrates the percentage of CD16þNK cells in BAL by the number of HLA
mismatches. We found that each HLA mismatch was associated with a
0.7% increase in BAL NK cell CD16 percentage (95% CI, 0.1%-1.3%;
multivariable P¼ .04). On average, a participant in the highest quartile of
HLA mismatches would have 8% more NK cells with CD16 in BAL
compared with a participant the lowest quartile. Absolute numbers of
CD16þNK cells were increased but did not reach our pre-specified level of
significance (3.5 � 104 [95% CI, 3.1 � 104 to 1.5 � 105 cells/L]; P ¼ .3).

3.4. There was no difference in NK cell frequency or phenotype in the
presence of de novo DSA alone

Posttransplant de novo recipient antibodies specific to donor HLA
class I and II are associated with poor short- and long-term lung trans-
plant outcomes.5 We hypothesized that NK cells with the CD16 Fc re-
ceptor would be increased in BAL of participants with circulating de novo
DSAs at the time of bronchoscopy. There were 44 participants with DSAs
during the study period, and there were 84 bronchoscopies performed at
the time of positive DSAs. Most DSAs were against HLA class II (n ¼ 48)
or HLA class I (n ¼ 27), but there were 9 instances with both HLA class I
and II antibodies. The median MFI was 2428 (IQR, 1551-3818), and
antibodies against HLA DQ were the most prevalent (n ¼ 39). We found
no differences in the percentage of CD16 on NK cells in participants with
DSAs during the time of bronchoscopy, compared with bronchoscopies
performed in the absence of DSAs (Fig. 3B, P ¼ .4). The CD16 percentage
also did not differ among recipients with transient or persistent DSAs
(Fig. 3C). Total CD16þ NK cells were not different between bronchos-
copies performed in the presence of DSAs vs those performed without
DSAs (Fig. 3D; P ¼ 1) nor were they different between bronchoscopies
performed in the setting of transient or persistent DSAs (Fig. 3E). This
suggests that DSAs alone may not be a consequential indicator of BAL NK
cell inflammation.

3.5. BAL CD16þ NK cells are increased in lung transplant AMR

Of the 508 included bronchoscopies, 92 (n ¼ 51 participants) were
graded by international criteria with some form of AMR. There were 372



Figure 2. CD16þ NK cells are mature and proliferative. (A) Natural killer (NK) cell action is determined by the integration of signals from a range of activating and
inhibitory receptors. The CD16 receptor produces a potent activating signal after binding the Fc component of antibodies. NKG2C recognizes cytomegalovirus-infected
cells through human leukocyte antigen (HLA) E. Killer cell immunoglobulin-like receptors (KIRs) bind HLA and can send activating or inhibiting signals. NKG2A
ligation of HLA-E sends an inhibitory signal. (B) Flow cytometry phenotypes for CD16� and CD16þ NK cells in 506 bronchoscopy samples were analyzed. Individual
data points are shown bound by boxes at 25th and 75th percentiles, and medians are depicted with bisecting lines. Compared with CD16� NK cells, CD16þ NK cells
were more proliferative (ki67, P < .0001), had increased KIR expression (P < .0001), had decreased NKG2A (P < .0001), and had increased NKG2C (P < .0001). P
values were generated with generalized estimating equation models adjusted for age and cytomegalovirus serostatus.

Figure 3. The percentage of CD16þ natural killer (NK) cells increases with increasing donor and recipient human leukocyte antigen (HLA) mismatches but not donor-
specific antibodies (DSAs). NK cells were measured in bronchoalveolar lavage (BAL) and quantified by absolute numbers and as percentage positive for CD16. (A) With
increasing donor and recipient HLA mismatches, the percentages of CD16 on CD3�CD56þ NK cells were increased. (B) Percentage of NK cells expressing CD16 on BAL
NK cells at the time of positive (n ¼ 84) or negative DSAs (n ¼ 484). (C) Percentage of NK cells expressing CD16 during transient or persistent DSAs. (D) The absolute
numbers of CD16þ NK cells among recipients with and without DSAs. (E) The absolute numbers of CD16þ NK cells among recipients by DSA persistence. Individual
data points are shown bound by boxes at 25th and 75th percentiles, and medians are depicted with bisecting lines. P values were generated with generalized esti-
mating equation models adjusted for age, cytomegalovirus serostatus, and time after transplant. Pairwise differences were adjusted for multiple comparisons using
Benjamini-Hochberg corrections.
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cases with no evidence of AMR, 40 subclinical possible, 24 clinical
possible, 11 subclinical probable, 13 clinical probable, and 4 cases of
clinical definite AMR.20 Figure 4 shows the percentage of NK cells
expressing CD16þ and absolute CD16þ NK cells across the 4 grades and 2
subtypes of lung transplant AMR. Compared with bronchoscopies with
no AMR (30% [IQR, 21%-49%]), the percentage of NK cells with CD16
increased in those with possible AMR (32% [IQR, 21%-45%]), probable
AMR (46% [IQR, 28%-57%]), and definite AMR (54% [IQR, 45%-64%])
(P ¼ .002) (Fig. 4A). Absolute CD16þ NK cells were not different in the
BAL by AMR grade but were increased in an analysis of definite AMR (2�
4

106 cells/L [IQR, 1.6 � 105 to 2.1 � 106 cells/L]) (P < .0001), compared
with BAL counts among participants without AMR (5.1 � 105 cells/L
[IQR, 7.4 � 104 to 6.1 � 105 cells/L]) (Fig. 4B).

3.6. NK cells differentiate between subclinical and clinical AMR

We hypothesized that CD16þ NK cells would generally be increased
in participants with more severe forms of AMR. We stratified the popu-
lation by episodes of AMR, 1 (n ¼ 27), 2 (n ¼ 19), or 3 (n ¼ 9). The
median time between episodes was 64 days (IQR, 30-142 days). We



Figure 4. CD16þ natural killer (NK) cells are increased during antibody-
mediated rejection (AMR). AMR for participants was graded during serial
bronchoscopies. (A) The percentage of NK cells expressing CD16 within bron-
choalveolar lavage was increased across AMR grades and subtypes. (B) The
absolute numbers of bronchoalveolar lavage CD16þ NK cells were increased in
participants with definite AMR only. Individual data points are shown bound by
boxes at 25th and 75th percentiles, and medians are depicted with bisecting
lines. Analyses employed cumulative-linked mixed models of AMR as an ordinal
variable adjusted for repeat observations among study participants, age, cyto-
megalovirus serostatus, and time after transplant. Pairwise differences were
adjusted for multiple comparisons using Benjamini-Hochberg corrections. P
values: * < .05; *** < .001, **** < .0001.
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found that participants with multiple biopsies displaying AMR had
increased CD16þ NK cells in their lavage at any time (Fig. 5A). Notably,
there were no differences in CD16þ NK cells when multiple AMR epi-
sodes were characterized as recurrence or persistence of disease,
although the percentage of CD16þ NK cells increased during AMR and at
follow-up (Supplementary Fig. S4A-D). We examined whether NK cells
and CD16 were different in participants with allograft dysfunction.
Figure 5B shows that participants with allograft dysfunction had
increased NK cells with CD16 (40% [IQR, 27%-62%]; P ¼ .01) than
participants without allograft dysfunction (32% [IQR, 23%-48%]). This
did not hold true for total CD16þ NK cells (Fig. 5C). These data suggest
that differences in NK cell phenotypes were observed across clinical
outcomes.

3.7. Increased CD16þ NK cells was associated with worse CLAD-free
survival

Finally, we examined whether increased CD16þ NK cells in BAL
would be associated with worse CLAD-free survival. Figure 6A shows an
extended Kaplan-Meier survival plot representative of findings from the
5

Cox proportional hazards model that showed participants with AMR had
an increased risk of CLAD or death with time-dependent analyses (HR, 3;
95% CI, 1.7-5.2, ; adjusted P < .001). Notably, the risk was not different
between participants with clinical or subclinical grades of AMR (adjusted
P¼ .4). Next, we tested whether CD16 would differentiate between AMR
outcomes. Indeed, we identified that participants with AMR and higher
than the median percentage of NK cell CD16 had significantly increased
risk of CLAD or death (HR, 2.9; 95% CI, 1.5-5.6; adjusted P ¼ .002)
(Fig. 6B). In another time-dependent analysis across all participants,
higher than the median percentage of NK cell CD16 conferred a nearly
2.3-fold increased risk of CLAD or death (95% CI, 1.3-4; adjusted P ¼
.005) (Fig. 6C). These models were adjusted for recipient baseline
characteristics and CMV serostatus.

We previously found that NKG2Cþ NK cells were increased in BAL
following CMV infection and were associated with poor long-term out-
comes.9 To test whether this NK cell association was mediated by CMV
infection, we used the marker of CMV specificity, NKG2C, to exclude the
CMV-specific proportion of NK cells. Although NKG2Cþ NK cells repre-
sent a minority of CD16þ NK cells, we investigated whether
NKG2C�CD16þ NK cells were also associated with worse CLAD-free
survival. Indeed, we observed an adjusted HR for CLAD or death of 1.2
(95% CI, 1.03-1.5; P¼ .05) per increased quartile of BAL NKG2C�CD16þ

NK cells.

4. Discussion

In this large observational single-center study, we describe an asso-
ciation between NK cells and pulmonary AMR. We found that CD16þ NK
cells within BAL from lung transplant recipients were mature and pro-
liferative, compared with CD16� NK cells. The frequency of NK cells
expressing CD16 increased in the setting of clinical AMR, and the abso-
lute numbers of CD16þ NK cells were also increased during severe clin-
ical AMR. Importantly, increased BAL CD16þ NK cells were found during
AMR-associated acute lung allograft dysfunction. Higher percentages of
CD16þNK cells differentiated the risk of CLAD or death among recipients
with AMR and, to a lesser degree, across the entire cohort, irrespective of
AMR pathology.

These observational data are consistent with those of previous reports
implicating NK cells in other antibody-dependent processes. Studies of
biopsies from participants with renal allograft dysfunction demonstrate
increased expression of CD16 and NK cell gene transcripts.30 NK cell
action through ADCC is critical in mediating tumor clearance in some
situations.31,32 High-affinity FCGRIIIA (CD16 receptor) genotypes confer
increased success of antitumor monoclonal antibody therapy.33,34 In a
gene expression study of acute lung allograft dysfunction, genes involved
in NK cell–mediated cytotoxicity were some of the most differentially
expressed.35 Further study may show whether increased NK cells or NK
cell receptor transcripts may prove useful as an adjunctive test in the
diagnosis of pulmonary AMR.

The findings that increased CD16þ NK cells were observed during
AMR and allograft dysfunction suggest that NK cells play a role in acute
lung allograft injury. We, and others, have previously reported that NK
cells are present in the lung during other acute injury syndromes, such as
acute cellular rejection and during CMV infection.9,23,36,37 NK cells may
be prominent in transplant lung injury syndromes because they are less
susceptible to standard immunosuppression regimens, stemming from
their storage of cytotoxic granules in the cytoplasm or scavenging of
interleukin 2 after interleukin 2 receptor blockade.38,39 Supporting this,
we found across the cohort that CD16þ NK cells were at their highest
early after lung transplant. The finding that CD16þ NK cells increase the
risk for CLAD supports growing evidence that activated NK cells
contribute to chronic pulmonary injury.9,40 The causal link between
CD16þ NK cells and AMR is further supported by the finding that
high-affinity CD16A (FCGRIIIA) genotypes are associated with increased
risk of acute rejection, CLAD, and death.41,42 Additional preclinical
studies are needed to determine whether targeting NK cell activation or



Figure 5. Bronchoalveolar lavage CD16þ natural killer (NK) cells are increased by antibody-mediated rejection (AMR) recurrence and graft dysfunction. (A) The
percentage of NK cells expressing CD16 according to the frequency of AMR detections (1 episode [bronchoscopy n ¼ 78], 2 episodes [bronchoscopy n ¼ 60], and 3
episodes [bronchoscopy n ¼ 41], compared with no AMR. (B) The percentage of NK cells expressing CD16 in AMR stratified by participants with and without allograft
dysfunction. (C) The absolute counts of NK cells expressing CD16 in AMR stratified by participants with and without allograft dysfunction. Individual data points are
shown bound by boxes at 25th and 75th percentiles, and medians are depicted with bisecting lines. Associations were established with logistic regression models
adjusted for repeat measures, age, cytomegalovirus serostatus, and time after transplant. P values: * < .05; ** < .01.

Figure 6. Percentage of bronchoalveolar lavage (BAL) CD16þ natural killer (NK) cells predict chronic lung allograft dysfunction (CLAD)–free survival. Extended
Kaplan-Meier plots are shown in each panel, left censored at 6 months. (A) CLAD-free survival according to AMR grade. (B) Time to CLAD or death stratified by median
NK cell CD16 percentage among participants with antibody-mediated rejection (AMR). (C) Time to CLAD or death stratified by median NK cell CD16 percentage across
all participants. P values represent results from log rank tests.
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effector functions may be an additional approach to the treatment of
pulmonary AMR or CLAD.43

We foundnodifference inNK cell quantity or phenotype in the presence
of DSAs. Human IgG has 4 subclasses that bind complement and Fc re-
ceptors with varying affinities.44 A limitation of the standard bead-based
DSA assay employed here is that it does not differentiate among IgG sub-
classes.45,46 It may be that improved classification of donor-specific anti-
body IgG subclasses, specifically delineating those that have an affinity for
complement or Fc, would inform the likelihood of complement-mediated
vs cell-mediated pathways. Additionally, NK cell action is dependent on
the integration of multiple receptor signals. DSA’s may represent 1 signal,
and wewould expect to observe increased allograft NK cells in participants
with AMR with a secondary priming insult, such as a viral infection.

It is possible thatCD16þNKcellsmaymediateADCCby connecting the
binding of the DSA on the allograft to NK cell-mediated cytotoxic re-
sponses independent of the complement system (Fig. 7). At the same time,
the number of BALNK cellsmay be amarker of injury via recruitment.47,48

Consequently, NK cell activation in the context of AMRmaybe augmented
by recognition of CMV by NKG2C, identification of missing self with
decreased inhibition through KIR or NKG2A, response to damage or
hypoxia signals viaNKG2D, or CD16bindingof antibodies to autoantigens
(Major Histocompatibility Complex class I polypeptide-related sequence
6

A, collagen V or k-alpha tubulin).49,50 There are also regulatory signals,
such as NK cell inhibition in response to complement binding through C3a
anaphylatoxin chemotactic receptor (C3aR).51

There are some limitations to our study. Although our center employed
a uniform protocol for managing acute rejection and DSAs, we were un-
able to control individual recipient immunosuppression doses. The effect
of IVIG on NK cells is incompletely understood, but IVIG treatment may
reduce the incidence of NK cell ADCC.52 Further, CMV remains an
important driver of allograft inflammation.53 Although our models
adjusted for CMV serostatus, this study lacked the power to investigate if
NK cell response to AMR or CLAD was different among CMV donor and
recipient serologic groups. Not all bronchoscopies were captured in this
study. Because AMR participants are generally more ill, they may be more
likely to have been deemed too sick for research participation, which
would be expected to have biased the results to the null hypothesis.
Additionally, there was some clinical heterogeneity in the staining of bi-
opsy samples to complement C4d, which may have impacted the ascer-
tainment of AMR. Because this was a single-center study, these findings
may not apply in centers where participant characteristics or posttrans-
plant immunosuppression and monitoring protocols differ.

Despite limitations, these data have significant strengths. This is the
largest study of pulmonary AMR graded by the International Society for



Figure 7. Pulmonary antibody-mediated rejection (AMR) occurs through
complement and Fc-dependent mechanisms. (A) After the antibody binds to the
allograft, complement can be activated, leading to C4d deposition and cell death
via the complement cascade. (B) Through the CD16, CD32, and CD64 Fc re-
ceptors, effector cells can recognize bound antibodies in the process of antibody-
dependent cellular cytotoxicity (ADCC). (C) Neutrophils are common AMR
pathologic features and may become activated through the Fc receptors. (D) Of
the Fc receptors, CD16 has a high affinity and is an activating-only receptor. The
finding of CD16þ NK cells in the bronchoalveolar lavage of AMR participants
supports this alternate mechanism of lung allograft injury.
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Heart and Lung Transplantation criteria. The collection and analysis of
fresh BAL cells minimized the variability associated with cryopreserva-
tion and thawing of samples. The prospective study design allowed for
the evaluation of CLAD and survival outcomes. Finally, the large sample
size allowed for thorough modeling of potentially confounding partici-
pant characteristics.

In conclusion, we identified CD16þ NK cells in BAL as a marker of
acute and chronic lung allograft dysfunction associated with AMR. A
further mechanistic study is needed to contextualize the findings from
this observational cohort. NK cell–specific diagnostic tools and therapies
may deserve scrutiny as supplements to current clinical approaches.
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