Stem Cell Transplantation

High-risk HLA alleles for severe acute

raft-versus-host disease and mortality
in unrelated donor bone marrow
transplantation

Satoko Morishima,* Koichi Kashiwase,? Keitaro Matsuo,® Fumihiro Azuma,?
Toshio Yabe,? Aiko Sato-Otsubo,* Seishi Ogawa,* Takashi Shiina,” Masahiro
Satake,? Hiroh Saji,* Shunichi Kato,” Yoshihisa Kodera,® Takehiko Sasazuki,®
and Yasuo Morishima® for the Japan Marrow Donor Program

‘Department of Hematology, Fujita Health University School of Medicine, Toyoake, Aichi;
2Japanese Red Cross Kanto-Koshinetsu Block Blood Center, Tokyo; ®*Divsion of Molecular
Medicine, Aichi Cancer Center Research Institute, Nagoya; ‘Department of Pathology and
Tumor Biology, Graduate School of Medicine, Kyoto University; ®Division of Basic Medical
Science and Molecular Medicine, Department of Molecular Life Science, Tokai University
School of Medicine, Isehara, Kanagawa; °®HLA Foundation Laboratory, Kyoto; "‘Department
of Cell Transplantation and Regenerative Medicine, Tokai University School of Medicine,
Isehara, Kanagawa; ®Department of Promotion for Blood and Marrow Transplantation,
Aichi Medical University School of Medicine, Nagakute; °Institute for Advanced Study,
Kyushu University, Fukuoka; and *°Division of Epidemiology and Prevention, Aichi Cancer
Center Research Institute, Nagoya, Japan

ABSTRACT

LA molecules play an important role for immunoreactivity in

allogeneic hematopoietic stem cell transplantation. To elucidate

the effect of specific HLA alleles on acute graft-versus-host dis-
ease, we conducted a retrospective analysis using 6967 Japanese
patients transplanted with T-cell-replete marrow from an unrelated
donor. Using unbiased searches of patient and donor HLA alleles,
patient and/or donor HLA-B*51:01 (patient: HR, 1.37, P<0.001; donor:
HR, 1.35, P<0.001) and patient HLA-C*14:02 (HR, 1.35, P<0.001) were
significantly associated with an increased risk of severe acute graft-ver-
sus-host disease. The finding that donor HLA-C*14:02 was not associat-
ed with severe acute graft-versus-host disease prompted us to elucidate
the relation of these high-risk HLA alleles with patient and donor HLA-
C allele mismatches. In comparison to HLA-C allele match, patient mis-
matched HLA-C*14:02 showed the highest risk of severe acute graft-ver-
sus-host disease (HR, 3.61, P<0.001) and transplant-related mortality
(HR, 2.53, P<0.001) among all patient mismatched HLA-C alleles.
Although patient HLA-C*14:02 and donor HLA-C*15:02 mismatch was
usually KIR2ZDL-ligand mismatch in the graft-versus-host direction, the
risk of patient mismatched HLA-C*14:02 for severe acute graft-versus-
host disease was obvious regardless of KIR2DL-ligand matching. The
effect of patient and/or donor HLA-B*51:01 on acute graft-versus-host
disease was attributed not only to strong linkage disequilibrium of HLA-
C*14:02 and -B*51:01, but also to the effect of HLA-B*51:01 itself. With
regard to clinical implications, patient mismatched HLA-C*14:02 proved
to be a potent risk factor for severe acute graft-versus-host disease and
mortality, and should be considered a non-permissive HLA-C mismatch
in donor selection for unrelated donor hematopoietic stem cell trans-
plantation.
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Introduction

Hematopoietic stem cell transplantation (HSCT) from
an unrelated (UR) donor is now an established curative
therapy for hematologic malignancies and other hemato-
logic or immunological disorders. Human leukocyte anti-
gen (HLA) molecules play an important role in the cellular
discrimination of ‘self’ and ‘non-self’ in allogeneic HSCT,
and the critical role of patient and donor human HLA
matching status on graft rejection, graft-versus-host disease
(GvHD), and survival after UR-HSCT has been well
defined. The risk of transplant-related immunological
events may vary according to patient-donor mismatching
HLA locus,"* mismatching specific HLA epitopes,”® and
specific mismatch combinations.” Furthermore, several
studies have demonstrated that specific individual HLA
genotypes may also affect transplant outcome,”” although
the results are not always consistent.

The human major histocompatibility (IMHC) region is
the most gene-dense region of the human genome, con-
taining more than 150 protein coding genes at approxi-
mately 4 Mb. Many of the HLA gene products have co-
ordinated roles in immune function.” The MHC region
has been recognized as one of the most important genetic
regions associated with many kinds of human disease,
including autoimmune diseases, infections, and cancers."
Linkage disequilibrium (LD) is the non-random associa-
tion of alleles at different loci, and the long-range LD
blocks observed in MHC haplotypes"” induce genetic fixi-
ty in this region. Our previous study revealed that the
three common Japanese HLA haplotypes were highly con-
served among unrelated individuals up to 8 Mb, and sug-
gested that these haplotypes might contribute to the
occurrence of acute GvHD in HLA-identical UR-HSCT."
We therefore hypothesized that the immunological
response following UR-HSCT depends, not only on
patient-donor HLA allele matching, but also on specific
individual HLA alleles themselves and their linked HLA
region.

Here we analyzed the effect of specific HLA alleles on
acute GvHD using a large UR-HSCT cohort with exten-
sive HLA-allele data. Grades III-IV acute GvHD was the
clinical end point in this study, as this is considered to rep-
resent a severe or life-threatening immunological event
after allo-HSCT. In unbiased screening of patient and
donor HLA alleles, patient and/or donor HLA-B*51:01 and
patient HLA-C*14:02 were significantly associated with a
higher risk of severe acute GvHD. The effects of these
alleles on acute GvHD were attributed to the specific
patient mismatched HLA-C allele and its genetically
linked HLA-B allele.

Methods

Study population

A total of 6967 unrelated donor transplant pairs from the Japan
Marrow Donor Program (JMDP) database satisfied the following
criteria and were included in the analysis: 1) transplanted from a
serologically HLA-A, -B, and -DR antigen-matched donor between
January 1993 and December 2010; 2) transplantation pairs were
re-typed for HLA-A, -B, -C, -DRB1, -DQB1 and -DPB1 alleles; 3)
transplanted non-T-cell-depleted marrow without in vivo use of
anti-thymocyte globulin (ATG) for GVHD prophylaxis; 4) first
transplantation; 5) Japanese ethnicity; and 6) survival for more

Table 1. Characteristics of patients and donors.

haracteristics N.

Median patient age, years (range) 35 (0-73)
Median donor age, years (range) 34 (20-58)
Year of transplantation
1993-2000 2188 (31%)
2001-2005 2738 (39%)
2006-2010 2041 (29%)
Donor-patient sex
Male-male 2806 (40%)
Female-female 1305 (19%)
Male-female 1511 (22%)
Female-male 1345 (19%)
Disease
Acute lymphoblastic leukemia 1653 (24%)
Acute myeloid leukemia 2281 (33%)
Myelodysplastic syndrome 721 (10%)
Chronic myeloid leukemia 913 (13%)
Aplastic anemia 410 (6%)
Other 989 (14%)
Leukemia risk
Standard 3013 (43%)
Advanced 2256 (32%)
NA 1698 (24%)
GvHD prophylaxis
Cyclosporine-based 2916 (42%)
Tacrolimus-based 3922 (56%)
Other 129 2%)
Conditioning regimen
Myeloablative 5171 (74%)
Reduced-intensity 1240 (18%)
Missing 556 (8%)
HLA allele mismatching in the GvH direction
HLA-A 760 (11%)
HLA-B 353 (5%)
HLA-C 1965 (28%)
HLA-DRBI 1281 (18%)
HLA-DQBI 1526 (22%)
HLA-DPB1 4635 (67%)

Leukemia risk: standard risk indicates the first or second complete remission (CR) of
acute myeloid leukemia; first CR of acute lymphoblastic leukemia, and first chronic
phase of chronic myeloid leukemia, refractory anemia, and refractory anemia with
ringed sideroblasts. Advanced risk indicates all other leukemias. NA: not applicable.
Conditioning regimen. myeloablative regimen indicates conditioning regimens with
total-body irradiation >8 Gy, oral busulfan =9 mg/kg, intravenous busulfan =7.2 mg/kg,
or melphalan >140 mg/m? reduced-intensity, reduced-intensity regimen indicates all
other conditioning regimens.

than seven days after transplantation. Patients’ and donors’ char-
acteristics are shown in Table 1. A final clinical survey of the
patients was completed by September 2012. Informed consent
was obtained from patients and donors in accordance with the
Declaration of Helsinki, and approval of the study was obtained
from the Institutional Review Board of Aichi Cancer Center, Fujita
Health University and the JMDP.

HLA typing and definitions

All donor-patient pairs were retrospectively genotyped for
HLA-A, -C, -B, -DRB1, -DQB1, and -DPB1 alleles at the field 1 and
field 2 level using either or both the polymerase chain reaction
sequence-specific oligonucleotide and PCR-Sequencing Based
Typing methods, as described elsewhere.’ HLA allele mismatch in
the GvH direction among donor-patient pairs was defined as the
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Table 2. Effect of HLA-C*14:02, -B*51:01 and their haplotypes on acute graft-versus-host disease (GvHD) and mortality.

Acute GVHD grades IlI-IV Overall mortality
(%) HR  (95% CI) P (95% ClI)

Patient

B*51:01 1058 (15) 137 (1.19-1.59) <0.001 1.18 (1.07-1.29) <0.001
C*14:02 860 (12) 135  (1.15-1.58) <0.001 1.18 (1.07-1.30) 0.001
C*14:02 - B*51:01 843 (12) 137 (1.17-1.60) <0.001 1.18 (1.07-1.31) 0.001
Donor

B*51:01 1079 (15) 1.35  (1.17-1.56) <0.001 1.15 (1.05-1.26) 0.001
C*14:02 868 (12) L1T (0.94-1.31) 0.212 1.08 (0.97-1.19) 0.156
C*14:02 - B*51:01 858 (12) 112 (0.95-1.33) 0.176 1.07 (0.91-1.10) 0.194

N: number of HLA allele-positive donors or patients; HR: hazard ratio indicates comparison of the specific HLA allele/haplotype-positive group to the -negative group, adjusted for

clinical factors and HLA allele matching as listed in Table 1; CI: confidence interval.

patient’s alleles not being shared by the donor. Natural killer cell
immunoglobulin-like receptor (KIR) ligand specificity of the HLA-
C antigen was determined according to the amino acid residues of
the HLA-C allele. C1 ligand specificity consists of Asn80 and C2
ligand specificity consists of Lys80. KIR ligand mismatch in the
GvH direction was defined as the donor’s KIR ligand for HLA-C
not being shared by the patient’s ligand."”

Biostatistical methods

The study evaluated the impact of specific HLA alleles with a
frequency of more than 5% on the outcome of grades III-IV acute
GvHD. Outcomes were compared among patient- and donor-spe-
cific HLA allele-positive and -negative groups using multivariable
competing risk regression analysis,'® adjusted for clinical factors
and HLA allele matching (Table 1). We included separate variables
for HLA-A,-C,-B,-DRB1,-DQB1 and -DPB1 allele mismatches in
the GvH direction.

To analyze the effect of patient mismatched HLA-C allele, those
pairs matched for 1 HLA-C allele and mismatched for another
HLA-C allele were extracted. The risk of each patient mismatched
HLA-C allele on grades III-IV acute GvHD was compared with the
HLA-C allele match. The influences of the level of expression of
the patient mismatched HLA-C allotype were assessed as
described previously.”

The effects of HLA-C allele mismatch combinations were also
evaluated using the pairs matched for 1 HLA-C allele and mis-
matched for another HLA-C allele, and the risk of each HLA-C
mismatch combination of grades III-IV acute GvHD was com-
pared with the HLA-C allele match.

Multivariable competing risk regression analyses'® were con-
ducted to evaluate the impact on acute GvHD and transplant-
related mortality. A Cox’s proportional hazards regression model
was used to evaluate the impact on overall survival (OS).”

A detailed description of the statistical methods is available in
the Online Supplementary Appendix.

Results

Identification of HLA alleles associated with grades
II-1V acute GvHD

The number of HLA alleles with a frequency more than
5% in each locus was as follows: HLA-A 7, -C 8, -B 8, -
DRB1 7, -DQB1 8, and -DPB1 5. P<0.00116 was consid-
ered statistically significant (Bonferroni correction).
Among 43 HLA alleles with a frequency more than 5%,
the only alleles significantly associated with an increased
risk of grades III-IV acute GvHD were patient and donor
HLA-B*51:01 (patient: HR, 1.37; 95% confidence interval

[CI], 1.19-1.59; P<0.001; donor: HR, 1.35; 95%CI: 1.17-
1.56; P<0.001) and patient HLA-C*14:02 (HR, 1.35;
95%CI: 1.15-1.58; P<0.001) (Table 2 and Ounline
Supplementary Table S1). These HLA alleles were also asso-
ciated with a higher risk of mortality (patient HLA-
B*51:01: HR, 1.18; 95%CI: 1.07-1.29; P<0.001; donor
HLA-B*51:01: HR, 1.15; 95%CI: 1.05-1.26; P=0.001;
patient HLA-C*14:02: HR, 1.18; 95%CI: 1.07-1.30;
P=0.001).

HLA-C*14:02 and -B*51:01 were in strong linkage
disequilibrium

Since patient and/or donor HLA-B*51:01, patient HLA-
C*14:01 were associated with a higher risk of severe acute
GvHD, the linkage between these alleles was examined.
Firstly, because almost all patients with HLA-B*51:01
(1053 of 1058) received transplants from donors with
HLA-B*51:01, we were unable to determine which patient
or donor HLA-B*51:01 contributed to increasing the risk of
acute GvHD. Secondly, HLA-B*51:01 demonstrated strong
positive LD with HLA-C*14:02 among Japanese.” In the
present analysis, 98% of patients with HLA-C*14:02 (843
of 860) were HLA-B*51:01-positive; therefore, the patient
HLA-C*14:02-B*51:01 haplotype showed a similar effect
in increasing the risk of grades III-IV acute GvHD (HR,
1.37; 95%CI: 1.17-1.60; P<0.001) and mortality (HR, 1.18;
95%CI: 1.07-1.31; P<0.001) as patient HLA-C*14:02
(Table 2). Among HLA-B*51:01-positive patients (n=1058),
843 patients (80%) had HLA-C*14:02, while 215 patients
had HLA-C alleles other than HLA-C*14:02. We analyzed
the effect of HLA-B*51:01 on acute GvHD in patients
without HLA-C*14:02 to ascertain whether HLA-B*51:01
itself has an increased risk of acute GvHD irrespective of
HLA-C*14:02. Patient HLA-B*51:01 was significantly
associated with an increased risk of grades III-IV GvHD in
the subgroup of excluded patients with HLA-C*14:02
(n=6197) (HR, 1.34; 95%CI: 1.01-1.79; P=0.046) (Table 3).

Increasing risk effect of HLA-C*14:02 and -B*51:01 on
acute GvHD was prominent in HLA-C mismatched
transplant

In contrast to the increasing risk effect of patient HLA-
C*14:02 on grades III-IV acute GvHD, the effect of donor
HLA-C*14:02 was not significant (HR, 1.11; 95%CI: 0.94-
1.31; P=0.212) (Table 2). We assumed that the difference in
the impact of HLA-C*14:02 on acute GvHD between
patients and donors was attributable to HLA-C allele mis-
match between patient and donor, and accordingly per-
formed subgroup analysis of patient groups stratified by
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Patient

mismatch HLA-c N Hazard Ratio (95% Cl) P
C*01:02 154 , . 1.25 (0.85-1.85) 0.264
C*03:03 338 T.i:r 1.54 (1.20-1.97) 0.001
C*03:04 307 : 1.61 (1.24-2.09) 0.000
C*04:01 130 —i—l—— 131 (0.87-1.96) 0.192
C*07:02 08 *:—l— 1.51 (0.97-2.35) 0.069
C*08:01 271 i 159 (1.18-2.14) 0.002
C*08:03 85 :—_:_— 1.62 (0.98-2.67) 0.061
C*14:02 118 i —— 361 (271-4.82) <0.001
C*15:02 230 i—l 1.51 (1.12-2.03) 0.007
Others 64 l —i— 1.89 (1.18-3.03) 0.008

05 1.0

20 40

Figure 1. Impact of patient mismatched HLA-C allele on grades IV acute GvHD. Results of multivariable competing risk regression analysis for the effect of patient
mismatched HLA-C allele on grades IlIl-IV acute GvHD. The hazard ratio (HR) of each mismatched HLA-C allele was estimated by comparison to HLA-C match
(n=4825). The solid vertical line at 1.69 indicates the HR of overall HLA-C mismatch in the GvH direction. Others contain patient mismatched HLA-C alleles with fewer
than 20 patients, as follows: C*01:03, C*03:14, C*03:23, C*05:01, C*07:04, C*12:02, C*12:03 and HLA-C*14:03.

HLA-C matching status (Table 3). The association
between patient HLA-C*14:02 and risk of grades III-IV
acute GVHD was more prominent in pairs with HLA-C
allele mismatch in the GvH direction (n=1965) (HR, 1.49;
95%CI: 1.18-1.87; P<0.001) than pairs with HLA-C match
in the GvH direction (n=5002) (HR, 1.23; 95%CI: 0.99-
1.53; P=0.067). Similarly, the effect of HLA-B*51:01 on
acute GvHD was more obvious in pairs with HLA-C allele
mismatch in the GvH direction (HR, 1.47; 95%CI: 1.20-
1.82; P<0.001) than in matched pairs (HR, 1.26; 95%CI:
1.02-1.55; P=0.029).

We also performed subgroup analysis of patient groups
stratified by various clinical factors (i.e. GVHD prophylax-
is, conditioning regimen, disease, year of transplantation)
(Table 3). There were no statistically significant hetero-
geneities in the effects of patient HLA-B*51:01 and HLA-
C*14:02 in these subgroups, indicating the absence of
interactions between the risk of this HLA allele and these
clinical factors.

Effect of patient mismatched HLA-C alleles
on acute GvHD

The effects of patient HLA-B*51:01 and -C*14:02 on
grades III-IV acute GVHD were more prominent in HLA-
C allele mismatched pairs than matched pairs, which
prompted us to examine the relationship between patient-
donor HLA-C allele mismatch and the effect of these alle-
les on acute GvHD.

First, we examined the effect of patient mismatched
HLA alleles on grades III-IV acute GvHD (Figure 1), as
these are HLA targets in the GvH direction. The patients
transplanted from donors with matched for 1 HLA-C
allele and mismatched for another HLA-C allele (n=1795)
were compared with HLA-C matched transplant

(n=4825). Mismatched alleles having fewer than 20 pairs
were grouped together as “Others”. Median HR of patient
mismatched HLA-C alleles was 1.56 compared with HLA-
C matched transplants. Interestingly, patient mismatched
HLA-C*14:02 showed a strikingly high risk of grades III-IV
acute GvHD among all patient mismatched HLA-C alleles
(HR, 3.61; 95%CI: 2.71-4.82; P<0.001). Cumulative inci-
dences of grades III-IV acute GvHD in patients with
patient HLA-C*14:02 mismatch, other patient HLA-C
allele mismatch, and HLA-C match were 41.6% (95%ClI:
32.6-50.3), 23.0% (95%ClI: 21.0-25.0), and 13.6% (95%CIL:
12.6-14.6) (Figure 2A). Patient HLA-C*14:02 mismatched
transplant also showed the highest risk of transplant-relat-
ed mortality (HR, 2.53; 95%CI: 1.92-3.34; P<0.001) and
overall mortality (HR, 1.91; 95%CI: 1.52-2.42; P<0.001)
among all patient mismatched HLA-C alleles (Online
Supplementary Figures S1 and S2). Overall survival in
patients with patient HLA-C*14:02 mismatch, with other
patient HLA-C allele mismatch, and with HLA-C match
were 35.5% (95%ClL: 26.7-44.3), 46.1% (95%CI: 43.6-
48.6) and 51.4% (95%CI: 49.9-52.9) (Figure 2B).

A recent report showed that the expression level of a
patient’s mismatched HLA-C allotype affects severe acute
GvHD and mortality after unrelated hematopoietic stem
cell transplantation.” We analyzed whether the expression
levels of patient mismatched HLA-C allotype influence
grades III-IV acute GvHD. In comparison with patient mis-
matched HLA-C*07, HLA-C*14 was associated with a sig-
nificantly higher risk of grades III-IV acute GvHD (HR, 2.14;
95%ClI: 1.27-3.60; P=0.004) and higher transplant-related
mortality (HR, 1.82; 95%CI: 1.15-2.86; P=0.01), whereas
there were no significant differences between other HLA-C
allotypes and HLA-C*07 (Online Supplementary Table S2). An
increasing expression level of patient mismatched HLA-C
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was not associated with either the risk of grades III-IV acute
GvHD (P=0.228) or transplant-related mortality (P=0.108)
(Online Supplementary Figure 3A and B).

Impact of HLA-C allele mismatch combinations
on acute GvHD

The previous JMDP study showed that specific donor-
patient allele mismatch combinations were associated
with severe acute GvHD.®We analyzed the association
between the impact of patient HLA-C*14:02 itself and that
of donor-patient HLA-C allele mismatch combinations on
grades III-IV acute GvHD. There were 33 HLA-C allele
mismatch combinations with more than 15 donor-patient
pairs, and the mismatch combinations having fewer than
15 pairs were grouped together as “Others”. HRs of HLA-
C allele mismatch combinations for grades III-IV acute
GvHD in comparison to HLA-C allele match are shown in
the Online Supplementary Table S3. Among 33 HLA-C mis-
match combinations, there were three combinations hav-
ing a patient HLA-C allele of -C*14:02, and these three
combinations showed higher HRs than the median HR for
all mismatch combinations (median HR=1.75), as follows:
donor C*15:02 and patient C*14:02 (HR, 4.39; 95%CI:
2.98-6.45; P<0.001), donor C*03:04 and patient C*14:02

(HR, 2.66; 95%Cl: 1.43-4.93; P=0.002), and donor HLA-
C*01:02 and patient C*14:02 (HR, 4.01; 95%Cl: 2.19-7.35;
P<0.001).

Relation of KIR2DL ligand mismatch and high-risk
HLA-C allele mismatch combination

As described above, the donor C*15:02 and patient
C*14:02 mismatch combination was one of the highest
risk HLA-C allele mismatch combinations for grades III-IV
acute GvHD. Our previous JMDP study demonstrated
that KIR2ZDL-L mismatch in the GvH direction (KIR2DL-L-
MM-G) was associated with an increased risk of severe
acute GVHD and mortality in T-cell-replete UR-HSCT.”

We examined the impact of patient-donor KIR2DL ligand
mismatch on the risk of acute GVHD related to this HLA-C
mismatch combination. In our Japanese cohort, the fre-
quencies of KIRZDL-ligand HLA-C1 and -C2 were 93% and
7%, respectively, and the majority (91%) of KIR2DL-L-
MM-G was the combination of patient HLA-C1/C1 and
donor HLA-C1/C2. HLA-C*14:02 belongs to HLA-CI,
while HLA-C*15:02 belongs to HLA-C2; therefore, donor
HLA-C*15:02 and patient HLA-C*14:02 mismatch combi-
nation is usually KIR2DL-L-MM-G. In fact, 92% of pairs (60
of 65) with the donor C*15:02 and patient C*14:02 mis-
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: T T T T T T Figure 2. Acute graft-versus-host disease (GvHD) and
0 1 2 3 4 5 survival curve by patient mismatched HLA-C.
. Patients were divided into three groups as follows:
Number at risk Years after transplantation patient HLA-C*14:02 mismatch (n=118), other
patient HLA-C allele mismatch (n=1677), and HLA-C
HLA-C match 4825 3065 2390 2003 1722 1505 allele match (4825). (A) Cumulative incidences of
Other HLA-C mismatch 1677 968 785 659 573 497 grades IV and (B) Kaplan-Meier curve of survival
HLA-C*14:02 mismatch 118 52 41 36 28 26 are shown. P-value indicates comparison between

patient HLA-C*14:02 mismatch and other patient
HLA-C mismatch.
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(-
® Table 3. Subgroup analysis of the effect of patient HLA-B*51:01 and -C*14:02 on grades llI-IV acute GvHD. 9
HLA-B*51:01 HLA-C*14:02 E
N N HR  (95%Cl) P Heterogeneity N HR  (95%CI) P Heterogeneity
(total) (positive) P (positive) P -8
All patients 6967 1058 137 (1.19-1.59)  <0.001 860 135 (1.15-1.58) <0.001 S
HLA-C mismatch in GvH direction 0.303 0.249 O
HLA-C matched 656 5002 126 (1.02-1.55) 0.029 576 123 (0.99-1.53) 0.067
HLA-C mismatched 402 1965 147 (1.20-1.82)  <0.001 284 149 (1.18-1.87) <0.001 LL
Assciation with HLA-C*14:02 S
C*14:02-negative 6197 215 134 (1.01-1.79) 0.046 NA -
GvHD prophylais 0.923 0.623 @)
Cyclosporine-based 2916 430 136 (1.10-1.69) 0.005 358 137 (1.09-1.72) 0.006 -+
Tacrolimus-based 3922 609 134 (1.09-1.65) 0.006 490 126 (1.00-1.59) 0.046 CD
Conditioning regimen 0.943 0.802
Myeloablative 5171 797 139 (1.18-1.63)  <0.001 649 138 (1.15-1.65) <0.001 CB
Reduced intensity 1240 178 137 (0.92-2.02) 0.119 141 147 (0.96-2.26) 0.080 "CE
Disease 0.270 0.199 o
Leukemia 5568 865 132 (1.13-1.54)  <0.001 705 129 (1.09-1.53) 0.004 —
Other diseases 760 193 170 (1.17-2.47) 0.005 155 178 (1.20-2.65) 0.004 q)
Years of transplantation 0.585 0.957 LL
1993-2000 2188 330 141 (112-1.77) 0.004 274 139 (1.08-1.78)  0.009
2001-2005 2138 418 126 (0.99-1.59) 0.058 332 131 (1.02-1.69) 0.034 @
2006-2010 2041 310 1.54  (1.13-2.10) 0.006 254 135 (0.96-1.92) 0.089

N (total): total number of patients in subgroup; N (positive): number of HLA-B*51:01- or -C*14:02-positive patients in each subgroup; HR: hazard ratio, adjusted for clinical factors
and HLA allele matching as listed in Table 1; CI: confidence interval; NA: not applicable.

Table 4. Effect of patient HLA-C*14:02 mismatch on severe acute graft-versus-host disease (GvHD) and mortality in relation to KIR2DL-L-MM-G

Grades IlI-IV acute GvHD Overall mortality
Patient KIR2DL-L HR (95%Cl) P (95%Cl)
HLA-C*14:02  -MM-G
mismatch
) ©) 1600 1.00 1.00
©) +) 222 1.09 (0.82-1.46) 0.552 121 (1.00-1.46) 0.047
(+) O 81 1.67 (1.12-2.50) 0.012 1.50 (1.12-2.01) 0.007
(+) (+) 62 2.59 (1.80-3.72)  <0.001 1.54 (1.12-2.11) 0.008

Fatients receiving transplants from HLA-C mismatched donors in the GuH direction were divided into four groups according to the presence of patient HLA-C*14:02 mismatch and
KIR2DL-ligand mismatch in the GvH direction (KIR2DL-L-MM-G).The risk of grades III1V acute GvHD and overall mortality were compared to those of the patient HLA-C*14:02 mis-
match(-) KIR2DL-L-MM-G(-) group. N: number of pairs; HR: hazard ratio, adjusted for clinical factors and HLA allele matching as listed in Table 1; CI: confidence interval.
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match combination were KIRZDL-L-MM-G, and they
accounted for approximately 21% of all pairs with KIR2DL-
L-MM-G (n=284). KIR2DL-L-MM-G among patients trans-
planted from donors with HLA-C allele mismatch in the
GvH direction was associated with a significantly higher
risk of grades III-IV acute GVHD (HR, 1.34; 95%CI: 1.05-
1.69; P=0.015). To clarify the effect of patient HLA-C*14:02-
mismatch on grades III-IV acute GvHD in relation to
KIR2DL-L-MM-G, patients transplanted from HLA-C mis-
matched donors were divided into four groups (Table 4).
Both the patient HLA-C*14:02-mismatch(+)KIR-2DL-L-
MM-G(+) group (n=62) and patient HLA-C*14:02-mis-
match(+)KIR-2DL-L-MM-G(-) group (n=81) showed a sig-
nificantly higher risk of acute GvHD (HR, 2.59; P<0.001 and
HR, 1.67; P=0.012, respectively) and overall mortality (HR,
1.54; P=0.008 and HR, 1.50; P=0.007, respectively) than the
patient HLA-C*14:02-mismatch(-)KIR-2DL-L-MM-G(-)
group (n=1600). On the other hand, the patient HLA-
C*14:02-mismatch(-)KIR-2DL-L-MM-G(+) group (n=222)
showed no significant difference in grades III-IV acute
GvHD (HR, 1.09; P=0.552), in spite of the higher trend in

overall mortality (HR, 1.21; P=0.047) than in the HLA-
C*14:02-mismatch(-)KIR-2DL-L-MM-G(-) group. Among
62 pairs in the patient HLA-C*14:02-mismatch(+)KIR-2DL-
L-MM-G(+) group, 60 pairs had the mismatch combination
of patient C*14:02 and donor C*15:02.

Discussion

In this study, we examined the influence of patient and
donor HLA alleles on severe acute GvHD after UR-HSCT
using 6967 unrelated Japanese pairs. Given the importance
of GvHD prophylaxis to acute GVHD in allogeneic HSCT,
we aimed to elucidate the biological effects of HLA alleles
on acute GvHD by selecting patients who underwent
transplantation from non-T-cell-depleted bone marrow
donors without ATG.

We demonstrated that patient and/or donor HLA-
B*51:01 and patient HLA-C*14:02 were significantly asso-
ciated with an increased risk of grades III-IV acute GvHD.
Our finding that patient HLA-C*14:02 was associated



with an increased risk of severe acute GvHD, whereas
donor HLA-C*14:02 was not, prompted us to investigate
further the association of these high-risk HLA-alleles with
patient-donor HLA-C allele mismatches. Results showed
that patient mismatched HLA-C*14:02 was the key factor
in the risk of severe acute GvHD. Petersdorf et al. reported
that increasing expression of patient mismatched HLA-C
was significantly associated with an increased risk of
grades III-IV acute GvHD in UR-HSCT.” In their report,
the expression level of HLA-C*14 was highest among 14
HLA-C allotypes, and was associated with a strikingly
high risk of acute GvHD and non-relapse mortality com-
pared to other HLA-C allotypes. In our present study;,
patient mismatched HLA-C*14:02 also showed the high-
est risk of severe acute GvHD, transplant-related mortali-
ty, and overall mortality among all the patient mis-
matched HLA-C alleles. Although we did not demon-
strate correlations between the expression levels of
patient mismatched HLA-C alleles and transplant out-
comes in our study, an extraordinarily high risk of patient
mismatched HLA-C*14:02 for severe acute GvHD has
been seen in other ethnic cohorts, indicating that this par-
ticular HLA-C*14:02 could play a very important role in
immunoreactivity in allo-HSCT.

In our analysis of the association between donor-patient
HLA-C allele mismatch combinations and acute GvHD,
each of the three mismatch combinations with patient
HLA-C*14:02 showed a higher HR than the other HLA-C
mismatch combinations. In the previous JMDP study,’ the
donor-C*15:02 and patient C*14:02 mismatch was identi-
fied as a non-permissive mismatch combination for severe
acute GvHD, and the other two mismatches (donor-
C*03:04 and patient-C*14:02, donor-C*01:02 and patient-
C*14:02) were also associated with a higher risk of severe
acute GvHD. Our present results are, therefore, consistent
with those of this previous study.

KIR2DL-L-MM-G was reported to be significantly asso-
ciated with a higher risk of severe acute GvHD than
KIR2DL-L-match in the previous JMDP study.” In our pres-
ent JMDP study, KIR2DL-L-MM-G was consistently asso-
ciated with a higher risk of grades III-IV acute GvHD even
after restriction of the analysis population to pairs with
HLA-C mismatch in the GvH direction. KIR2DL-L mis-
matching was first reported to be associated with
improved survival and reduced relapse without acute
GvHD in HLA mismatched T-cell-depleted and CD34*-
selected haploidentical transplantation.” Subsequent stud-
ies examining the effect of KIR2DL-L mismatch on trans-
plant outcome in UR-HSCT showed inconsistent results,
presumably because of differences in patient population,
conditioning regimen, GvHD prophylaxis and sample
size.**” Petersdorf er al. demonstrated that the negative
effect of non-relapse mortality was evident in the high
expression of patient mismatched HLA-C allotype (C*01
and C*14) compared to low expression (C*03 and C*07)
among KIR2DL-L mismatched pairs, but not among
KIR2DL-L matched pairs, suggesting that the KIR2DL-L
mismatching effect was influenced by the expression levels
of patient mismatched HLA-C alleles.” In our cohort,
patient HLA-C*14:02 and donor HLA-C*15:02 mismatch,
which was eventually classified as KIR2ZDL-L-MM-G,
showed the highest frequency among mismatch combina-
tions with patient HLA-C*14:02. Furthermore, the negative
effect of patient mismatched HLA-C*14:02 on grades III-IV
acute GvHD and survival was also evident in KIR2DL-L

matched pairs. These findings indicate that patient mis-
matched HLA-C*14:02 is a critical factor in severe acute
GvHD and survival regardless of KIRZDL-L matching sta-
tus. Therefore, we assume that the higher risk of grades III-
IV acute GvHD for KIR2DL-L-MM-G in the JMDP cohort
was attributable to this particular mismatch combination
of patient HLA-C*14:02 and donor -C*15:02.

A recent study using Japanese UR-HSCT data in the
Transplant Registry Management Program demonstrated
that the adverse impact of high-risk HLA allele mismatch
combinations identified in a previous JMDP study was sig-
nificant in the early transplant years (1993-2001), but
became less significant in later transplant years (after
2002).*° We analyzed the effect of patient HLA-C*14:02
and HLA-C*51:01 on grades III-IV acute GVHD and overall
mortality (Online Supplementary Table S4) and the effect of
patient mismatched HLA-C on transplant outcomes
(Online Supplementary Figure S4) in the patients transplanted
from 2002 through 2010. The adverse effect of patient
HLA-C*14:02, -B*51:01, and patient mismatched HLA-
C*14:02 on grades III-IV acute GvHD and mortality were
obvious during this period. These results suggest that the
biological impact of these HLA alleles on transplant out-
comes should be considered even in current transplanta-
tion conditions.

Since HLA-C*14:02 is strongly linked to HLA-B*51:01
among Japanese, it is possible that the significantly neg-
ative effect of patient HLA-B*51:01 on severe acute
GvHD was detected as a consequence of the effect of
patient mismatched HLA-C*14:02. However, patient
HLA-B*51:01 was also associated with a higher risk of
severe acute GvHD in subgroups of patients without
HLA-C*14:02 and of HLA-C matched pairs. We therefore
assume that HLA-B*51:01 itself plays a role in the devel-
opment or exacerbation of acute GvHD. As for the
genetic association between HLA-B51 and autoimmune
or inflammatory diseases, an association with Behget’s
disease has been shown in numerous ancestry groups
and populations.® Behcet’s disease is an inflammatory
disease characterized by recurrent oral aphthous ulcers
and numerous potentially systemic manifestations.”
Although the pathogenic mechanisms related to HLA-
B51 still need to be clarified, several possible mecha-
nisms for a genetic linkage to HLA-B51 have been sug-
gested. HLA-B*51:01 binds a potentially large pool of
peptides with relatively low affinity, and it has been
speculated that inefficient tolerance to HLA-B*51:01-
binding self-peptides might be a predisposing factor for
the development of Behget’s disease.”® Recently, HLA-
B*51:01 and HLA-C*14:02 were reported to be suscepti-
bility alleles among Japanese for Crohn’s disease, a sub-
type of inflammatory bowel mucosal disease.** Since the
linkage between HLA-C*14:02 and -B*51:01 in other eth-
nic groups is weaker than in Japanese,” further extensive
studies are required to elucidate the immunological
mechanisms of the genetic association between HLA-
B*51:01and acute GvHD in other ethnic groups.

In conclusion, using unbiased searches of patient and
donor HLA alleles in the JMDP database, we found that
patient mismatched HLA-C*14:02 was the most potent
risk factor of severe acute GVHD and mortality, and that
this was eventually the most highly expressed HLA-C
allele, as previously reported, and might evoke strong allo-
geneic immune reactions. Furthermore, an increased risk of
patients and/or donor HLA-B*51:01 for severe acute GvHD
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