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Abstract

Chronic lung allograft dysfunction (CLAD) is linked to rejection and limits survival following 

lung transplantation. HLA-Bw4 recipients of HLA-Bw6 grafts have enhanced host-versus-graft 

(HVG) NK cell activity mediated by KIR3DL1 ligand. Because natural killer (NK) cells may 

promote tolerance by depleting antigen-presenting cells, we hypothesized improved outcomes for 

HLA-Bw4 recipients of HLA-Bw6 grafts.

We evaluated differences in acute cellular rejection (ACR) and CLAD-free survival across 252 

KIR3DL1+ recipients from UCSF. For validation, we assessed survival and freedom from BOS, 

retransplantation, or death in 12,845 non-KIR typed recipients from the UNOS registry. Cox 

proportional hazards models were adjusted for age, gender, ethnicity, transplant type, and HLA 

mismatching.

HVG-capable subjects in the UCSF cohort had a decreased risk of CLAD or death (HR 0.57, 95% 

CI 0.36–0.88) and decreased early lymphocytic bronchitis. The HVG effect was not significant in 

subjects with genotypes predicting low KIR3DL1 expression. In the UNOS cohort, HVG-capable 

subjects had a decreased risk of BOS, retransplant, or death (HR 0.95, 95% CI 0.91–0.99). 

Survival improved with the higher affinity Bw4-80I ligand and in Bw4 homozygotes.
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Improved outcomes in HVG-capable recipients are consistent with a protective NK cell role. 

Augmentation of NK activity could supplement current immunosuppression techniques.

Introduction

Lung allograft recipients have poor survival outcomes relative to other solid organ 

transplants (1, 2). The primary cause of death after the first post-operative year is chronic 

lung allograft dysfunction (CLAD). CLAD can manifest as airway obstruction from 

constrictive bronchiolitis, defined spirometrically as bronchiolitis obliterans syndrome 

(BOS), or as pleuroparenchymal fibrosis causing restrictive allograft syndrome (RAS) (3). 

Multiple types of immune and non-immune responses are postulated to contribute to these 

pathologies (4).

NK cells are cytotoxic lymphocytes of the innate immune system with a variety of roles, 

including defense against virus-infected or malignant cells that lack surface expression of 

Human Leukocyte Antigen (HLA) class I antigen presenting molecules (5). In some 

contexts, the ability of an NK cell to recognize cells missing self-HLA molecules requires 

“licensing.” Self-HLA molecules license NK cells by stimulating inhibitory killer-cell 

immunoglobulin-like receptors (KIRs) during NK cell maturation. Licensing “educates” NK 

cells to self-antigens and arms them to activate upon encountering a cell missing those 

ligands (6, 7). This set of self-HLA molecules will then inhibit NK cell activation against 

self-cells. One important HLA-KIR interaction occurs between the KIR3DL1 inhibitory 

ligand, which is expressed in 93 to 97% of the general population (8), and HLA allotypes 

containing the Bw4 epitope. The Bw4 and Bw6 epitopes are present on most HLA-B and 

some HLA-A molecules and are binding sites for commonly occurring alloreactive 

antibodies. By contrast, Bw6 HLA alleles do not stimulate KIR3DL1. The strength of the 

KIR3DL1-Bw4 interaction is increased when residue 80 of the Bw4 epitope is isoleucine 

(Bw4-80I) rather than threonine (Bw4-80T) (9) and when both HLA-B alleles are Bw4 types 

rather than Bw4/Bw6 heterozygous (10).

Host-versus-graft (HVG) NK cell responses may be protective in lung allograft recipients 

(11). The KIR group A haplotype, in which the distribution of KIR receptors favors 

inhibition rather than activation, is a risk factor for CLAD (12), and percentages of NK cells 

in bronchoalveolar lavage fluid decrease during acute cellular rejection (13). In a mouse 

model of orthotopic lung transplantation, NK cell deficiency increased allograft rejection, 

while autologous NK cell expansion decreased alloreactive T cell activation and graft failure 

(14). Improved graft survival was associated with perforin-mediated NK cell depletion of 

host antigen presenting cells (APC), while potential anti-graft effect of the alloreactive NK 

cells appeared to be outweighed by the decrease in alloreactive T cells (14). An analogous 

process is observed in human stem cell transplantation, where KIR ligand incompatibility 

resulting in depletion of host APC protects against graft-versus host disease, at least in the 

context of certain conditioning regimens (15).

The significance of HVG NK cell activation in human lung allograft recipients has not been 

assessed. Thus, we tested the hypothesis that KIR3DL1 HVG-capable subjects, as defined 
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by a licensing Bw4 ligand in the recipient but missing in the allograft (Figure 1), have 

improved CLAD-free survival following lung transplantation.

Methods

These studies were conducted with the approval of the University of California, San 

Francisco (UCSF) Internal Review Board, under protocol numbers 13-11512, 13-10738 and 

16-19103.

UCSF cohort

Recipients of lung allografts who provided informed consent and for whom DNA samples 

were available were included. Bw4 and Bw6 epitopes were predicted from the clinical HLA 

typing of donor and recipient. Recipient KIR genotyping was performed using the Luminex-

based rSSO method (One Lambda, Canoga Park, CA, USA). Probe 065 is specific for 

KIR3DL1*004, *005, *006, and some rare variants. These KIR3DL1 genotypes have been 

shown to have low or no expression of KIR3DL1 and recipients heterozygous or 

homozygous for this probe were considered to be low expressers (16, 17). Acute cellular 

rejection scores derived from pathological interpretation of large and small airway biopsies 

were abstracted from clinical records as previously described (18). We divided acute 

rejection data into early and late using a cutoff of 180 days post transplant. Serial spirometry 

was performed on recipients per clinical protocols. Time to CLAD was calculated as the 

time from transplant to a forced expiratory volume in 1 second (FEV1) or forced vital 

capacity (FVC) decline by 20% from the post-transplant baseline (3, 18). Survival time and 

clinical characteristics were obtained from a UCSF center-specific United Network for 

Organ Sharing (UNOS) dataset and UCSF electronic medical records.

Bronchoalveolar lavage (BAL) NK cell phenotyping was performed on a nested sub-cohort 

of lung transplant recipients. This was a convenience sample of subjects who underwent 

clinical bronchoscopy between February 2014 and September 2016, for whom excess BAL 

fluid was available. BAL lymphocytes were prepared as previously described (13) and 

stained with PE anti-KIR2D (Miltenyi Biotec, San Diego, CA, USA #130-092-688), PE 

anti-KIR3D (Beckman Coulter, Brea, CA, USA #IM3292), PerCP anti-KIR3DL1 

(Biolegend, San Diego, CA #312718), PECy7 anti-CD56 (Biolegend #318318), AL700 anti-

CD45 (Biolegend #304024) and APCCy7 anti-CD3 (Biolegend #344818). NK cells were 

defined as CD56+ CD3− CD45+ lymphocytes. BAL fluid samples with fewer than 500 

KIR2D/3D+ NK cells were excluded.

UNOS cohort

For a UNOS registry-based validation cohort, we included all lung allograft recipients 

transplanted between 1995 and 2011 with complete HLA typing data and follow-up 

reporting of BOS status. Because the presence of follow-up reporting excluded most 

subjects with early mortality, we left-truncated the data at 6 months. Follow-up data were 

included through June 2016. Bw4/Bw6 status was determined based on HLA-B typing as 

reported to UNOS. HLA Bw4-80I status was assigned for HLA-B*5, 17, 38, 49, 51, 52, 53, 

57, 58, 59, 63, and 77; Bw4-80T status was assigned for HLA-B*13, 27, 37, 44 and 47. 
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There was a discrepancy between Bw4/Bw6 status as calculated from HLA-B type and 

Bw4/Bw6 status as recorded in the UNOS dataset for 2.5% of subjects, and these subjects 

were excluded. Time to BOS was determined by iteration through follow up records using a 

Python script (version 2.7.12, available by request). The first date with a report of BOS not 

followed by a report without BOS was considered the date of BOS. Only the first transplant 

was included for subjects undergoing retransplantation.

Analysis

Differences in clinical characteristics between HVG-capable and non-HVG-capable subjects 

were assessed by Student’s t-test or chi-square test, as appropriate. Percentages of KIR3DL1 

expressing cells as a total of KIR+ NK cells in the BAL fluid were compared using 

generalized estimating equation-adjusted linear models, with robust standard error estimates 

used for inference (13). Average rejection scores were compared by Student’s t-test. We 

performed Kaplan-Meier analysis of freedom from CLAD or death in the UCSF cohort, and 

overall survival, as well as freedom from BOS, death, or retransplantation in the UNOS 

cohort. Differences were assessed by log-rank test. Hazard ratios were determined using Cox 

proportional hazards modeling. Adjusted models included donor and recipient age, gender, 

and ethnicity; the type of transplant; indication for transplantation; and the number of HLA 

mismatches at A and B loci.

Statistics were computed in R version 3.3.1 (R Foundation for Statistical Computing, 

Vienna, Austria) using the “gee” and “survival” packages (19, 20).

Results

To test whether KIR3DL1-mediated HVG NK cell activity plays a role in lung transplant 

outcomes, we established a cohort of KIR3DL1-expressing lung transplant recipients. Of 

258 subjects genotyped, 6 (2.3%) were KIR3DL1 negative. Characteristics for the remaining 

252 subjects are shown in Table 1. Bw4 recipients of Bw6 grafts, for which KIR3DL1-

mediated HVG activity is expected, represented 26% of the total cohort. At least one low-

expressing KIR3DL1 allele was present in 30% and 45% of the HVG group and non-HVG-

capable group, respectively, with this difference approaching statistical significance (P = 

0.05).

We identified subjects from the UNOS registry as a validation cohort. KIR typing was not 

available for this UNOS cohort, but given that the population expression frequency of 

KIR3DL1 is as high as 97% (8), we inferred that most of the Bw4+ recipients of Bw6/Bw6 

grafts had the potential for KIR3DL1 HVG activity. The major statistically significant 

difference between the HVG and reference groups across both cohorts was in donor 

ethnicity, with donors for the HVG subset being more commonly Hispanic and less 

frequently Black, likely reflecting ethnic differences in HLA frequencies. HLA-B locus 

mismatches were more frequent in the HVG UNOS cohort, which is expected, as HLA-B 

locus mismatching is a part of the group definition. Comparing the two cohorts, subjects in 

the UCSF cohort were on average slightly older, more likely to receive a double lung 

transplant, and more likely to have interstitial lung disease as an indication. Both donors and 
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recipients in the UCSF cohort were more ethnically diverse than in the UNOS cohort, 

consistent with the demographics of Northern California and surrounding areas.

We investigated whether KIR3DL1 genotype and Bw4 epitope status affected the NK cell 

repertoire in BAL fluid. We evaluated the percentage of KIR3DL1-expressing cells from 

total KIR+ NK cells in 49 samples from a nested sub-cohort of 35 subjects with normal or 

low KIR3DL1 expression genotypes. Overall, KIR3DL1 expression (Figure 2A) was readily 

detectable in the BAL fluid of most subjects but was significantly lower in subjects with 

low-expressing genotypes (Figure 2B), with a 13.6% decrease in the mean percentage of 

KIR3DL1-expressing cells when compared with subjects with normal KIR3DL1 genotypes 

(P = 0.02). Notably, only 15% of the KIR3DL1 normal genotype subjects had <10% 

KIR3DL1-expressing NK cells, whereas 53% of the KIR3DL1-low genotype subjects had 

<10% KIR3DL1 expression (P = 0.006). We did not detect a statistically significant 

difference in KIR3DL1 expression based on donor Bw6/Bw6, recipient Bw4+ status, 

although this analysis was potentially limited by the small sample size (Figure 2C).

We analyzed CLAD-free survival as a function of HVG status (Table 2). As shown in Figure 

3A, CLAD-free survival was higher in KIR3DL1+ Bw4+ recipients of Bw6/Bw6 grafts (P = 

0.01 by log-rank test), with a 3.4-year difference in median survival. Using an unadjusted 

cox-proportional hazard model, this difference corresponded to a hazard ratio for CLAD or 

death of 0.62 (95% CI 0.41–0.92). Within the 148 subjects with normal predicted KIR3DL1 

expression by genotype, the hazard ratio was 0.53 (95% CI 0.32–0.86). However, there was 

no significant association across the 105 subjects predicted to have low KIR3DL1 

expression by genotype (HR 0.90, 95% CI 0.45–1.79). While decreased statistical power 

within the low KIR3DL1 genotype sub-group may explain some of the observed difference 

between these sub-groups, these data would also be consistent with a model where the 

frequency of KIR3DL1 receptors on recipient NK cells contributes to the HVG effect. 

Adjusting for donor and recipient age, gender, ethnicity, the type of transplant, indication for 

transplant, and the number of HLA mismatches at the A and B loci did not substantively 

change the findings (HR 0.59, 95% CI 0.38–0.92, P = 0.02).

We assessed acute cellular rejection for KIR3DL1+ recipients to determine if potential for 

3DL1 activity was associated with reduced acute rejection (Figure 3B). In the first 6 months, 

we did not observe a difference in peri-vascular inflammation (A-score, P = 0.95) between 

groups. There was an increase in early large airway lymphocytic inflammation (E-score, P = 

0.03) in subjects capable of HVG activity, but a trend towards decreased small airway 

inflammation (B-score, P = 0.11). No statistically significant differences were seen between 

groups in acute rejection scores after six months post-transplant (≥1033 biopsies on ≥225 

subjects, P ≥ 0.65).

To test the validity of findings in the UCSF cohort, outcomes next were in HGV status-

stratified subjects in the UNOS registry. Bw4+ recipients of Bw6/Bw6 grafts exhibited 

increased freedom from BOS, death, or retransplantation (Figure 4A, P = 0.005) and 

improved overall survival (Figure 4B, P = 0.005) compared with other combinations. The 

effect size was less than in the UCSF cohort. Adjusting for all the covariates in Table 1, the 

hazard ratio for BOS, death, or retransplantation was 0.94 (95% CI 0.90–0.99, P = 0.01). 
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The adjusted hazard ratio for death alone was 0.93 (95% CI 0.88–0.98, P = 0.007). We also 

looked at the subset of White subjects receiving organs from White donors, where survival 

again was improved in the presence of HVG HLA mismatches (HR 0.93, 95% CI 0.87–0.99, 

P = 0.02).

To test the impact of predicted KIR3DL1 ligand affinity and evaluate for an HLA-Bw4 gene 

dose effect, we subdivided subjects from the UNOS cohort by donor and recipient Bw4 type 

as well as by KIR3DL1 ligand interaction strength (Table 3). The strength of HLA and KIR 

interactions is determined the HLA ligand copy number and by the ligand affinity for the 

KIR receptor, with Bw4-80I ligands having greater affinity for KIR3DL1 than Bw4-80T 

ligands. Survival was higher for donor Bw6/Bw6 and recipient Bw4+ types than for any 

other combination, suggesting that both licensing and inhibition contribute to survival 

advantage. Having a higher-affinity Bw4-80I inhibitory ligand (HR per level increase 1.04, 

95% CI 1.00–1.07, P = 0.03) and having multiple copies of HLA-Bw4 (HR per copy 1.06, 

95% CI 1.02–1.11, P = 0.004) in the donor were both associated with worse survival, 

suggesting that the strength of donor NK cell inhibition is important. By contrast, lower 

ligand affinity and gene copies were associated with the largest improvements in survival, 

suggesting that low-level interactions are at least adequate for KIR licensing.

Discussion

In two cohorts of lung transplant recipients, we found improved CLAD-free survival in 

Bw4+ recipients who received lung allografts from Bw6/Bw6 donors as compared with 

other combinations, after adjusting for potential confounders. The improvement in CLAD-

free survival was significant in the UCSF cohort with genotypes associated with normal, 

rather than low, KIR3DL1 expression, and associated with decreased inflammation of the 

large airways. In the UNOS cohort, donors with multiple copies of Bw4 ligands and with 

higher-affinity Bw4-80I ligands had the worst survival. NK cells expressing KIR3DL1 were 

present in the BAL fluid of most evaluated subjects, although low-expressing KIR3DL1 

genotypes were associated with fewer KIR3DL1+ BAL NK cells and decreased effect of 

HVG mismatching.

Despite our hypothesis that decreased CLAD risk following HVG mismatching results from 

NK cell depletion of donor APC, we did not directly measure APC depletion, and a variety 

of other mechanisms could explain our observations. Indeed, the lack of effect on acute 

cellular rejection assessed by transbronchial biopsy is inconsistent with the murine lung 

transplant model, where NK cell depletion of APC resulted in decreased early acute cellular 

rejection. Alternatively, NK cell activation could modulate allo- or pathogen-specific T cell 

responses through cytokine release or contact-dependent interactions, or directly augment 

anti-fibrotic responses (21). Also, since HLA signal peptides are epitopes for HLA-E, HLA 

variations might result in the differential inhibition of NK cells through interactions with 

NKG2A rather than KIR3DL1 (22). Finally, despite multivariable adjustment, we cannot 

exclude unmeasured potential confounders. For example, these HLA-types could be in 

linkage disequilibrium with genes unrelated to NK cell activity that mediate the observed 

effect.
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The most significant difference between the results from these two cohorts was the 

magnitude of the HVG mismatching effect, with a 3.4-year and a 7.4-month difference in the 

UCSF and UNOS cohorts, respectively. The larger number of subjects in the UNOS cohort 

might suggest this number more accurately reflects the true magnitude of the mismatching 

effect. Differences between these cohorts, such as the increased racial diversity of the UCSF 

cohort, might also explain some of the difference in effect size. Also, within the UNOS 

dataset, increased misclassification of subjects based on unknown KIR3DL1 status, 

inconsistent follow up reporting, or differences in HLA typing methods between centers may 

introduce bias towards the null, which could result in an underestimation of the effect size.

Increased survival in the UNOS cohort study was associated with decreased allograft 

inhibition as determined by gene copy and predicted KIR affinity. Interestingly, a similar 

effect of KIR interaction strength was not observed in the context of NK licensing. Although 

initial studies showed a linear relationship between the strength of NK cell licensing and NK 

cell activity (23), subsequent studies did not observe a requirement for NK cell licensing in 

protecting against viral infection (24) or in mediating antibody-dependent cell-mediated 

cytotoxicity (25). In the context of human lung transplantation, this analysis suggests that 

the presence but not the degree of NK cell licensing is important.

HLA-KIR interactions have been described involving HLA-A, B, and C molecules with 

other activating and inhibitory KIR receptors. We chose KIR3DL1/Bw4, because KIR3DL1 

is highly prevalent and thus amenable to examination in the non-KIR typed UNOS cohort, 

however, HVG NK capability may be present in the absence of Bw6/Bw6 allograft to a 

Bw4+ recipient. These uninvestigated KIR-HLA relationships may have biased our findings 

towards the null. A more detailed dissection of other KIR ligand interactions might add to 

our understanding of the role of NK cells in lung transplant immune responses.

Given the relatively small effect observed attributable to KIR3DL1 ligand mismatching in 

the UNOS cohort, these data would not support modifying lung donor matching procedures. 

However, these findings provide a rationale for investigation of therapeutic strategies 

modulating NK cells or depleting donor APCs, such as targeting HLA class II-expressing 

cells during ex-vivo lung perfusion with cytotoxic antibodies (26) or blocking the interaction 

with HLA-Bw4 and KIR3DL1 in selected recipients.

Overall, we identified a sub-population of lung transplant recipients with improved survival 

associated with recipient NK cell licensing and absence of NK cell inhibition in the 

allograft. Prospective investigation is needed to determine if improved survival can be 

realized by enhancing NK cell control of allograft-specific immune responses.
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Abbreviations

APC antigen presenting cell

BOS bronchiolitis obliterans syndrome

BAL bronchoalveolar lavage

CLAD chronic lung allograft dysfunction

CI confidence interval

FEV1 forced expiratory volume in 1 second

FVC forced vital capacity

HR hazard ratio

HVG host-versus-graft

KIR Killer cell immunoglobulin-like receptor

MHC Major Histocompatibility Complex

NK Natural Killer

RAS restrictive allograft syndrome

UNOS United Network for Organ Sharing

UCSF University of California, San Francisco
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Figure 1. Proposed mechanism for NK cell mediated protection from rejection
(A) NK cell licensing can occur following stimulation of recipient KIR3DL1 inhibitory 

receptors by recipient HLA antigens bearing the Bw4 epitope. (B) Bw4-licensed NK cells 

will kill cells that do not express HLA-Bw4, such as the depicted Bw6/Bw6 donor APC. 

Thus, host-versus-graft depletion of donor APC would be expected to result in improved 

graft survival for KIR3DL1+Bw4+ recipients who receive Bw6/Bw6 organs.
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Figure 2. KIR3DL1 frequency in NK cells from post-lung transplant BAL fluid
(A) KIR3DL1 expression was determined by flow cytometry in BAL fluid NK cells that 

express KIR2D and/or KIR3D for 49 BAL samples from 35 lung transplant recipients. (B) 

Subjects were stratified by recipient genotype, with “Low” indicating at least one low-

expressing KIR3DL1 allele, or (C) by donor and recipient Bw4 typing. Lines indicate mean 

and standard error estimates from general estimating equation-adjusted generalized linear 

models. “○” indicates low genotype, while “●” indicates normal expression. KIR3DL1 

expression of the total KIR+ NK cell population was less frequent in the low KIR3DL1 

genotype by 13.5% (95% CI 1.9–25.0%, P = 0.02). Donor / recipient Bw4 status was not 

associated with KIR3DL1 expression.
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Figure 3. CLAD-free survival and acute cellular rejection stratified by potential KIR3DL1-
mediated host-versus graft NK cell activity in the UCSF cohort
(A) CLAD-free survival in KIR3DL1+ Bw4+ recipients of Bw6+ lung allografts was 

compared with the remainder of the cohort using Kaplan-Meier analysis. Bw4+ recipients of 

Bw6+ lung allografts had improved CLAD-free survival by log-rank test (P = 0.01). The 

number of subjects at risk in each stratum is shown at 2-year intervals. (B) Average scores 

for perivascular (A-score, 946 biopsies on 233 subjects), bronchiolar (B-score, 937 biopsies 

on 233 subjects), and bronchial (E-score, 834 biopsies on 227 subjects) lymphocytic 

inflammation were quantified on large and small airway biopsies acquired within the first 6 

months following transplant for 240 lung transplant recipients are shown stratified by Bw4+ 

recipients and Bw6+ donor status. Mean +/− 95% confidence intervals are shown, and 

differences between groups were determined by Student’s t-test.

Greenland et al. Page 12

Am J Transplant. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Long-term outcomes by potential KIR3DL1-mediated host-versus graft NK cell 
activity in the UNOS cohort
Freedom from BOS, death, or retransplantation (A) and overall survival (B) is shown for 

Bw4+ recipients of Bw6+ lung allografts compared other combinations was by Kaplan-

Meier analysis. Bw4+ recipients of Bw6+ lung allografts had improved freedom from BOS, 

death, or retransplantation by log-rank test (A, P = 0.005) and improved overall survival (B, 

P = 0.005). The number of subjects at risk in each stratum is shown at 2-year intervals.
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