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Abstract

Background

Allogeneic hematopoietic cell transplantation (HCT) can be curative for many hematologic
diseases. However, complications such as graft-versus-host disease (GVHD) and relapse
of primary malignancy remain significant and are the leading causes of morbidity and mor-
tality. Effects of killer Ig-like receptors (KIR)-influenced NK cells on HCT outcomes have
been extensively pursued over the last decade. However, the relevance of the reported
algorithms on HLA matched myeloablative HCT with rabbit antithymocyte globulin (ATG)
is used for GVHD prophylaxis remains elusive. Here we examined the role of KIR and
KIR-ligands of donor-recipient pairs in modifying the outcomes of ATG conditioned HLA
matched sibling and unrelated donor HCT

Methods and Findings

The study cohort consisted of 281 HLA matched sibling and unrelated donor-recipient pairs
of first allogeneic marrow or blood stem cell transplantation allocated into ‘discovery’ (135
pairs) and ‘validation’ (146 pairs) cohorts. High resolution HLA typing was obtained from the
medical charts and KIR gene repertoires were obtained by a Luminex® based SSO method.
All surviving patients were followed-up for a minimum of two years. KIR and HLA class | dis-
tributions of HCT pairs were stratified as per applicable definitions and were tested for their
association with cause specific outcomes [acute GVHD grade II-1V (aGVHD), chronic
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GVHD needing systemic therapy (cGVHD) and relapse] using a multivariate competing
risks regression model as well as with survival outcomes [relapse-free survival (RFS),
cGVHD & relapse free survival (cGRFS) and overall survival (OS)] by multivariate Cox pro-
portional hazards regression model. A significant association between KIR genotype mis-
matching (KIR-B/x donor into KIR-AA recipient or vice versa) and cGVHD was found in both
discovery (p =0.001; SHR =2.78; 95%CI: 1.50-5.17) and validation cohorts (p = 0.005;
SHR =2.61; 95%CI: 1.33-5.11). High incidence of cGVHD associated with KIR genotype
mismatching was applicable to both sibling and unrelated donors and was specific to recipi-
ents who had one or two C1 bearing HLA-C epitopes (HLA-C1/x, p=0.001; SHR =2.40;
95%Cl: 1.42—4.06). When compared with KIR genotype mismatched transplants, HLA-C1/x
patients receiving grafts from KIR genotype matched donors had a significantly improved
cGRFS (p=0.013; HR = 1.62; 95%Cl: 1.11-2.39). Although there was no effect of KIR
genotype matching on survival outcomes, a significantly reduced incidence of relapse
(p=0.001; SHR = 0.22; 95%CI: 0.10-0.54) and improved relapse-free survival (p = 0.038;
HR = 0.40; 95%ClI: 0.17-0.95) was observed with one or more missing ligands for donor
inhibitory KIR among the recipients of unrelated donor transplants.

Conclusions

The present study for the first time presents the beneficial effects of KIR genotype matching
in reducing cGVHD in myeloablative transplant setting using HLA matched (sibling and
unrelated) donors. The findings offer a clinically applicable donor selection strategy that can
help control cGVHD without affecting the risk of relapse and/or identify patients at a high
risk of developing cGVHD as potential candidates for preemptive therapy. The findings also
affirm the beneficial effect of one or more missing inhibitory KIR ligands in the recipient in
reducing relapse and improving a relapse free survival in unrelated donor transplants.

Introduction

Allogeneic hematopoietic cell transplantation (HCT) is a curative therapy for hematologic
malignancies, particularly leukemia, as well as for life-threatening congenital and acquired dis-
orders of hematolymphopoiesis [1]. Unfortunately, complications of HCT are substantial, par-
ticularly graft-vs-host disease (GVHD) and relapse of the underlying disease. Owing to a
common immunologic mechanism, GVHD is strongly associated with graft versus leukemia
effect (GVL) that prevents disease relapse [2]. Aimed at in vivo T-cell depletion, pre-transplant
administration of polyclonal antithymocyte globulin (ATG) has been effective in reducing
graft rejection and GVHD without increasing relapse [3]. Increasing relevance of ATG in pre-
transplant preparative regimen is affirmed by five randomized studies and multiple nonrando-
mized studies showing the benefits of ATG in reducing aGVHD and cGVHD (reviewed by
Storek et al) [4]. However, in spite of routinely using ATG in addition to high resolution HLA
matching, ~40% adult peripheral blood stem cell recipients in our experience develop clinically
significant GVHD. Majority of these patients fail to achieve a sustained complete response to
immunosuppressive drugs and either die or experience poor quality of life due to chronic
GVHD (cGVHD). Thus, it is important to characterize immunogenetic determinants other
than HLA that can moderate GVHD causing allo-immune responses without limiting GVL.
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In this context, regulation of natural killer (NK) cells through killer Ig-like receptors (KIR)
has been the subject of intensive research. NK cells constitute a critical component of innate
immunity, being the first in the line of defense against tumors and viral infections [5]; are able
to suppress or amplify T cell alloreactivity [6]; and are among the earliest lymphocyte subsets
to reconstitute and achieve functional maturity (within weeks) after HCT [7]. KIR encoded
activating and inhibitory receptors regulate NK cell functions and help identify unhealthy tar-
gets from the healthy self-cells [5] by their recognition of HLA class-I antigens [8-11]. Geno-
mic variation within the KIR gene cluster mapped at chromosome 19q13.4 has led to presence/
absence of individual KIR loci resulting in diverse and distinct KIR ‘haplotypes’. These haplo-
types are classified into two groups- A and B [12]. The Group A haplotype has a fixed set of
nine genes with one activating gene (KIR2DS4) while the group B haplotypes are more diverse
and carry additional activating genes. A KIR ‘genotype’ refers to the presence of two such hap-
lotypes, which could either be B/x (A/B or B/B) or A/A. Ligands of KIR are contributed by four
polymorphic epitopes of classical HLA class-I antigens, which are defined by amino acid sub-
stitutions in residues 76-83 of the ol helix of the HLA class-I H chain. The C1 and C2 epitopes
are carried by different HLA-C allotypes and are recognized by KIR2DL2/2DL3 and 2DL1/
2DS1 respectively. The inhibitory KIR3DL1 recognizes the Bw4 epitope, which is carried by
subsets of HLA-A and -B allotypes. The A3/11 epitope is carried by the HLA-A*03 and -A*11
allotypes and is recognized by KIR3DL2. Ligands of other activating KIR are poorly character-
ized in spite of the sequence homology of their ligand-binding extracellular domains to their
inhibitory counterparts [13].

Diverse killer Ig-like receptors and their independently segregating HLA ligands consti-
tute a considerable heterogeneity in NK cell responses to targets. Over the last decade, the
benefits of NK cell alloreactivity on relapse and relapse-free survival has gained substantial
ground in HLA mismatched and haploidentical transplants. However, in HLA matched
HCT, these observations have yet to attain consensus. An array of diverse KIR-associated
HCT outcomes in the literature owes itself largely to the differences in transplant protocols
across various centers, and partly to the ways NK cell alloreactivity is inferred [14, 15].
According to the ‘Perugia model’, the D-R KIR-ligand incompatibility leads to stronger NK
cell mediated graft versus leukemia (GVL) effect resulting in protection from leukemia
relapse [16, 17]. The ‘Memphis model’ (or the missing ligand model) [18] imparts NK cell
alloreactivity to one or more missing HLA ligands in the recipient for the donor inhibitory
KIR. The ‘KIR haplotype model’ proposed by the Minnesota group, apportions higher NK
alloreactivity to high number of activating KIR genes (haplotype B) in the donor. According
to this model, in non-ATG conditioned HCT, use of donors carrying KIR-B haplotypes leads
to better overall and relapse-free survival among the recipients carrying one or two C1 bear-
ing HLA-C epitopes. [19-21].

Since several anomalies exist between transplants performed with and without ATG condi-
tioning including incidence of PTLD [22], risk factors for cGVHD [23] and impact of donor
CMYV status on survival [24] it is conceivable that inferences derived from studies involving
transplants performed without ATG conditioning may not be applicable to ATG-conditioned
transplants. Therefore, the relevance of the aforementioned KIR-HCT outcome studies in the
ATG conditioned and fully HLA-matched HCT seems to be limited, although some of the
early studies have demonstrated the need of ATG pre-administration to procure the beneficial
effects of NK cells after transplant [6, 25].

Here, we examined the role of all applicable definitions of KIR and KIR-ligands of donor-
recipient pairs in HLA matched sibling/unrelated donor HCT using myeloablative condition-
ing (Fludarabine/Busulfan/ATG with or without TBI).
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Methods
Subjects and Transplantation

The study cohort consisted of 281 donor (D)/recipient (R) pairs of first allogeneic marrow or
blood stem cell transplantation performed in Alberta between December 2004 and December
2012. The study cohort included both sibling (n = 153) and unrelated (n = 128) donors. The D/
R pairs were randomly allocated into ‘discovery’ (135 D/R pairs) and ‘validation (146 D/R
pairs) cohorts. Patients with engraftment failure, relapse or death prior to 30 days after trans-
plant were excluded. Inclusion criteria were HLA matched (10 out of 10 possible alleles at
HLA-A, -B, -C, -DR and -DQ loci), availability of donor-recipient pre-transplant DNA,

and at least 2-year follow up for all surviving patients to facilitate evaluation of relapse and
cGVHD. All patients received a uniform dose of ATG (4.5 mg/kg) for GVHD prophylaxis and
gave written informed consent to participate in the study. Median follow up of surviving
patients of the discovery and the validation cohorts was 1746 and 1493 days respectively. The
studied population was predominantly Caucasian and most common indications for trans-
plantation were acute myeloid leukemia (37%) followed by acute lymphoblastic leukemia
(17%). Clinical and demographic characteristics of D-R pairs are presented in Table 1. The
Research Ethics Board of the University of Calgary approved the study.

Conditioning consisted of 250mg/m?* Fludarabine (50mg/m?/day from day -6 to -2),
pharmacokinetically guided ~12.8mg/kg Busulfan (~3.2mg/kg/day from day -5 to -2) and
4.5mg/kg ATG (0.5mg/kg on day -2, 2mg/kg each on days -1 and 0). In addition, total body
irradiation (TBL, 2Gy x2, typically on day -1 and day 0) was used in 189 patients (all acute
leukemia and some other high risk hematologic malignancies). Additional GVHD prophy-
laxis included Cyclosporine (starting dose of 2.5mg/kg twice a day intravenously and then
targeting plasma levels of 200-400 mg/L) given from day -1 until 3-6 months post-transplant
(longer in patients with cGVHD) and Methotrexate given on days +1 (15mg/m?), +3, +6 and
+11 (10mg/m? each) [3, 26]. Zoster prophylaxis with Acyclovir or Valacyclovir was given for
6-24 months (longer if on immunosuppressive therapy for GVHD). Patients experiencing
cytomegalovirus reactivation were preemptively treated with Ganciclovir or Valganciclovir
[27].

Genotyping & models of analyses

The presence or absence of 16 KIR genes was determined by a Luminex™-based polymerase
chain reaction sequence specific oligonucleotide system (KIRSSO Genotyping Test, One
Lambda Inc. and Lifecodes KIR genotyping test, Immucor Inc.) as per manufacturers’ instruc-
tions. KIR gene profiles were characterized as per existing definitions of genotypes (AA and B/
x) and motifs’ (Cen-A, -B and Tel-A, -B) content and scores (Table 2) [28, 29]. Typing for
HLA class-I alleles was obtained from the medical charts. For their association with HCT out-
comes, D-R pairs were stratified for analyses as per all applicable definitions. As all D-R pairs
were 10/10 HLA matched, (hence KIR-ligand compatible) data were stratified and analyzed for
distribution of KIR, KIR-ligand combinations and the missing ligands for donor KIR [14, 30].
In addition to the discovery-validation cohort settings, the data was also separately analyzed in
donor-type specific (matched sibling or unrelated) as well as KIR ligand specific settings.
Ligand-specific stratification of the study cohort was based on the distribution of C1, C2, Bw4
and A3/11 epitopes of HLA class I antigens in recipients’ genotype. For missing ligand analysis,
absence of a KIR ligand (C1, C2, Bw4 or A3/11) in recipient in the presence of putative KIR in
donor was scored and analyzed both for individual missing KIR-ligand combinations as well as
for a composite absence of one or more missing KIR ligand.
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Table 1. Characteristics of Patients, Donors and Transplant.

Characteristic All cases Discovery cohort Validation cohort p-value*

D-R Pairs (n) 281 135 146

Median day of follow-up 1280 (31-2632) 1184 (39-2632) 1294 (31-2595) 0.854
(range)

Median day of follow-up of 1525 (733-2632) 1746 (821-2632) 1493 (733-2595) 0.063
surviving patients (range)

Patient age (yr) at 50 (18-66) 50 (19-66) 50 (18-66) 0.939
transplantation, median

(range)

Donor age (yr) at 38 (12-68) 39 (12-68) 37 (13-68) 0.863
transplantation, median

(range)

Donor Gender, Male (%) 181 (64.4) 82 (60.7) 99 (67.8) 0.262
Patient Gender, Male (%) 164 (58.3) 78 (57.7) 86 (58.9) 0.904
Patient age >45 at 172 (61.2) 84 (62.2) 88 (60.3) 0.807
Transplant, n (%)

Donor age >45 at 100 (35.6) 52 (38.5) 48 (32.9) 0.383
Transplant, n (%)

Donor Type, Sibling (%); 153 (54.4); 128 (45.6) 72 (53.3); 63 (46.7) 81 (55.5); 65 (44.5) 0.721
unrelated (%)

D-R Gender Status at HCT, | 105 (37.3) 44 (32.6) 61 (41.8) 0.139

Male D to Male R (%)
Diagnosis, n (%)"

Lymphoid Malignancies 93 (33.1) 40 (29.6) 53 (36.3) 0.320
Myeloid Malignancies 167 (59.4) 85 (62.9) 82 (56.2) 1.000
Others 21 (7.4) 10 (7.4) 11 (7.5) 1.000
Stem Cell Source, 271 (96.4) 128 (94.8) 143 (97.9) 0.204
Peripheral Blood Stem
Cells (%)
Disease risk at the time of | 131 (46.6) 58 (42.9) 73 (50.0) 0.282
transplantation, High risk
(%)
Conditioning regimen, n (%)
Flu*Bu*ATG*TBI* 189 (67.2) 91 (67.4) 98 (67.1) 1.000
Flu*Bu*ATG*TBI™ 84 (29.9) 38 (28.9) 45 (30.8) 0.355
Other® 8(2.8) 5(3.7) 3(2.1) 0.7243
Donor/Recipient CMV Serostatus, n (%)
D+/R+ 83 (29.5) 41 (30.3) 42 (28.7) 0.896
D+/R- 28 (9.9) 10 (7.4) 18 (12.3) 0.166
D-/R+ 68 (24.2) 33 (24.4) 35 (23.9) 1.000
D-/R- 98 (34.8) 51 (37.7) 47 (32.2) 0.452
Unknown or indeterminate 4(1.4) 0 (0) 4(2.7)
Acute GVHD by grade, n (%)
None 130 (46.2) 56 (41.5) 74 (50.7) 0.149
Grade 1 82 (29.2) 45 (33.3) 37 (25.3) 0.147
Grade 2 42 (14.9) 23 (17.0) 19 (13.0) 0.405
Grade 3/4 27 (9.6) 11 (8.1) 16 (10.9) 0.426
Chronic GVHD, n (%)
None 109 (38.8) 47 (34.8) 63 (43.1) 0.054
Not needing Systemic 35 (12.4) 24 (17.7) 11 (7.5) 0.016
Therapy (NNST)

(Continued)
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Table 1. (Continued)

Characteristic All cases Discovery cohort Validation cohort p-value*
Needing Systemic Therapy | 89 (31.6) 43 (31.8) 45 (30.8) 0.894
(NST)

Not Evaluable (End of follow- | 48 (17.1) 21 (15.5) 27 (18.5) 0.783
up before day 100)

Disease Relapse, n (%) 61 (21.7) 35 (25.9) 26 (17.8) 0.112
Median day of onset (range)

Acute GVHD Grade II-IV 44 (13-114) 43 (20-99) 49 (13-114) 1.000
Chronic GVHD NST 116 (28-642) 106 (28—-465) 131 (83-642) 0.144
Relapse 225 (34-1403) 405 (39-1403) 186 (34—1125) 0.505
Death 246 (31-1605) 293 (39-1465) 208 (31-1605) 0.246
Cumulative Incidence at the end of follow-up, % (95%Cl)' !

Acute GVHD Grade II-IV 24.5 (19.6.29.7) 24.6 (17.7-32.2) 24.4 (17.7-31.7) 0.936
Chronic GVHD NST 32.9 (27.4-38.6) 33.1 (25.2-41.1) 33.7 (25.6-42.1) 0.774
Relapse 25.2 (19.7-30.9) 26.7 (19.4-35.3) 22.6 (14.9-31.2) 0.786
Death 37.3 (31.2-44.2) 36.1 (28.3—-45.1) 40.4 (29.8-53.1) 0.813

Abbreviations: GVHD = graft versus host disease; NST = needing systemic therapy; Flu = fludarabine; Bu = busulfan; ATG = antithymocyte globulin;

TBI = total body irradiation.

*Difference in the distribution of patient, donor and transplant characteristics across discovery and validation cohorts estimated by Mann-Whitney
Wilcoxon test for patient age, donor age and median days of follow-up; by Gray’s method for cumulative incidences of competing risks data (GVHD and
relapse); Kaplan-Meier based log rank test for mortality; and by two-tailed Fisher's Exact test for all other characteristics. p-values <0.05 were considered
statistically significant.

TLymphoid malignancies: ALL (Acute Lymphoblastic Leukemia, 20 in discovery cohort and 27 in validation cohort); CLL (Chronic Lymphoblastic
Leukemia, 7 in discovery cohort and 10 in validation cohort); NHL (Non-Hodgkin’s Lymphoma, 13 in discovery cohort and 16 in validation cohort) Myeloid
malignancies: AML (Acute Myeloid Leukemia, 55 in discovery cohort and 50 in validation cohort); CML (Chronic Myeloid Leukemia, 6 in discovery cohort
and 17 in validation cohort); MDS (Myelodysplastic Syndrome, 18 in discovery cohort and 10 in validation cohort).

*Good (or low) risk disease was defined as acute leukemia in first remission, chronic myelogenous leukemia in first chronic or accelerated phase,
myelodyplastic syndrome if <5% marrow blasts of aplastic anemia. All other diseases/disease stages were considered high risk.

SCyclophosphamide (Cy) + ATG (4 in discovery cohort and 0 in validation cohort; omitted from analyses of Relapse); Flu+Cy+ATG+TBI (1 in discovery
cohort and 1 in validation cohort) or Bu+Cy+ATG (1 in discovery cohort and 1 in validation cohort)

I lIDetermined by Gray’s method for GVHD and relapse and Kaplan-Meier method for estimation of mortality at the end of follow-up.

doi:10.1371/journal.pone.0158242.t001

Average incidences of individual KIR genes, genotypes and motifs among donors and recip-
ients in both discovery and validation cohorts were consistent with those typically reported
among Caucasians [31]. KIR-AA genotype was present in 24.6% donors and 31.1% recipients
with remainders representing KIR-B/x genotypes (Table 2).

Outcomes, competing risks and Statistical analyses

Acute and chronic GVHD were diagnosed as per the National Institutes of Health (NIH) diag-
nosis and staging working group report [32]. The aGVHD grades were assigned in accordance
with the 1994 consensus conference [33] whereas cGVHD was graded as not needing systemic
therapy (NNST, usually mild as per NIH criteria) and those needing systemic therapy (NST,
usually moderate to severe as per NIH criteria). By aGVHD and cGVHD, the present study
henceforth only refers to grade II-IV aGVHD and cGVHD NST respectively. Relapse, death,
non-relapse death and relapse-free survival were defined as per standard criteria. cGVHD &
relapse-free survival (cGRFS) was defined as a survival free from cGVHD or relapse; in the
event of failure, the first event to occur constituted the “failure event” and marked the end of
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Table 2. Description of KIR Genotype Characteristics and their Distribution across Donors and Recipients (All Cases).

KIR Genotype KIR Genes Present KIR genes absent Donor (%) Recipient (%)
AA 3DL3, 2DL3, 2DP1, 2DL1, 2DS2, 2DL2, 2DS3, 2DL5, 24.62 31.16
3DP1, 2DL4, 3DL1, 2DS4, 3DS1, 2DS5, 2DSH
3DL2
B/x 2DS2, 2DL2, 2DS3, 2DL5, 75.38 68.84
3DS1, 2DS5, 2DSH1
Cen-A+ 2DL1 and 2DL3 90.15 90.22
Cen-B+ 2DS2 and/or 2DL2 58.33 54.71
Tel-A+ 3DL1 and 2DS4 94.70 94.93
Tel-B+ 3DS1 and/or 2DS1 43.94 42.39
Cen-A/A 2DL1 and 2DL3 only 2DS2 and 2DL2 41.67 45.29
Cen-A/B 2DL3 with 2DS2 and/or 48.48 44.93
2DL2
Cen-B/B 2DS2 and/or 2DL2 2DL3 9.85 9.78
Tel-A/A 3DL1 and 2DS4 3DS1 and 2DS1 56.06 57.61
Tel-A/B 3DL1 and 2DS4 with 3DS1 38.64 37.32
and/or 2DS1
Tel-B/B 3DS1 and/or 2DS1 3DL1 and/or 2DS4 5.30 5.07

doi:10.1371/journal.pone.0158242.1002

follow-up for that patient. Unlike the recently described GRFS [34], this composite endpoint
did not take into account grade III-IV acute GVHD as a separate event. In the present cohort,
every incidence of grade III-IV aGVHD was either fatal or preceded cGVHD. As is common in
HCT, transplant recipients are subject to multiple potential, both disease related or otherwise,
failure outcomes. To evaluate the association of KIR and KIR-ligand repertoires with cause-
specific outcomes (GVHD and Relapse), competing risks were taken into account [35, 36].
Graft failure, relapse, second malignancy or death occurring before the onset of GVHD was
considered competing risk for GVHD. Similarly, graft failure, second malignancy or non-
relapse death occurring before the onset of relapse was considered competing risk for relapse.

Cumulative incidence function estimates of competing risks data were obtained using the
method of Gray [37, 38]. Kaplan-Meier estimation of survivor functions with log rank test was
used to estimate cGRFS, RFS and OS. Multivariate analysis of cause-specific outcomes was
based on a competing risks regression model of Fine and Gray [35], whereas that of survivor
outcomes was based on Cox proportional hazards regression [39]. First, the significance of
association of each of the categorical variables (all applicable D-R KIR and KIR-HLA defini-
tions) with HCT outcomes was computed by univariate analysis in the discovery and validation
cohorts. Significant associations (p-vales <0.05) were further tested by multivariate analyses
with demographic/clinical variables described in literature and/or associated (yielding a p-
value <0.1) with outcome variables in our univariate analysis (S1 Table) as covariates [23].
Accordingly, covariates for cGVHD were patient age at transplant (>45y vs. <45y), donor age
at transplant (>45y vs. <45y), donor type (sibling vs. unrelated), D-R gender (M/M vs. others),
graft source (PBSC vs. marrow), disease stage (high risk vs. low risk) conditioning regimen (Flu
+Bu+ATG with or without TBI), recipient CMV seropositivity (with and without donor CMV
serostatus) and aGVHD (gr I-IV) occurring before cGVHD. Covariates for relapse were disease
stage, graft source and conditioning regimen. Multivariate analysis for OS and RFS corrected
for patient age, disease stage, graft source, CMV serostatus and conditioning, whereas covari-
ates for cGRFS included the ones used for cGVHD and relapse.

All analyses were performed using STATA (Statacorp, College Station TX) and cmprsk sta-
tistical package of R (www.r-project.org).
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Results
D-R KIR genotype matching reduces chronic GVHD

At the end of follow-up, the cumulative incidences of aGVHD, cGVHD, and relapse for all
studied patients were 24.5% (95%ClL: 19.6-29.7%), 32.9% (95%CI: 27.4-38.6%), and 25.2%
(95%CI: 19.7-30.9%), respectively (Table 1). KIR genotype mismatching showed a strong cor-
relation with the incidence of cGVHD but not with aGVHD or relapse.

(i) Chronic GVHD. We first analyzed D-R pairs of the discovery cohort to assess the
influence of KIR genotypes/matching on different HCT outcomes. A KIR genotype-matched
transplant refers to one in which both donor and recipient were either KIR-AA or -B/x type. In
univariate analyses, a significantly lower incidence of cGVHD was observed with D-R KIR
genotype matched transplants compared to the KIR genotype-mismatched (B/x donor into AA
recipients or vice-versa) transplants of the discovery cohort (25.0% [95%CI: 16.8-34.1%] vs.
54.0% [95%CI: 35.8-69.1%], p = 0.0005; Fig 1A, middle panel). Analyses of validation cohort
further confirmed the observations as the incidence of cGVHD was lower among KIR genotype
matched transplants compared to KIR-genotype mismatched transplants (26.7% [95%CI:
17.4-34.1%] vs. 50.1% [95%CI: 30.9-66.6%], p = 0.026, Fig 1B, middle panel). The multivariate
competing risks regression analysis established a strong association of KIR genotype mis-
matching with cGVHD in patients of both discovery (p = 0.001, Table 3, Fig 2A, middle panel)
and validation cohorts (p = 0.005, Table 3, Fig 2B, middle panel). Upon combining discovery
and validation cohorts, the cumulative incidence of cGVHD in KIR genotype-matched versus
mismatched transplants presented a sub-distributional hazard ratio of 2.67 (p<0.0001; Fig 2C,
middle panel). Favorable cGVHD outcome through KIR genotype matching was contributed
by both KIR-B/x and ~AA genotype matching (p = 0.011 and 0.009 respectively, Table 3) and
was applicable to both matched sibling and unrelated donor transplants (p = 0.009 and 0.004
respectively, Table 3).

The effect of KIR genotype matching on cGVHD was further assessed in a KIR-ligand spe-
cific setting where the overall study cohort was stratified on the basis of the presence/absence
of the four polymorphic epitopes of HLA class-I alleles that constitute ligands for various KIR.
Though none of the HLA class-I epitopes by themselves influenced the outcomes of HCT (data
not shown), when analyzed in conjunction with KIR genotype matching in a preliminary anal-
ysis, the effects of C1 predominated those of C2. The combined group of C1/C1 and C1/C2
recipients was therefore designated as C1/x and was compared with C2/C2 homozygotes.
Combined group of Bw4/4 and Bw4/6 was designated as Bw4/x and was compared with Bw6/
6. Similarly A*03/A*11 carriers were compared with A3/11 epitope negatives. The beneficial
association of KIR genotype matching with cGVHD was specific to recipients having one or
more C1 bearing HLA-C epitopes (C1/x; p = 0.001, Table 3, Fig 3A). There was no effect of
KIR genotype matching on cGVHD among recipients having two C2 epitopes (C2/C2;

p =0.937, Table 3, Fig 3B). Stratification of the overall cohort based on either A3/11 or Bw4
epitopes did not segregate the effects of KIR genotype matching on cGVHD (Table 3).

(ii) Acute GVHD. Although KIR-genotype mismatching was associated with an increased
incidence of aGVHD in the univariate analysis (p = 0.040, among all analyzed cases, Fig 1C,
left panel), this effect was not significant in the multivariate competing risks regression analysis
in each of discovery-validation (Table 3, Fig 2A-2C, left panel), donor-type specific or ligand-
specific cohorts (Table 3)

None of the other reported definitions pertinent to either KIR alone or in combination with
HLA class-I yielded a significant association with either cGVHD or aGVHD (S2 Table).

(iii) Relapse. Unlike other treatment strategies, a reduced risk of cGVHD among KIR
genotype matched HCT was not found to be associated with an increased risk of relapse in
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Fig 1. Cumulative incidence function estimates from competing risks data for GVHD and relapse. Cumulative incidences (vertical reference lines)
of aGVHD grade II-IV (at day 100 post-transplant, left panel), cGVHD needing systemic therapy (middle panel) and relapse (at 2 years post-transplant,
right panel) are presented across [A] discovery, [B] validation and [C] combined cohorts. Gray’s method of cumulative incidence function estimation for
competing risks data revealed significantly higher incidences of cGVHD when KIR genotype mismatched donors were used (p-values <0.05 at the end of
follow-up).

doi:10.1371/journal.pone.0158242.g001

each of discovery-validation (Table 3, Fig 2A-2C, right panel), donor-type specific or ligand-
specific cohorts (Table 3). Interestingly, in a time-to-event analysis on all studied cases, the 2
year post-transplant cumulative incidence of relapse fared comparatively better in KIR
matched (18.6% [95%CI: 13.1-24.7%]) than in KIR mismatched (24.5% [95%CI: 14.7-35.6%])
transplants, although this difference was not statistically significant at the end of follow up

(p = 0.544 Fig 1C, right panel). This effect did not segregate as per the diagnosis or primary dis-
ease for which transplant was performed. There was no statistically significant difference in the
incidence of relapse between lymphoid and myeloid malignancies with or without taking KIR
genotype matching into consideration (data not shown).
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Table 3. Association of Donor-Recipient KIR Genotype Mismatching with the Outcomes of Allogeneic HCT.

Acute GVHD Grade lI-IV Chronic GVHD NST Relapse
Marker N p | SHR | 95%CI p | SHR | 95%CI P SHR 95%Cl
Overall D-R KIR Genotype Mismatching (B/x-Donor to AA-Recipient or vice-versa)

Discovery 36/136 0.774 1.11 0.52-2.35 0.001 2.78 1.50-5.17 0.112 1.75 0.87-3.51
cohort

Validation 43/145 0.056 2.10 0.98-4.52 0.005 2.61 1.33-5.11 0.761 0.85 0.31-2.33
Cohort

All Cases 79/281 0.116 1.57 0.89-2.63| <0.0001 2.67 1.70-4.19 0.539 1.19 0.68-2.08
Donor
Type (All
cases)
Matched 32/153 0.408 1.41 0.62-3.21 0.009 2.29 1.23-4.29 0.596 1.24 0.55-2.77
Sibling
Donors
Matched 47/128 0.190 1.67 0.77-3.62 0.004 2.62 1.37-5.01 0.844 1.08 0.48-2.44
Unrelated
Donors
KIR-Ligand
Type (All
cases)

D-R 26/117 0.849 1.10 0.40-3.03 0.004 3.03 1.43-6.44 0.324 1.57 0.64-3.87
HLA-A*03/
A*11
positive
D-R 53/164 0.208 1.62 0.76-3.46 0.018 2.29 1.15-4.54 0.746 1.14 0.52-2.48
HLA-A*03/
A*11
negative
D-R HLA 45/159 0.313 1.45 0.70-3.01 0.013 2.19 1.18-4.05 0.303 1.51 0.68-3.30
Bwa4/x
D-R HLA 34/122 0.594 1.29 0.50-3.32 0.003 3.11 1.45-6.65 0.791 1.12 0.48-2.56
Bw6/6
D-R HLA-C 67/237 0.243 1.43 0.78-2.64 0.001 2.40 1.42-4.06 0.785 1.09 0.58-2.11
group C1/x
D-R HLA-C 12/44 0.667 1.41 0.29-6.91 0.937 1.11 0.08-14.73 0.165 2.73 0.76-10.97
group C2/2
KIR Genotype Specific Matching (All Cases)
B/x Donor 49/211 0.301 1.41 0.73-2.74 0.011 213 1.19-3.81 0.865 1.06 0.52-2.07
to AA
Recipient
AA Donor 30/70 0.293 1.98 0.55-7.15 0.009 3.80 1.39-10.38 0.252 1.99 0.61-6.51
to B/x
Recipient

Abbreviations: GVHD = Graft versus host disease; NST = needing systemic therapy; SHR = sub hazard ratio (sub-distributional hazard); D = donor;

R = recipient; N = number of observations (KIR genotype mismatching) out of number of recipients in the corresponding cohort

A multivariate competing risks regression model was used to estimate the effect of donor-recipient mismatching for KIR genotypes on GVHD (acute and
chronic) and relapse across discovery and validation cohorts individually and in combination (all cases). The overall cohort (all cases) was also classified
into donor type (matched sibling or unrelated) as well as ligand specific cohorts. Ligand specific cohort stratification was based on the presence and
absence of four polymorphic HLA class-I epitopes (A3/A11, Bw4, C1 and C2), which constitute ligands for KIR. A combined group of Bw4/4 and Bw4/6
was designated as Bw4/x, whereas the combined group of C1/C1 and C1/C2 recipients was designated as C1/x. Significance of association or KIR
genotype matching with HCT outcomes was separately tested across donor-type and ligand-specific cohorts using the multivariate competing risks
regression model. Sub-distributional hazard were described as sub-hazard ratios (SHR); p-values <0.05 were considered statistically significant
(presented here in bold fonts).

doi:10.1371/journal.pone.0158242.t003
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Fig 2. Association of KIR genotype mismatching with chronic GVHD was confirmed using a multivariate competing risks regression model.
Effect of KIR genotype mismatching on aGVHD grade II-IV (left panel), cGVHD needing systemic therapy (middle panel) and relapse (right panel) was
analyzed using multivariate competing risks regression model (Fine and Gray method) across discovery [A], validation [B] and combined [C] cohorts.
Graft failure, relapse, second malignancy or death occurring before the onset of cGVHD was considered competing risks for cGVHD. Graft failure,
second malignancy or non-relapse death occurring before the onset of relapse was considered competing risk for relapse. P values <0.05 were
considered statistically significant. Favorable effect of KIR genotype matched donors on cGVHD (middle panel) was confirmed across discovery and
validation cohorts in addition to all analyzed cases.

doi:10.1371/journal.pone.0158242.9002

Missing inhibitory KIR Ligands protect against relapse

Among the various definitions of NK cell alloreactivity based on donor KIR and recipient HLA
combinations, only ‘missing ligand model’ is applicable to HLA matched transplants [14]. In
this model, the absence of a putative HLA ligand in the presence of its receptor in donor NK
cells (missing ligand) mimics what would be a ‘missing self scenario in an individual, and
would incite a response to target cell (in this case, residual malignant cells). Beneficial effects of
alloreactive NK cells in reducing relapse and improving a progression free survival have been
reported in a variety of transplant settings [14-17, 25, 40]. To this end, we tested the effects of
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Fig 3. Effect of KIR genotype matched donors on cGVHD among recipients having one or more C1 bearing HLA-C epitopes. Effect of KIR
genotype matching was analyzed in a combined group of C1/C1 and C1/C2 recipients (designated as C1/x) as well as in C2/C2 homozygote
recipients using a multivariate competing risks regression model.

doi:10.1371/journal.pone.0158242.9003

missing A3/11 (KIR3DL2 ligand), Bw4 (KIR3DL1/3DS1 ligand), C1 (KIR2DL2/2DL3 ligand)
and C2 (KIR2DL1/2DS1 ligand) in recipients when the corresponding receptors were present
in their respective donors. A significantly reduced incidence of relapse was observed in recipi-
ents of unrelated donor transplants who were missing one or more inhibitory KIR ligands as
compared to those in which all inhibitory KIR ligand(s) were present (21.6% [13.7-30.6%)] vs.
63.6% [13.5-90.3%]; p = 0.001, Table 4, Fig 4A). However, similar effect was not seen in the
recipients of sibling donor transplants. None of the individual donor-KIR missing-HLA com-
bination yielded any notable effect (S2 Table), nor was there a dose effect with the number of
missing KIR ligands. When a separate analysis with data stratified as per disease type (lym-
phoid vs. myeloid) was conducted, the effect of missing inhibitory KIR ligands on relapse did
not segregate according to the type of primary disease (data not shown).

KIR genotype matched donors and missing inhibitory KIR ligands in
recipients differentially affect survival outcomes

For all studied patients, relapse free survival (RFS), cGVHD & relapse free survival (cGRES)
and overall survival (OS) at the end of follow-up was 57.3% (95%CI: 50.5-63.6%), 33.6% (95%
CI: 27.6-39.7%) and 62.6% (95%CI: 55.7-68.7%) respectively. None of the tested KIR and
KIR-HLA definitions showed any significant effect on OS but HCT recipients with KIR geno-
type matched donors had significantly better cGREFS, while unrelated HCT recipients missing
one or more ligands for donor KIR had improved RFS.

Chronic GVHD & relapse free survival (cGRFS) was defined as one being free of cGVHD or
relapse; whichever happened first, constituted the “failure event” and marked the end of fol-
low-up for that patient. Multivariate analysis performed for cGRES corrected for covariates for
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Table 4. Effect of Missing KIR Ligands on the Outcomes of Allogeneic HCT.

Acute GVHD Grade II-IV Chronic GVHD NST Relapse

Marker N P SHR 95%CI P SHR 95%CI P SHR 95%CI
One or more missing ligands for donor inhibitory KIR
Discovery 117/136 0.524 0.69 0.22-2.14 0.753 1.18 0.42-3.21 0.629 0.80 0.33-1.96
cohort
Validation 133/145 0.992 0.99 0.22-4.43 0.575 0.67 0.17-2.66 0.443 212 0.31-4.49
Cohort
All Cases 250/281 0.725 0.85 0.35-2.05 0.740 1.14 0.52-2.49 0.955 0.98 0.45-2.14
Donor
Type
Matched 133/153 0.726 0.78 0.21-3.01 0.670 0.82 0.33-2.02 0.100 5.66 0.73-43.78
Sibling
Donors
Matched 116/128 0.820 1.22 0.21-7.02 0.314 2.27 0.45-11.29 0.001 0.22 0.10-0.54
Unrelated
Donors

One or more missing ligands for donor activating KIR

Discovery 39/91 0.763 0.87 0.35-2.15 0.498 0.75 0.33-1.68 0.444 0.74 0.34-1.61
cohort

Validation 41/86 0.736 1.161 0.48-2.82 0.439 0.73 0.32-1.61 0.276 1.69 0.66—4.34
Cohort

All Cases 80/177 0.965 0.98 0.53-1.82 0.364 0.77 0.44-1.34 0.879 1.05 0.57-1.92
Donor

Type

Matched 45/91 - - - 0.673 0.83 0.35-1.96 0.917 0.95 0.42-2.17
Sibling

Donors

Matched 35/86 0.688 1.21 0.47-3.08 0.654 0.79 0.30-2.12 0.726 1.18 0.46-3.01
Unrelated
Donors

Abbreviations: GVHD = Graft versus host disease; NST = needing systemic therapy; SHR = sub hazard ratio (sub-distributional hazard); N = number of
observations (missing KIR ligands) out of number of recipients in the corresponding cohort; “-” denotes distributions in which statistical computation was
not possible.

Missing ligands for inhibitory KIR included absence of at least one of A3/11, Bw4 (KIR3DL1 ligand), C1 (KIR2DL2/2DL3 ligand) or C2 (KIR2DL1 ligand) in
recipients when the corresponding inhibitory receptors were present in their respective donors. Missing ligands for activating KIR included absence of
either Bw4 (KIR3DS1 ligand) or C2 (KIR2DS1 ligand) in recipients when the corresponding activating receptors were present in the donor. Other poorly
characterized activating KIR-ligand combinations, though dispersed in literature, were excluded from this analysis but were taken into consideration in
supplementary data. A multivariate competing risks regression model was used to estimate the effect missing ligands on GVHD (acute and chronic) and
relapse across discovery and validation cohorts individually and in combination (all cases). Significance of association was also tested separately among
recipients of sibling and unrelated donor HCT. Sub-distributional hazard were described as sub-hazard ratios (SHR); p-values <0.05 were considered
statistically significant (presented here in bold fonts).

doi:10.1371/journal.pone.0158242.1004

both GVHD and relapse showed that cGREFS is significantly improved in recipients of KIR
genotype-matched transplants as compared to the recipients of KIR genotype-mismatched
transplants in both discovery and validation cohorts (p = 0.002 and 0.026 respectively; Fig 5A
and 5B, left panel). Upon combining the discovery and validation cohorts, a hazard ratio of
1.86 (95%ClI: 1.32-2.59, p = 0.0001) was observed, where cGRFS was significantly lower in
recipients of KIR genotype mismatched transplant as compared to those of KIR genotype
matched transplant (18.8% [95%CL: 10.2-29.4%] vs. 40.6% [95%CI: 32.8-48.3%]; Fig 5C, left
panel). None of the other tested definitions yielded any significant effect on cGRFS (data not
shown). When a similar analysis was performed in ligand-specific cohort, the favorable cGRFS
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Fig 4. Effect of missing HLA ligands in recipients of unrelated donor HCT. Absence of one or more missing HLA ligands
was scored for donor inhibitory KIR3DL2 (A3/A11), KIR3DL1 (Bw4), KIR2DL2/2DL3 (C2) and KIR2DL1 (C1) as well as activating
KIR2DS1 (C2) and KIR3DS1 (Bw4). A multivariate competing risks regression analysis revealed a significantly reduced
incidence of relapse (p-values <0.05) among recipients of unrelated donor HCT in which one or more HLA ligands for donor
inhibitory KIR were absent.

doi:10.1371/journal.pone.0158242.9004

was observed exclusively in recipients carrying one or two C1 bearing HLA-C allotypes

(p =0.013, Fig 6A), receiving grafts from a KIR genotype matched donor. Matched sibling or
unrelated donors, Bw4/x positive or negative recipients or A3/11 positive or negative recipients
did not segregate the beneficiaries of KIR genotype matching in terms of improved cGREFS.

As expected, unrelated donor HCT recipients missing one or more ligands for donor inhibi-
tory KIR had a significantly improved RES as compared to the HCT recipients in which all KIR
ligands were present (61.9% [50.3-71.6%] vs. 20.0% [1.4-54.7%]; p = 0.038, Fig 7A). No nota-
ble beneficial or adverse effect of KIR genotype matching was observed on RES among discov-
ery and validation cohorts (Fig 5) as well as when the cohort was stratified according to donor
type or ligand type (Fig 6).

Although, none of tested KIR and KIR-HLA definitions had any impact of overall survival,
a comparatively better overall survival was observed among recipients of unrelated donor HCT
who were missing one or more ligands for donor inhibitory KIR as compared to those having
all the ligands present, although this difference was not statistically significant at the end of fol-
low up (67.5% [95%CI: 56.2-76.5%] vs. 42.4% [95%CI: 13.7-69.1%], p = 0.112, Fig 7A).

Discussion

The present study examined the effects of donor and recipient KIR and HLA class-I types
across all existing definitions of KIR and KIR-HLA combinatorial diversity in HLA matched
HCT following T cell depleted myeloablative conditioning. Observed associations were tested
in a discovery-validation setting in addition to donor type (matched sibling or unrelated) as
well as ligand-specific settings. First, we discovered (and subsequently validated) that D-R
matching for KIR genotypes reduced chronic GVHD requiring systemic therapy and improved
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Fig 5. Effect of KIR genotype matching on the survival outcomes. Estimates of cGVHD & relapse free survival (cGRFS, left panel), relapse-free
survival (RFS, middle panel) and overall survival (OS, right panel) are presented across discovery [A], validation [B] and combined [C] cohorts. A
multivariate Cox Proportional Hazards Regression at the end of follow-up revealed a significantly poorer (p-values <0.05) cGRFS in both discovery
and validation cohorts in addition to a combined cohort (discovery + validation) when KIR genotype mismatched donors were used.

doi:10.1371/journal.pone.0158242.9g005

survival free of chronic GVHD and relapse (cGREFS). This effect was applicable to both sibling
and unrelated donor HCT and was specific to recipients carrying one or two C1 bearing
HLA-C allotypes. Second, absence of one or more of recipient A3/11, Bw4, C1 or C2 ligands in
the presence of their putative donor inhibitory KIR (missing ligand) significantly reduced
relapse and improved relapse-free survival (RES) when an unrelated donor was used. Finally,
none of the benefits of other reported definitions pertaining to KIR alone or in combination
with HLA class-I of donors and recipients were found relevant in the current setting.

These observations, though not directly tested for functional mechanisms in vitro, draw par-
allels from several published reports by us and others which are suggestive of a possible role of
NK cells in controlling GVHD, especially when transplant conditioning includes ATG admin-
istration. First, we have shown that ATG pre-administration for in vivo T cell depletion (aimed
at GVHD prophylaxis) favors a rapid quantitative reconstitution of NK cells [41]. A low NK:T
cell ratio in the graft may favor T-cell interaction with host antigen presenting cells (APC)
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Fig 6. Effect of KIR genotype matching on cGVHD & relapse-free survival (cGRFS) among C1/x recipients. As with cGVHD,
KIR genotype matching segregated only the recipients having one or two C1 bearing HLA-C allotypes for differences in cGRFS in a
multivariate Cox proportional hazards regression that accounted for covariates for both GVHD and relapse. No effect on relapse free
survival (RFS) or overall survival (OS) was noted.

doi:10.1371/journal.pone.0158242.g006

thereby initiating GVHD, whereas a high NK:T cell ratio may favor APC elimination hence
preventing GVHD [14, 42]. Early reconstitution of NK cells is marked by a fast increase in

the CD56°"¢™ fraction with a relatively slower recovery of CD56%™ fraction [41, 43], and an
increased risk of cGVHD with lower counts of CD56"8" NK cells ~3 months after ATG-con-
ditioned HCT was observed [44]. Further, in a recent study we reported that high serum IL-15
levels on day +7 were associated with a lower incidence of cGVHD [45]. Although these levels
did not correlate with improved quantitative reconstitution of NK cells in this study (measured
at day +28), IL-15 has been shown to restore functions of NK cells that show low cytotoxicity
and diminished IFN-y production up to 3 months after HCT [46].

Approximately 15-19% of HCT recipients are C2/C2 homozygotes and some studies have
implicated the absence of C1 epitope with poorer HCT outcomes [21, 30, 47, 48]. However in
our experience, similar incidences were observed among C1/x recipients as compared to C2/C2
homozygotes, both in terms of relapse (26.6% [20.1-33.5%] vs. 28.7% [13.1-46.5%], p = 0.597)
as well as cGVHD (33.3% [26.9-39.8%] vs. 37.2% [19.9-54.6%], p = 0.774). These differences
can be attributed to the pre-administration of ATG for in vivo T cell depletion to all patients
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Fig 7. Effect of missing KIR ligands on relapse free survival among recipients of unrelated donor HCT. Multivariate cox
proportional hazards regression analysis revealed a significantly improved relapse free survival (p-values <0.05) among
recipients of unrelated donor HCT in which one or more HLA ligands for donor inhibitory KIR were absent. No effect on cGVHD
& relapse-free survival (cGRFS) was noted whereas recipients with missing inhibitory KIR ligands experienced a
comparatively better overall survival (OS), the difference however was not significant.

doi:10.1371/journal.pone.0158242.g007

prior to transplant. Used as an effective GVHD prophylactic drug, the polyclonal ATG con-
tains antibodies recognizing multiple surface markers, some of which are expressed on leuke-
mic cells [49] and has been shown to cause lysis of leukemic cell lines [50] as well as leukemic
blasts in vitro [51]. Nevertheless, the favorable effect of KIR genotype matched donors on
c¢GVHD as well as on cGRFS being applicable only to C1/x recipients seems to be consistent
with C2 self-ligand rendering NK cells expressing its putative receptors (KIR2DL1/2DS1) non-
responsive as hypothesized in some of the earlier studies [21, 30].

A significant reduction in the incidences of cGVHD with KIR genotype matched donors did
not accompany a heightened risk of relapse, which was unexpected, and highlighted a critical
facet of this algorithm. NK cells’ discrimination of healthy from malignant cells despite lacking
antigen specificity separates GVL from GVHD. Since normal cells do not express the required
amounts of activating ligands to incite an NK cell response, NK cells with matched KIR geno-
types may simultaneously be controlling GVHD. ATG facilitated mechanisms including rapid
NK-cell quantitative and functional reconstitution [41] and suppression of residual T-cell
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alloreactivity by NK cells [52, 53] further support these observations. Alternatively, as suggested
by at least one recent clinical trial pertaining to activated NK cell DLI, NK cells may either be
exacerbating otherwise subclinical T-cell mediated alloreactivity or directly killing tissues
expressing activating receptor ligands, contributing to, rather than preventing GVHD [54].

Consistent with other published reports [55, 56], and the hypothesis that donor derived NK
cells would mimic ‘missing-self’ when the recipient is missing ligand for donor KIR, a signifi-
cant favorable effect on relapse and relapse free survival was observed with one or more miss-
ing inhibitory KIR ligand when an unrelated donor was used. No such effect was observed in
HLA identical sibling donor transplants, which is consistent with the existing literature explor-
ing missing ligand model primarily in unrelated donor HCT. Recipients with one or more
missing ligands for donor inhibitory KIR had a comparatively better overall survival (67.5% vs.
42.7% when all ligands were present), but this difference did not reach statistical significance.
No effect of any of the tested KIR-HLA definitions was noted on severe (grade II-IV) acute
GVHD, which could be due to the predominant influence of in vivo T cell depletion using
ATG on early than late post-transplant events and variability in reconstitution of mature NK
cell receptor repertoire after HCT [57-59].

Interest in KIR-HLA-regulated NK cells and their influence on HCT outcomes has led to
many reports in HLA matched and mismatched transplants with diverse, often difficult to inte-
grate, outcomes. A series of studies reported beneficial effects of KIR B/x genotype donors con-
sisting of centromeric-B motifs in controlling relapse among recipients carrying at least one C1
bearing HLA-C allotypes predominantly in HLA-C mismatched transplants [19-21]. Other
studies have reported beneficial and adverse clinical effects of donor activating KIR genes [60-
65] or their incompatibilities with recipients’ genes [6, 66] in different transplant settings.
However, in this study, we did not find any effect of donor KIR-B/x (or KIR-AA) genotypes on
any of the studied clinical end points, both when tested within broad definitions, and when
analyzed in terms of centromeric and telomeric B-motifs. The present study is unique from
other published reports in the inclusion of ATG pre-administered, 10/10 HLA allele matched
transplants. In a setting of HLA-C ligand mismatched, T-cell replete, unrelated donor trans-
plant, Yabe et al noted that the beneficial effects of KIR-regulated NK cells depended on ATG
pre-administration [25].

There could be certain limitations to this study. First, the studied cohort is heterogeneous
with respect to diagnosis, but is homogenous in terms of pre-transplant conditioning. However
in a separate analysis the observed associations were not affected by the types of primary disease
for which HCT were performed making the findings applicable to and representing all (lym-
phoid and myeloid) hematologic malignancies. Second, our novel description of cGRFS excludes
aGVHD grade III-IV as compared to the Minnesota group’s definition of GVHD and relapse-
free survival (GRES) [34]. In the present study, all patients experiencing grade III-IV aGVHD
either died or developed cGVHD, yielding similar observations when tested for KIR genotype
matching and GRFS. Furthermore, chronic GVHD, apart from rarely being a de novo develop-
ment, in most cases may either be an extension of acute GVHD or may emerge after a quiescent
interval after acute GVHD is resolved. Multivariate analyses for both cGVHD and cGRES there-
fore corrected for the ‘occurrence of aGVHD (grade I-1V) before cGVHD’. Third, the studied
cohort includes a substantial number of sibling donors, who are more likely to be matched for
KIR genotypes as compared to unrelated donors. To rule out the possibility that KIR genotype
matching is merely a marker of relatedness, sibling donors were accounted for in the multivariate
analyses in discovery-validation and ligand-specific settings in addition to being separately tested
for observed associations in a donor-type specific setting. Fourth, the observed correlations were
made through genetic analysis only and a functional mechanism attributable to the beneficial
effects of KIR genotype matching remains poorly understood. Nevertheless, robust statistical
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modeling and cohort stratification rule out erroneous associations and as a result the study offers
a clinically applicable donor selection strategy that can help further control cGVHD without
affecting the risk of disease relapse and/or identify patients at high risk of developing cGVHD or
relapse as potential candidates for preemptive or prompt therapies.

In conclusion, the present study for the first time presents the beneficial effects of KIR geno-
type matching in an ATG conditioned myeloablative HLA matched transplant setting. Worthy
of note, our observations assert that the lessons learnt pertaining to the previously understood
effects of KIR and KIR-HLA combinatorial diversity in utilizing NK cells to the benefit of HCT
outcomes had limited relevance in an ATG conditioned HLA matched HCT setting as evi-
denced by previously unreported findings and the assimilation of supplementary table (S2
Table). Findings of this study have the potential to further augment the beneficial outcomes of
HCT using similar pre-transplant regimen [67, 68]. We have estimated the practical applicabil-
ity of suggested KIR genotype matched donor selection strategy by adding an inexpensive KIR
genotyping (available in most HLA laboratories), which can be used today to supplement HLA
typing. By KIR genotyping three HLA matched donors during confirmatory HLA typing (cur-
rently one of two HLA matched unrelated donors are selected) the probability of finding a KIR
genotype matched donor will increase from current random rate of 64% to an estimated >90%
that will result in at least 12-15% reduction in the incidence of cGVHD and ~10% increase in
survival free of cGVHD and relapse. Accrual for a prospective clinical trial selecting the HLA
matched donors who are also matched for KIR genotypes is expected to start by early 2017.

Supporting Information

S1 Table. Univariate analyses for the association of Demographic and Clinical Variables
with the HCT outcomes.
(DOCX)

$2 Table. KIR/KIR-HLA definitions yielding no association with HCT outcomes.
(DOCX)

Acknowledgments

The study was funded by Alberta Innovates-health solution, Alberta Children Hospital Foun-
dation, Alberta Cancer Foundation, Calgary Laboratory Services and Buckley family founda-
tion grant. FMK is a recipient of Barb Ibbotson ACHF Chair in Pediatric Hematology Award.
Abstracts from this work (RMF) have been recognized by several conference awards including
the 2013 American society of Hematology (ASH) Abstract Achievement Award, 2014 Ameri-
can society for Histocompatibility and Immunogenetics (ASHI) award for ‘Most clinically rele-
vant poster’ and various other travel awards.

This study could not have happened without the dedication of Mamta Kantharia, Jennifer
LeBlanc, and BMT physicians. We also thank the staff of Tissue Typing Laboratory and Molec-
ular Haematology Laboratory of Calgary Laboratory Services for helping us in retrieval of pre-
transplant DNA specimens.

We are grateful to the anonymous reviewers for their critical comments and valuable
suggestions.

Author Contributions

Conceived and designed the experiments: RMF FMK. Performed the experiments: RMF TJK.
Analyzed the data: RMF. Contributed reagents/materials/analysis tools: FMK JS NB VL. Wrote
the paper: RMF FMK. Contributed to editing of manuscript: PDK GT RR AD.

PLOS ONE | DOI:10.1371/journal.pone.0158242 June 24,2016 19/283


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158242.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158242.s002

@’PLOS ‘ ONE

KIR Genotype Matched Donors Reduce Chronic GVHD

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Thomas ED. A History of Allogeneic Hematopoietic Cell Transplantation. In: Appelbaum MDF S.J.;
Negrin R.S.; Blume K.G., editor. Thomas' Hematopoietic Cell Transplantation: Stem Cell Transplanta-
tion, Fourth Edition2009.

Weiden PL, Sullivan KM, Flournoy N, Storb R, Thomas ED. Antileukemic effect of chronic graft-versus-
host disease: contribution to improved survival after allogeneic marrow transplantation. N Engl J Med.
1981; 304(25):1529-33. PMID: 7015133

Russell JA, Turner AR, Larratt L, Chaudhry A, Morris D, Brown C, et al. Adult recipients of matched
related donor blood cell transplants given myeloablative regimens including pretransplant antithymo-
cyte globulin have lower mortality related to graft-versus-host disease: a matched pair analysis. Biol
Blood Marrow Transplant. 2007; 13(3):299-306. PMID: 17317583

Storek J, Mohty M, Boelens JJ. Rabbit anti-T cell globulin in allogeneic hematopoietic cell transplanta-
tion. Biol Blood Marrow Transplant. 2015; 21(6):959-70. doi: 10.1016/j.bbmt.2014.11.676 PMID:
25482864

Cooper MA, Fehniger TA, Caligiuri MA. The biology of human natural killer-cell subsets. Trends Immu-
nol. 2001; 22(11):633—40. PMID: 11698225

Giebel S, Nowak |, Dziaczkowska J, Czerw T, Wojnar J, Krawczyk-Kulis M, et al. Activating killer immu-
noglobulin-like receptor incompatibilities enhance graft-versus-host disease and affect survival after
allogeneic hematopoietic stem cell transplantation. Eur J Haematol. 2009; 83(4):343-56. doi: 10.1111/
j-1600-0609.2009.01280.x PMID: 19500138

Bosch M, Khan FM, Storek J. Immune reconstitution after hematopoietic cell transplantation. Curr Opin
Hematol. 2012; 19(4):324-35. doi: 10.1097/MOH.0b013e328353bc7d PMID: 22517587

Moesta AK, Norman PJ, Yawata M, Yawata N, Gleimer M, Parham P. Synergistic polymorphism at two
positions distal to the ligand-binding site makes KIR2DL2 a stronger receptor for HLA-C than KIR2DL3.
J Immunol. 2008; 180(6):3969—-79. PMID: 18322206

Winter CC, Gumperz JE, Parham P, Long EO, Wagtmann N. Direct binding and functional transfer of
NK cell inhibitory receptors reveal novel patterns of HLA-C allotype recognition. J Immunol. 1998; 161
(2):571-7. PMID: 9670929

Gumperz JE, Litwin V, Phillips JH, Lanier LL, Parham P. The Bw4 public epitope of HLA-B molecules
confers reactivity with natural killer cell clones that express NKB1, a putative HLA receptor. J Exp Med.
1995; 181(3):1133-44. PMID: 7532677

Rajagopalan S, Long EO. Understanding how combinations of HLA and KIR genes influence disease.
J Exp Med. 2005; 201(7):1025-9. PMID: 15809348

Rajalingam R. Overview of the killer cellimmunoglobulin-like receptor system. Methods Mol Biol. 2012;
882:391-414. doi: 10.1007/978-1-61779-842-9_23 PMID: 22665247

Parham P. MHC class | molecules and KIRs in human history, health and survival. Nature reviews
Immunology. 2005; 5(3):201-14. PMID: 15719024

Witt CS. The influence of NK alloreactivity on matched unrelated donor and HLA identical sibling hae-
matopoietic stem cell transplantation. Curr Opin Immunol. 2009; 21(5):531-7. doi: 10.1016/j.c0i.2009.
08.004 PMID: 19765964

Wu S, Zeng YJ, Zhang C, Deng TX, Xu YQ, Zhang X. The Role of the Killer Cell Immunoglobulin-Like
Receptor (KIR) “Missing Self” Model in Unrelated Donor HSCT: A Meta-analysis. Transplantation Pro-
ceedings. 2015; 47(2):558-65. doi: 10.1016/j.transproceed.2015.01.017 PMID: 25769607

Ruggeri L, Capanni M, Urbani E, Perruccio K, Shlomchik WD, Tosti A, et al. Effectiveness of donor nat-
ural killer cell alloreactivity in mismatched hematopoietic transplants. Science. 2002; 295(5562):2097—
100. PMID: 11896281

Ruggeri L, Mancusi A, Capanni M, Urbani E, Carotti A, Aloisi T, et al. Donor natural killer cell allorecog-
nition of missing self in haploidentical hematopoietic transplantation for acute myeloid leukemia: chal-
lenging its predictive value. Blood. 2007; 110(1):433-40. PMID: 17371948

Leung W, lyengar R, Turner V, Lang P, Bader P, Conn P, et al. Determinants of antileukemia effects of
allogeneic NK cells. J Immunol. 2004; 172(1):644—-50. PMID: 14688377

Cooley S, Trachtenberg E, Bergemann TL, Saeteurn K, Klein J, Le CT, et al. Donors with group B KIR
haplotypes improve relapse-free survival after unrelated hematopoietic cell transplantation for acute
myelogenous leukemia. Blood. 2009; 113(3):726-32. doi: 10.1182/blood-2008-07-171926 PMID:
18945962

Cooley S, Weisdorf DJ, Guethlein LA, Klein JP, Wang T, Le CT, et al. Donor selection for natural killer
cell receptor genes leads to superior survival after unrelated transplantation for acute myelogenous leu-
kemia. Blood. 2010; 116(14):2411-9. doi: 10.1182/blood-2010-05-283051 PMID: 20581313

PLOS ONE | DOI:10.1371/journal.pone.0158242 June 24,2016 20/23


http://www.ncbi.nlm.nih.gov/pubmed/7015133
http://www.ncbi.nlm.nih.gov/pubmed/17317583
http://dx.doi.org/10.1016/j.bbmt.2014.11.676
http://www.ncbi.nlm.nih.gov/pubmed/25482864
http://www.ncbi.nlm.nih.gov/pubmed/11698225
http://dx.doi.org/10.1111/j.1600-0609.2009.01280.x
http://dx.doi.org/10.1111/j.1600-0609.2009.01280.x
http://www.ncbi.nlm.nih.gov/pubmed/19500138
http://dx.doi.org/10.1097/MOH.0b013e328353bc7d
http://www.ncbi.nlm.nih.gov/pubmed/22517587
http://www.ncbi.nlm.nih.gov/pubmed/18322206
http://www.ncbi.nlm.nih.gov/pubmed/9670929
http://www.ncbi.nlm.nih.gov/pubmed/7532677
http://www.ncbi.nlm.nih.gov/pubmed/15809348
http://dx.doi.org/10.1007/978-1-61779-842-9_23
http://www.ncbi.nlm.nih.gov/pubmed/22665247
http://www.ncbi.nlm.nih.gov/pubmed/15719024
http://dx.doi.org/10.1016/j.coi.2009.08.004
http://dx.doi.org/10.1016/j.coi.2009.08.004
http://www.ncbi.nlm.nih.gov/pubmed/19765964
http://dx.doi.org/10.1016/j.transproceed.2015.01.017
http://www.ncbi.nlm.nih.gov/pubmed/25769607
http://www.ncbi.nlm.nih.gov/pubmed/11896281
http://www.ncbi.nlm.nih.gov/pubmed/17371948
http://www.ncbi.nlm.nih.gov/pubmed/14688377
http://dx.doi.org/10.1182/blood-2008-07-171926
http://www.ncbi.nlm.nih.gov/pubmed/18945962
http://dx.doi.org/10.1182/blood-2010-05-283051
http://www.ncbi.nlm.nih.gov/pubmed/20581313

@’PLOS ‘ ONE

KIR Genotype Matched Donors Reduce Chronic GVHD

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Cooley S, Weisdorf DJ, Guethlein LA, Klein JP, Wang T, Marsh SG, et al. Donor killer cell Ig-like recep-
tor B haplotypes, recipient HLA-C1, and HLA-C mismatch enhance the clinical benefit of unrelated
transplantation for acute myelogenous leukemia. J Immunol. 2014; 192(10):4592—600. doi: 10.4049/
jimmunol.1302517 PMID: 24748496

Landgren O, Gilbert ES, Rizzo JD, Socie G, Banks PM, Sobocinski KA, et al. Risk factors for lympho-
proliferative disorders after allogeneic hematopoietic cell transplantation. Blood. 2009; 113(20):4992—
5001. doi: 10.1182/blood-2008-09-178046 PMID: 19264919

Lim AB, Storek J, Beligaswatte A, Collins M, Tacey M, Williamson T, et al. Older recipient age is para-
doxically associated with a lower incidence of chronic GVHD in thymoglobulin recipients: a retrospec-
tive study exploring risk factors for GVHD in allogeneic transplantation with thymoglobulin GVHD
prophylaxis. Bone Marrow Transplant. 2015; 50(4):566—72. doi: 10.1038/bmt.2014.313 PMID:
25642763

Ugarte-Torres A, Hoegh-Petersen M, Liu Y, Zhou F, Williamson TS, Quinlan D, et al. Donor serostatus
has an impact on cytomegalovirus-specific immunity, cytomegaloviral disease incidence, and survival
in seropositive hematopoietic cell transplant recipients. Biol Blood Marrow Transplant. 2011; 17
(4):574-85. doi: 10.1016/j.bbmt.2010.07.020 PMID: 20688181

Yabe T, Matsuo K, Hirayasu K, Kashiwase K, Kawamura-Ishii S, Tanaka H, et al. Donor killer immuno-
globulin-like receptor (KIR) genotype-patient cognate KIR ligand combination and antithymocyte globu-
lin preadministration are critical factors in outcome of HLA-C-KIR ligand-mismatched T cell-replete
unrelated bone marrow transplantation. Biol Blood Marrow Transplant. 2008; 14(1):75-87. PMID:
18158964

Daly A, Savoie ML, Geddes M, Chaudhry A, Stewart D, Duggan P, et al. Fludarabine, busulfan, antithy-
mocyte globulin, and total body irradiation for pretransplantation conditioning in acute lymphoblastic
leukemia: excellent outcomes in all but older patients with comorbidities. Biol Blood Marrow Transplant.
2012; 18(12):1921-6. doi: 10.1016/j.bbmt.2012.07.017 PMID: 22842330

Hoegh-Petersen M, Roa L, Liu Y, Zhou F, Ugarte-Torres A, Louie P, et al. Low cytomegalovirus-specific
T-cell counts at reactivation are associated with progression to high-level viremia or disease in seropos-
itive recipients of hematopoietic cell grafts from seropositive but not seronegative donors. Cytotherapy.
2012; 14(2):194-204. doi: 10.3109/14653249.2011.634402 PMID: 22149135

Yawata M, Yawata N, Abi-Rached L, Parham P. Variation within the human killer cell immunoglobulin-
like receptor (KIR) gene family. Crit Rev Immunol. 2002; 22(5-6):463—-82. PMID: 12803322

Martin AM, Kulski JK, Gaudieri S, Witt CS, Freitas EM, Trowsdale J, et al. Comparative genomic analy-
sis, diversity and evolution of two KIR haplotypes A and B. Gene. 2004; 335:121-31. PMID: 15194195

Venstrom JM, Pittari G, Gooley TA, Chewning JH, Spellman S, Haagenson M, et al. HLA-C-dependent
prevention of leukemia relapse by donor activating KIR2DS1. N Engl J Med. 2012; 367(9):805—16. doi:
10.1056/NEJMoa1200503 PMID: 22931314

Gonzalez-Galarza FF, Takeshita LY, Santos EJ, Kempson F, Maia MH, da Silva AL, et al. Allele fre-
quency net 2015 update: new features for HLA epitopes, KIR and disease and HLA adverse drug reac-
tion associations. Nucleic Acids Res. 2015; 43(Database issue):D784-8. doi: 10.1093/nar/gku1166
PMID: 25414323

Filipovich AH, Weisdorf D, Pavletic S, Socie G, Wingard JR, Lee SJ, et al. National Institutes of Health
consensus development project on criteria for clinical trials in chronic graft-versus-host disease: |. Diag-
nosis and staging working group report. Biol Blood Marrow Transplant. 2005; 11(12):945-56. PMID:
16338616

Przepiorka D, Weisdorf D, Martin P, Klingemann HG, Beatty P, Hows J, et al. 1994 Consensus Confer-
ence on Acute GVHD Grading. Bone Marrow Transplant. 1995; 15(6):825-8. PMID: 7581076

Holtan SG, DeFor TE, Lazaryan A, Bejanyan N, Arora M, Brunstein CG, et al. Composite endpoint of
graft-versus-host disease-free, relapse-free survival after allogeneic hematopoietic cell transplantation.
Blood. 2015.

Jason PF, Gray RJ. A Proportional Hazards Model for the Subdistribution of a Competing Risk. Journal
of the American Statistical Association. 1999; 94(446):496-509.

Williamson PR, Kolamunnage-Dona R, Tudur Smith C. The influence of competing-risks setting on the
choice of hypothesis test for treatment effect. Biostatistics. 2007; 8(4):689—94. PMID: 17151088

Gray RJ. A Class of K-Sample Tests for Comparing the Cumulative Incidence of a Competing Risk.
The Annals of Statistics. 1988; 16(3):1141-54.

Scrucca L, Santucci A, Aversa F. Competing risk analysis using R: an easy guide for clinicians. Bone
Marrow Transplant. 2007; 40(4):381-7. PMID: 17563735

Enderlein G. Cox, D. R.; Oakes, D.: Analysis of Survival Data. Chapman and Hall, London—New York
1984, 201 S,, £ 12,—. Biometrical Journal. 1987; 29(1):114-.

PLOS ONE | DOI:10.1371/journal.pone.0158242 June 24,2016 21/23


http://dx.doi.org/10.4049/jimmunol.1302517
http://dx.doi.org/10.4049/jimmunol.1302517
http://www.ncbi.nlm.nih.gov/pubmed/24748496
http://dx.doi.org/10.1182/blood-2008-09-178046
http://www.ncbi.nlm.nih.gov/pubmed/19264919
http://dx.doi.org/10.1038/bmt.2014.313
http://www.ncbi.nlm.nih.gov/pubmed/25642763
http://dx.doi.org/10.1016/j.bbmt.2010.07.020
http://www.ncbi.nlm.nih.gov/pubmed/20688181
http://www.ncbi.nlm.nih.gov/pubmed/18158964
http://dx.doi.org/10.1016/j.bbmt.2012.07.017
http://www.ncbi.nlm.nih.gov/pubmed/22842330
http://dx.doi.org/10.3109/14653249.2011.634402
http://www.ncbi.nlm.nih.gov/pubmed/22149135
http://www.ncbi.nlm.nih.gov/pubmed/12803322
http://www.ncbi.nlm.nih.gov/pubmed/15194195
http://dx.doi.org/10.1056/NEJMoa1200503
http://www.ncbi.nlm.nih.gov/pubmed/22931314
http://dx.doi.org/10.1093/nar/gku1166
http://www.ncbi.nlm.nih.gov/pubmed/25414323
http://www.ncbi.nlm.nih.gov/pubmed/16338616
http://www.ncbi.nlm.nih.gov/pubmed/7581076
http://www.ncbi.nlm.nih.gov/pubmed/17151088
http://www.ncbi.nlm.nih.gov/pubmed/17563735

@’PLOS ‘ ONE

KIR Genotype Matched Donors Reduce Chronic GVHD

40.

4.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Mancusi A, Ruggeri L, Urbani E, Pierini A, Massei MS, Carotti A, et al. Haploidentical hematopoietic
transplantation from KIR ligand—mismatched donors with activating KIRs reduces nonrelapse mortality.
Blood. 2015; 125(20):3173-82. doi: 10.1182/blood-2014-09-599993 PMID: 25769621

Bosch M, Dhadda M, Hoegh-Petersen M, Liu Y, Hagel LM, Podgorny P, et al. Immune reconstitution
after anti-thymocyte globulin-conditioned hematopoietic cell transplantation. Cytotherapy. 2012; 14
(10):1258-75. doi: 10.3109/14653249.2012.715243 PMID: 22985195

Kim DH, Sohn SK, Lee NY, Baek JH, Kim JG, Won DI, et al. Transplantation with higher dose of natural
killer cells associated with better outcomes in terms of non-relapse mortality and infectious events after
allogeneic peripheral blood stem cell transplantation from HLA-matched sibling donors. Eur J Haema-
tol. 2005; 75(4):299-308. PMID: 16146536

Chang YJ, Zhao XY, Huang XJ. Effects of the NK cell recovery on outcomes of unmanipulated haploi-
dentical blood and marrow transplantation for patients with hematologic malignancies. Biol Blood Mar-
row Transplant. 2008; 14(3):323-34. doi: 10.1016/j.bbmt.2007.12.497 PMID: 18275899

Podgorny PJ, Liu Y, Dharmani-Khan P, Pratt LM, Jamani K, Luider J, et al. Immune cell subset counts
associated with graft-versus-host disease. Biol Blood Marrow Transplant. 2014; 20(4):450-62. doi: 10.
1016/j.bbmt.2014.01.002 PMID: 24406506

Pratt LM, Liu Y, Ugarte-Torres A, Hoegh-Petersen M, Podgorny PJ, Lyon AW, et al. IL15 levels on day
7 after hematopoietic cell transplantation predict chronic GVHD. Bone Marrow Transplant. 2013; 48
(5):722-8. doi: 10.1038/bmt.2012.210 PMID: 23165502

Foley B, Cooley S, Verneris MR, Curtsinger J, Luo X, Waller EK, et al. NK cell education after allogeneic
transplantation: dissociation between recovery of cytokine-producing and cytotoxic functions. Blood.
2011; 118(10):2784-92. doi: 10.1182/blood-2011-04-347070 PMID: 21757615

Giebel S, Locatelli F, Wojnar J, Velardi A, Mina T, Giorgiani G, et al. Homozygosity for human leucocyte
antigen-C ligands of KIR2DL1 is associated with increased risk of relapse after human leucocyte anti-
gen-C-matched unrelated donor haematopoietic stem cell transplantation. Br J Haematol. 2005; 131
(4):483-6. PMID: 16281939

Cook MA, Milligan DW, Fegan CD, Darbyshire PJ, Mahendra P, Craddock CF, et al. The impact of
donor KIR and patient HLA-C genotypes on outcome following HLA-identical sibling hematopoietic
stem cell transplantation for myeloid leukemia. Blood. 2004; 103(4):1521-6. PMID: 14504099

Mohty M. Mechanisms of action of antithymocyte globulin: T-cell depletion and beyond. Leukemia.
2007;21(7):1387-94. PMID: 17410187

Grullich C, Ziegler C, Finke J. Rabbit anti T-lymphocyte globulin induces apoptosis in peripheral blood
mononuclear cell compartments and leukemia cells, while hematopoetic stem cells are apoptosis resistant.
Biol Blood Marrow Transplant. 2009; 15(2):173-82. doi: 10.1016/j.bbmt.2008.11.014 PMID: 19167677

Dabas R, Lee R, Servito MT, Dharmani-Khan P, Modi M, van Slyke T, et al. Antithymocyte Globulin at
Clinically Relevant Concentrations Kills Leukemic Blasts. Biol Blood Marrow Transplant. 2016; 22
(5):815—24. doi: 10.1016/j.bbmt.2016.01.002 PMID: 26779931

Asai O, Longo DL, Tian ZG, Hornung RL, Taub DD, Ruscetti FW, et al. Suppression of graft-versus-
host disease and amplification of graft-versus-tumor effects by activated natural killer cells after alloge-
neic bone marrow transplantation. The Journal of Clinical Investigation. 1998; 101(9):1835-42. PMID:
9576746

Olson JA, Leveson-Gower DB, Gill S, Baker J, Beilhack A, Negrin RS. NK cells mediate reduction of
GVHD by inhibiting activated, alloreactive T cells while retaining GVT effects. Blood. 2010; 115
(21):4293-301. doi: 10.1182/blood-2009-05-222190 PMID: 20233969

Shah NN, Baird K, Delbrook CP, Fleisher TA, Kohler ME, Rampertaap S, et al. Acute GVHD in patients
receiving IL-15/4-1BBL activated NK cells following T-cell-depleted stem cell transplantation. Blood.
2014; 125(5):784-92. doi: 10.1182/blood-2014-07-592881 PMID: 25452614

Miller JS, Cooley S, Parham P, Farag SS, Verneris MR, McQueen KL, et al. Missing KIR ligands are
associated with less relapse and increased graft-versus-host disease (GVHD) following unrelated
donor allogeneic HCT. Blood. 2007; 109(11):5058-61. PMID: 17317850

Clausen J, Kircher B, Auberger J, Schumacher P, Ulmer H, Hetzenauer G, et al. The role of missing
killer cellimmunoglobulin-like receptor ligands in T cell replete peripheral blood stem cell transplanta-
tion from HLA-identical siblings. Biol Blood Marrow Transplant. 2010; 16(2):273-80. doi: 10.1016/j.
bbmt.2009.10.021 PMID: 19857587

Shilling HG, McQueen KL, Cheng NW, Shizuru JA, Negrin RS, Parham P. Reconstitution of NK cell
receptor repertoire following HLA-matched hematopoietic cell transplantation. Blood. 2003; 101
(9):3730-40. PMID: 12511415

Giebel S, Dziaczkowska J, Czerw T, Wojnar J, Krawczyk-Kulis M, Nowak |, et al. Sequential recovery
of NK cell receptor repertoire after allogeneic hematopoietic SCT. Bone Marrow Transplant. 2010; 45
(6):1022-30. doi: 10.1038/bmt.2009.384 PMID: 20118994

PLOS ONE | DOI:10.1371/journal.pone.0158242 June 24,2016 22/23


http://dx.doi.org/10.1182/blood-2014-09-599993
http://www.ncbi.nlm.nih.gov/pubmed/25769621
http://dx.doi.org/10.3109/14653249.2012.715243
http://www.ncbi.nlm.nih.gov/pubmed/22985195
http://www.ncbi.nlm.nih.gov/pubmed/16146536
http://dx.doi.org/10.1016/j.bbmt.2007.12.497
http://www.ncbi.nlm.nih.gov/pubmed/18275899
http://dx.doi.org/10.1016/j.bbmt.2014.01.002
http://dx.doi.org/10.1016/j.bbmt.2014.01.002
http://www.ncbi.nlm.nih.gov/pubmed/24406506
http://dx.doi.org/10.1038/bmt.2012.210
http://www.ncbi.nlm.nih.gov/pubmed/23165502
http://dx.doi.org/10.1182/blood-2011-04-347070
http://www.ncbi.nlm.nih.gov/pubmed/21757615
http://www.ncbi.nlm.nih.gov/pubmed/16281939
http://www.ncbi.nlm.nih.gov/pubmed/14504099
http://www.ncbi.nlm.nih.gov/pubmed/17410187
http://dx.doi.org/10.1016/j.bbmt.2008.11.014
http://www.ncbi.nlm.nih.gov/pubmed/19167677
http://dx.doi.org/10.1016/j.bbmt.2016.01.002
http://www.ncbi.nlm.nih.gov/pubmed/26779931
http://www.ncbi.nlm.nih.gov/pubmed/9576746
http://dx.doi.org/10.1182/blood-2009-05-222190
http://www.ncbi.nlm.nih.gov/pubmed/20233969
http://dx.doi.org/10.1182/blood-2014-07-592881
http://www.ncbi.nlm.nih.gov/pubmed/25452614
http://www.ncbi.nlm.nih.gov/pubmed/17317850
http://dx.doi.org/10.1016/j.bbmt.2009.10.021
http://dx.doi.org/10.1016/j.bbmt.2009.10.021
http://www.ncbi.nlm.nih.gov/pubmed/19857587
http://www.ncbi.nlm.nih.gov/pubmed/12511415
http://dx.doi.org/10.1038/bmt.2009.384
http://www.ncbi.nlm.nih.gov/pubmed/20118994

@’PLOS ‘ ONE

KIR Genotype Matched Donors Reduce Chronic GVHD

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Vago L, Forno B, Sormani MP, Crocchiolo R, Zino E, Di Terlizzi S, et al. Temporal, quantitative, and
functional characteristics of single-KIR-positive alloreactive natural killer cell recovery account for
impaired graft-versus-leukemia activity after haploidentical hematopoietic stem cell transplantation.
Blood. 2008; 112(8):3488-99. doi: 10.1182/blood-2007-07-103325 PMID: 18645039

Chen C, Busson M, Rocha V, Appert ML, Lepage V, Dulphy N, et al. Activating KIR genes are associ-
ated with CMV reactivation and survival after non-T-cell depleted HLA-identical sibling bone marrow
transplantation for malignant disorders. Bone Marrow Transplant. 2006; 38(6):437—44. PMID:
16892071

Stringaris K, Adams S, Uribe M, Eniafe R, Wu CO, Savani BN, et al. Donor KIR Genes 2DL5A, 2DS1
and 3DS1 are associated with a reduced rate of leukemia relapse after HLA-identical sibling stem cell
transplantation for acute myeloid leukemia but not other hematologic malignancies. Biol Blood Marrow
Transplant. 2010; 16(9):1257-64. doi: 10.1016/j.bbmt.2010.03.004 PMID: 20302958

Kroger N, Binder T, Zabelina T, Wolschke C, Schieder H, Renges H, et al. Low number of donor activat-
ing killer immunoglobulin-like receptors (KIR) genes but not KIR-ligand mismatch prevents relapse and
improves disease-free survival in leukemia patients after in vivo T-cell depleted unrelated stem cell
transplantation. Transplantation. 2006; 82(8):1024-30. PMID: 17060849

Clausen J, Wolf D, Petzer AL, Gunsilius E, Schumacher P, Kircher B, et al. Impact of natural killer cell
dose and donor killer-cellimmunoglobulin-like receptor (KIR) genotype on outcome following human
leucocyte antigen-identical haematopoietic stem cell transplantation. Clin Exp Immunol. 2007; 148
(3):520-8. PMID: 17493020

Kim HJ, Choi Y, Min WS, Kim TG, Cho BS, Kim SY, et al. The activating killer cellimmunoglobulin-like
receptors as important determinants of acute graft-versus host disease in hematopoietic stem cell
transplantation for acute myelogenous leukemia. Transplantation. 2007; 84(9):1082—91. PMID:
17998861

Schellekens J, Rozemuller EH, Petersen EJ, van den Tweel JG, Verdonck LF, Tilanus MG. Patients
benefit from the addition of KIR repertoire data to the donor selection procedure for unrelated haemato-
poietic stem cell transplantation. Mol Immunol. 2008; 45(4):981-9. PMID: 17881057

McQueen KL, Dorighi KM, Guethlein LA, Wong R, Sanjanwala B, Parham P. Donor-recipient combina-
tions of group A and B KIR haplotypes and HLA class | ligand affect the outcome of HLA-matched, sib-
ling donor hematopoietic cell transplantation. Hum Immunol. 2007; 68(5):309-23. PMID: 17462498

Walker |, Schultz KR, Toze CL, Kerr HM, Moore J, Szwajcer D, et al. Thymoglobulin Decreases the
Need for Immunosuppression at 12 Months after Myeloablative and Nonmyeloablative Unrelated
Donor Transplantation: CBMTG 0801, a Randomized, Controlled Trial. Blood. 2014; 124(21):38-.

Kuan A. Phase 3 Study of US-ATG-F to Prevent Moderate to Severe Chronic GVHD in Adult Acute
Myeloid Leukemia, Acute Lymphoid Leukemia, and Myelodysplastic Syndrome Patients After Alloge-
neic Stem Cell Transplantation From Unrelated Donors. https://clinicaltrials.gov/ct2/show/
NCT01295710.

PLOS ONE | DOI:10.1371/journal.pone.0158242 June 24,2016 23/23


http://dx.doi.org/10.1182/blood-2007-07-103325
http://www.ncbi.nlm.nih.gov/pubmed/18645039
http://www.ncbi.nlm.nih.gov/pubmed/16892071
http://dx.doi.org/10.1016/j.bbmt.2010.03.004
http://www.ncbi.nlm.nih.gov/pubmed/20302958
http://www.ncbi.nlm.nih.gov/pubmed/17060849
http://www.ncbi.nlm.nih.gov/pubmed/17493020
http://www.ncbi.nlm.nih.gov/pubmed/17998861
http://www.ncbi.nlm.nih.gov/pubmed/17881057
http://www.ncbi.nlm.nih.gov/pubmed/17462498
https://clinicaltrials.gov/ct2/show/NCT01295710
https://clinicaltrials.gov/ct2/show/NCT01295710

