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Received 17 March 2019 Some studies support the hypothesis that HLA genes and haplotypes evolved by natural selection through their
Accepted 30 July 2019 protective abilities against specific infectious pathogens. However, very little is known regarding the impact of
high-frequency HLA haplotypes on the risk of relevant infectious diseases among a given ethnic group. We evalu-
Keywords: ated the impact of high-frequency HLA haplotypes on cytomegalovirus (CMV) reactivation and infection in alloge-
Cytomegalovirus neic hematopoietic stem cell transplantation (allo-HSCT) in a Japanese population as a model of infectious disease
HLA haplotypes that has coexisted with humans. A total of 21,127 donor-patient pairs were analyzed. HLA-A-B-DRB1 haplotypes
Allogeneic hematopoietic stem were estimated using the maximum probability algorithm. Seven haplotypes with >1% frequency were defined as
cell transplantation high-frequency haplotypes (HfHPs). Homozygotes of HfHP and heterozygotes had significantly lower risk of CMV

reactivation and infection (hazard ratio [HR] = 0.88, P=.009 and HR = 0.93, P=.003, respectively) than homozy-
gotes of low-frequency HLA haplotypes (LfHPs). In subgroup analyses of a different donor source, these associa-
tions were statistically significant in unrelated donor transplants. Finally, CMV risk for homozygotes and
heterozygotes of each HfHP was compared with that of homozygotes of LfHPs. The 2 most predominant HfHP
groups (A*24:02-B*52:01-DRB1*15:02 group and A*24:02-B*07:02-DRB1*01:01 group) had a significantly lower
risk of CMV reactivation and infection (HR = 0.86, P < .001 and HR = 0.91, P=.033, respectively). Our findings sug-
gest that HfHPs may be protective against CMV reactivation and infection and that increased care regarding CMV
reactivation and infection may be necessary for patients with LfHP after allo-HSCT.
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with mild symptoms, is controlled by a healthy immune system.
However, the infection is often not completely cleared, leading
to latent infection that coexists with the host for life. Asymp-
tomatic latent infection is established in hematopoietic progeni-
tor cells and myeloid lineage cells [2-4]. CMV reactivation is
associated with differentiation to a more mature myeloid cell
type [5-7]. Although the immune system of healthy individuals
will recognize and terminate reactivation, it is most common to
observe viral complications after solid organ and allogeneic
hematopoietic stem cell transplantation (allo-HSCT) [8,9]. CMV
can cause severe diseases in immunocompromised individuals,
including encephalitis, pneumonitis, hepatitis, uveitis, retinitis,
and gastrointestinal disease [8-11]. CMV is the most common
cause of congenital infection and a common cause of central
nervous system sequelae in newborns, such as mental retarda-
tion, cerebral palsy, and seizures [12,13].

HLA is a key molecule in immune responses for recognizing
and responding to foreign antigens, such as proteins related to
infectious pathogens or tumor cells, particularly by activating
T cells [14]. From an evolutionary point of view, high allelic
diversity of individuals and populations at the HLA loci should
be evolved and maintained to identify and process large num-
bers of foreign antigens [15]. Indeed, the 6p21.3 region of the
short arm of human chromosome 6 is the most polymorphic
region of the human genome. The level of polymorphism
observed in some of the genes on this chromosome is very
high, with over 4000, 5000, and 2000 variants reported in
HLA-A, HLA-B, and HLA-DRB1, respectively, from around the
world [16]. However, the distribution and frequency of these
alleles markedly differ among populations and geographic
regions. Some studies support the hypothesis that HLA genes
and haplotypes evolved by natural selection from infectious
pathogens [17-20]. However, the impact of high-frequency
HLA haplotypes on infectious diseases has not been thoroughly
explored.

The aim of this study was to evaluate the impact of high-
frequency HLA haplotypes on CMV reactivation and infection
in allo-HSCT in a Japanese population as a model of infectious
disease that has coexisted with humans.

METHODS
Data Collection

We included patients who underwent their first allo-HSCT from related,
unrelated, or umbilical cord blood donors between 1993 and 2014. We
excluded patients who lacked data on survival status, CMV infection, and
genotyping for HLA-A, HLA-B, and HLA-DRB1. Clinical data on HSCT recipi-
ents were collected by the Japan Society for Hematopoietic Cell Transplanta-
tion and the Japanese Data Center for Hematopoietic Cell Transplantation
using the Transplant Registry Unified Management Program (TRUMP)
[21-23]. The study was approved by the data management committee of
TRUMP and by the Institutional Review Board of Hiroshima University.

HLA-A-B-DRB1 Haplotype Estimation

Histocompatibility data for genotyping for HLA-A, HLA-B, and HLA-DRB1
were obtained from the TRUMP database [21-23]. HLA-A-B-DRB1 haplotypes
were estimated using the maximum probability algorithm. Eight possible
haplotype combinations were determined from the results of HLA-A, HLA-B,
and HLA-DRB1 genotyping in each patient. The probability of the 8 haplotype
combinations was calculated using haplotype frequency data from a family
study in a Japanese population [24]. The haplotype combination with the
highest probability among the 8 combinations was used as the predicted
haplotype of the patient [24].

Definition of High-Frequency Haplotype

HLA-A, HLA-B, and HLA-DRB1 haplotypes with a frequency of >1% in this
cohort were defined as high-frequency haplotypes (HfHPs), and all other
haplotypes were defined as low-frequency haplotypes (LfHPs).

Endpoints
The primary endpoint of the study was clinical CMV reactivation, defined
as the start of CMV preemptive therapy or occurrence of CMV infection [25].

Patients were monitored for pp65 antigenemia from the time of engraftment
after allo-HSCT. Preemptive therapy was generally initiated when at least 2
CMV pp65 antigen-positive cells per 50,000 white blood cells were detected,
as described previously in a study using the same registry data [26]. CMV
infection was diagnosed according to published recommendations [25]. The
secondary endpoint was overall survival (OS).

Statistical Analysis

The cumulative incidence of clinical CMV reactivation was assessed using
a method described elsewhere to eliminate the effect of competing risks [27].
The competing event for clinical CMV reactivation was defined as death with-
out clinical CMV reactivation. The probability of OS was estimated using the
Kaplan-Meier method. Multivariable Cox regression analyses were conducted
to evaluate the impact of HfHPs on clinical CMV reactivation and OS. Acute
myelogenous leukemia and acute lymphoblastic leukemia in the first or sec-
ond complete remission, chronic myelogenous leukemia in the first or second
chronic phase or accelerated phase, myelodysplastic syndrome with refrac-
tory anemia or refractory anemia with ringed sideroblasts, adult T cell leuke-
mia in complete remission, and malignant lymphoma in complete or partial
remission were defined as standard-risk diseases. All other conditions were
defined as high risk. Confounders considered were recipient age (0 to
15 years, 16 to 49 years, or >50 years), recipient sex, type of disease, disease
status before transplantation (standard or high risk), type of graft-versus-
host disease (GVHD) prophylaxis (cyclosporine based or tacrolimus based),
type of conditioning regimen (myeloablative or reduced intensity), use of
total body irradiation (yes or no), use of antithymocyte globulin (yes or no),
CMV serostatus of recipients and donors (recipient-donor pairs), and the
number of HLA mismatches at the HLA-A, HLA-B, and HLA-DRB1 loci (0 to 6).
We adjusted for these confounders in all analyses in this study to ensure that
the results were comparable. We also conducted analysis in which acute
GVHD was evaluated as a time-varying covariate. Statistical significance
was defined as P < .05. All analyses were performed using Stata version 14.2
(StataCorp, College Station, TX).

RESULTS
Patient Characteristics

A total of 21,127 patients whose haplotypes could be esti-
mated were analyzed in this study. Table 1 shows the patients’
transplant characteristics. For GVHD prophylaxis, tacrolimus-
based regimens were used in 12,969 patients, in combination
with methotrexate in 10,023 and with mycophenolate mofetil
in 1253 patients; cyclosporine-based regimens were used in
7842 patients, in combination with methotrexate in 6948 and
with mycophenolate mofetil in 352; and other regimens were
used in 155 patients. The median follow-up period for survivors
among the entire cohort was 3.8 years (range, 0.1 to 22.0 years).

Haplotype Distribution and Accuracy of HLA Estimation

Haplotype frequency in this cohort was comparable to that
of a previous family study [24]. Table 2 lists the haplotypes
with frequencies higher than 1% in this cohort. As expected
from the previous report [8], there were 7 haplotypes with fre-
quencies higher than 1% in this cohort. These 7 haplotypes
were named HP 1 to HP 7 in descending order and defined as
HfHPs. This method for HLA haplotype estimation is useful for
populations with well-conserved dominant haplotypes, such
as the Japanese population. Approximately two-fifths (41.3%)
of Japanese have 1 of the 7 most common haplotypes (HPs 1
to 7) [24]. We confirmed the accuracy of our HLA estimation
method using independent data obtained from 2118 healthy
donors whose HLA haplotypes were identified in HLA family
studies. The accuracy rate of this HLA haplotype estimation
method was 99.4% for HPs 1 to 7.

Impact of High-Frequency HLA Haplotypes on Clinical CMV
Reactivation

To evaluate the impact of HfHPs on clinical CMV reactiva-
tion, we first compared homozygotes of LfHPs (LL group) with
heterozygotes of HfHPs and LfHPs (HL group) and homozy-
gotes of HfHPs (HH group). The cumulative incidence of clini-
cal CMV reactivation is shown in the curve in Figure 1A.
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Table 1
Patient Characteristics
Characteristic Total (N=21,127) Related (n=4252) Unrelated (n=11,567) Cord Blood (n=5308)
Recipient age at transplant, yr
Median (range) 44 (21-60) 44 (21-60) 43 (21-60) 46 (21-60)
CMV antibody (recipient and donor)
Recipient negative/donor negative 1250 (6) 278 (7) 619 (5) 353(7)
Recipient positive/donor negative 3819(18) 409 (10) 1979 (17) 1431 (27)
Recipient negative/donor positive 1097 (5) 354 (8) 730 (6) 13(0)
Recipient positive/donor positive 6528 (31) 2317 (54) 4115 (36) 96 (2)
Unknown 8433 (40) 894 (21) 4124 (36) 3415 (64)
No. of HLA mismatches
0 10,120 (48) 2745 (65) 7222 (62) 153 (3)
1 4694 (22) 394 (9) 3751 (32) 549 (10)
2 3169 (15) 467 (11) 522 (5) 2180 (41)
3 2416 (11) 610 (14) 66 (1) 1740 (33)
4 605 (3) 23(1) 4(0) 578 (11)
5 111(1) 7(0) 2(0) 102 (2)
6 12(0) 6(0) 0(0) 6(0)
Disease
AML 8529 (40) 1777 (42) 4305 (37) 2447 (46)
ALL 3704 (18) 750 (18) 2074 (18) 880 (17)
ATL 942 (4) 196 (5) 510 (4) 236 (4)
CML 1423 (7) 116 (3) 1131 (10) 176 (3)
MDS 2069 (10) 353 (8) 1240 (11) 476 (9)
Other leukemia 196 (1) 35(1) 100 (1) 61(1)
MPD 315 (1) 66 (2) 188(2) 61(1)
NHL 2497 (12) 606 (14) 1194 (10) 697 (13)
Other lymphoma 284 (1) 64 (2) 152 (1) 68 (1)
MM/PCL 357(2) 65 (2) 225(2) 67 (1)
AA 586 (3) 153 (4) 359 (3) 74 (1)
Other disease 225(1) 71(2) 89 (1) 65 (1)
Disease risk at transplant
Standard risk 9334 (44) 1705 (40) 5763 (50) 1866 (35)
High risk 10471 (50) 2222 (52) 5068 (44) 3181 (60)
N/A 1322 (6) 325(8) 736 (6) 261(5)
Stem cell source
Bone marrow 12,832 (61) 1351 (32) 11,481 (99) 0(0)
Peripheral blood 2987 (14) 2901 (68) 86 (1) 0(0)
Cord blood 5308 (25) 0(0) 0(0) 5308 (100)
GVHD prophylaxis
Cyclosporin based 7842 (37) 2567 (60) 3393 (29) 1882 (35)
Tacrolimus based 12,969 (61) 1585 (37) 8033 (69) 3351 (63)
Others/missing 316(1) 100 (2) 141(1) 75(1)
Conditioning
Reduced intensity 13,103 (62) 2298 (54) 8030 (69) 2775 (52)
Myeloablative 7501 (36) 1892 (44) 3094 (27) 2515 (47)
Missing 523(2) 62 (1) 443 (4) 18 (0)
ATG
ATG 1586 (8) 796 (19) 667 (6) 123 (2)
Non-ATG 19,460 (92) 3443 (81) 10,843 (94) 5174 (97)
Missing 81(0) 13(0) 57 (0) 11(0)
Preconditioning
TBI regimen 14,835 (70) 2403 (57) 8349 (72) 4083 (77)
Non-TBI regimen 5662 (27) 1837 (43) 2609 (23) 1216 (23)
Missing 630(3) 12 (0) 609 (5) 9(0)
Acute GVHD (grades II-1V)
Yes 7875 (37) 1456 (34) 4710 (41) 1709 (32)
No 13,252 (63) 2796 (66) 6857 (59) 3599 (68)

Values are presented as number (%) unless otherwise indicated.

AML indicates acute myelogenous leukemia; ALL, acute lymphoblastic leukemia; ATL, adult T cell leukemia; CML, chronic myeloid leukemia; MDS, myelodysplastic
syndrome; MPD, myeloproliferative disorders; NHL, non-Hodgkin lymphoma; MM/PCL, multiple myeloma/plasma cell leukemia; AA, aplastic anemia; N/A, not appli-
cable; ATG, antithymocyte globulin; TBI, total body irradiation.
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Table 2
HLA-A-B-DRB1 Haplotype Frequency
Characteristic A-B-DRB1 Haplotype Frequency, %" n' Frequency, %'
HP 1 A*24:02-B*52:01-DRB1*15:02 8.44 4312 10.20
HP 2 A*24:02-B*07:02-DRB1*01:01 3.84 1963 4.66
HP 3 A*33:03-B*44:03-DRB1*13:02 4.45 1954 4.62
HP 4 A*24:02-B*54:01-DRB1%04:05 2.72 1245 2.95
HP 5 A*02:07-B*46:01-DRB1%08:03 1.81 875 2.07
HP 6 A*11:01-B*15:01-DRB1%04:06 1.37 588 1.39
HP 7 A*24:02-B*59:01-DRB1*04:05 1.07 498 1.18

* http://hla.or.jp/med/frequency_search/en/haplo/.

 This study.

Multivariable analysis revealed that the HH group and HL
group had a significantly lower risk of clinical CMV reactiva-
tion (hazard ratio [HR] = 0.88, P=.009 and HR = 0.93, P=.003,
respectively) than the LL group. Although CMV reactivation is
thought to be associated with the occurrence of acute GVHD,
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these same associations were observed in subgroup analysis in
patients who did not have acute GVHD (Figure 2). Moreover,
these associations were maintained after adjustment for the
occurrence of acute GVHD as a time-varying covariate (HH
group: HR=0.91, P=.009; HL group: HR = 0.96, P=.036).

Multi
n HR (95% CI p
LfHP x LAHP 11,117 Ref. 1.00
HfHP x LFHP 8409  0.93 (0.89-0.98) 0.003
HfHP x HfHP_ 1,601 0.88 (0.81-0.97) 0.009
. Related . Unrelated o Cord blood
S S S
- LfHP x LIHP —— - LfHP x LIHP —— - LfHP x LIHP ——
HfHP x LfHP --------- HfHP x LfHP --------- HfHP x LfHP ---------
w0 HfHP x HfHP ----- w0 HfHP x HfHP ----- ®w© HfHP x HfHP -----
(SRS O O N4
co co c o
[} () (3]
h=] ° °
o (&) o
= c c
- o — o =
02 02 © 2
=° =° =°
kS s kS
g g g
gl gl x|
Os Os Os
81 8 8
o T T T T T o T T T T © T T T T
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Days after transplantation Days after transplantation Days after transplantation
Multi Multi Multi
HR (95% CI) p HR (95% CD p HR (95% CD P
LfHP x LIHP 2,470 Ref. 1.00 LfHP x LFHP 5,144 Ref. 1.00 LfHP x LIHP 3,503 Ref. 1.00
HfHP x LFHP 1470  0.93 (0.85-1.03) 0.181 HfHP x LFHP 5366  0.89 (0.83-0.95) 0.001 HfHP x LFHP 1573 0.9 (0.82-0.99) 0.025
HfHP x HfHP 312 0.91 (0.75-1.1) 0311 HfHP x HfHP 1,057 0.74 (0.66-0.84) <0.001 HfHP x HfHP 232 0.97(079-1.19) 0.744

Figure 1. Cumulative incidence and multivariable analysis of the impact of high-frequency HLA haplotypes on clinical CMV reactivation. (A) All subjects (n=21,127).
(B) Each donor source group (related transplant: n=4252; unrelated transplant: n=11,567; cord blood transplant: n=5308). Multivariable analyses were adjusted
for recipient age (0 to 15 years, 16 to 49 years, or >50 years), recipient sex, type of disease, disease status before transplantation (standard or high risk), type of GVHD
prophylaxis (cyclosporine based or tacrolimus based), type of conditioning regimen (myeloablative or reduced intensity), use of total body irradiation (yes or no), use
of antithymocyte globulin (yes or no), CMV serostatus of recipients and donors (recipient-donor pairs), and the number of HLA mismatches at the HLA-A, HLA-B, and
HLA-DRB1 loci (0 to 6).
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Figure 2. Cumulative incidence and multivariable analysis of the impact of
high-frequency HLA haplotypes on clinical CMV reactivation in patients with-
out acute GVHD. Subjects without acute GVHD (n=13,252). Multivariable
analyses were adjusted for recipient age (0 to 15 years, 16 to 49 years, or >50
years), recipient sex, type of disease, disease status before transplantation
(standard or high risk), type of GVHD prophylaxis (cyclosporine based or
tacrolimus based), type of conditioning regimen (myeloablative or reduced
intensity), use of total body irradiation (yes or no), use of antithymocyte globu-
lin (yes or no), CMV serostatus of recipients and donors (recipient-donor
pairs), and the number of HLA mismatches at the HLA-A, HLA-B, and HLA-
DRB1 loci (0 to 6).
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In subgroup analyses of different donor sources, these asso-
ciations were statistically significant in unrelated donor trans-
plants (HH group: HR = 0.74, P < .001; HL group: HR = 0.89,
P=.001) and in cord blood transplants in the HL group (HR =
0.90, P=.025) (Figure 1B).

Impact of Individual High-Frequency HLA Haplotypes on
Clinical CMV Reactivation

To evaluate the individual HfHPs (HPs 1 to 7), the CMV risk
of homozygotes of each HfHP and heterozygotes of each HfHP
and LfHP was compared with that of the LL group. For exam-
ple, recipients who were homozygous for HP 1 or heterozy-
gous for HP 1 and LfHP (HP 1 group) were compared with the
LL group. The HP 1 (A*24:02-B*52:01-DRB1*15:02) group and
HP 2 (A*24:02-B*07:02-DRB1*01:01) group had a significantly
lower risk of clinical CMV reactivation than the LL group (HP 1
group: HR = 0.86, P < .001; HP 2 group: HR = 0.91, P=.033)
(Figure 3). Results of the subgroup analyses for different donor
sources are shown in Supplementary Table S1.

Overall Survival

The unadjusted 3-year OS rate was 44.8% (95% confidence
interval [CI], 43.8% to 45.8%) in the LL group, 45.8% (95% (I,
44.7% to 47.0%) in the HL group, and 49.2% (95% CI, 46.7% to
51.8%) in the HH group (Figure 4). Although the unadjusted OS
rate in the HH group was higher than that in the HL and LL
groups, there was no significant difference between the HH
and LL groups (HR of the HH group compared with the LL
group for OS was 1.04, P=.349) in the multivariable analysis.

A*24:02-B*54:01-DRB1*04:05

1.00

LfHP x LfHP ——— - LfHP x LfHP ——— LfHP x LIHP ———
HP1 -—eeer HP2 -—oeer HP3 - HP4 v
8 Sl el el
23 23 23 3
5] 5] ] 5]
= o k=] =
S S 5] 3]
£ £ £ £
2 2 2 2
g ge 241 2]
s K] s s
S S S S
E, En E, E,
S8 RN S8 S&]
Os Os Os Oo
8 8 8 8
S T T , S T T T , S r T T , =R r T T T
o 50 00 150 200 o 50 0 150 200 o 50 100 150 200 o 50 00 150 200
Days after transplantation Days after transplantation Days after transplantation Days after transplantation
Multi Multi Multi Multi
n HR (95% CI) P n HR (95% CI) P n HR (95% CI) P n HR (95% CI) p
LfHP 11,117 Ref. 1.00 LfHP 11,117 Ref. 1.00 LfHP 11,117 Ref. 1.00 LHP 11,117 Ref. 1.00
HP1 3393 0.86 (0.8-0.91) <0.001 HP2 1473 0.91 (0.83-0.99) 0.033 HP3 1,505 0.93 (0.85-1.02) 0.108 HP4 970 1.05(0.95-1.17)  0.309

A*02:07-B*46:01-DRB1*08:03 A*11:01-B*15:01-DRB1*04:06

3 3
3 84

A*24:02-B*59:01-DRB1*04:05

3

- LfHP x LfHP ——— - LfHP x LfHP ——— - LfHP x LfHP ———
HP5 --------- HPG - HP7 -~
8r 8l Bl
23 23 3
o @ (o]
kel o o
S S 5]
£ £ £
3 s 2
28 28 28
& ks s
S S S
E, Eyo E,
S8 381 S8 |
Os Os Os
s s s
8 8 | 8 |
B T T , s T T T , R T T r T
0 50 100 150 200 o 50 100 150 200 o 50 100 150 200
Days after transplantation Days after transplantation Days after transplantation
Muti | | Multi Mui
n HR (95% CI) p n HR (95% CI) p n HR (95% CI) P
LfHP 11,117 Ref. 1.00 LfHP 11,117 Ref. 1.00 LfHP 11,117 Ref. 1.00
HP5 663 1(0.89-1.13) 0.967 HP6 440 0.9(0.77-105)  0.179 HP7 369 102 (0.88-1.19) 0.785

Figure 3. Cumulative incidence and multivariable analysis of the impact of individual high-frequency HLA haplotypes on clinical CMV reactivation. All subjects
(n=21,127). The results for each high-frequency haplotype (HP 1 to HP 7) group are shown. Multivariable analyses were adjusted for recipient age (0 to 15 years, 16
to 49 years, or >50 years), recipient sex, type of disease, disease status before transplantation (standard or high risk), type of GVHD prophylaxis (cyclosporine based
or tacrolimus based), type of conditioning regimen (myeloablative or reduced intensity), use of total body irradiation (yes or no), use of antithymocyte globulin (yes
or no), CMV serostatus of recipients and donors (recipient-donor pairs), and the number of HLA mismatches at the HLA-A, HLA-B, and HLA-DRB1 loci (0 to 6).
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Figure 4. Overall survival. All subjects (n=21,127). Kaplan-Meier curves esti-
mating the unadjusted probability of overall survival in all subjects are shown
along with the results of the multivariable analysis for overall survival in all
subjects. Multivariable analyses were adjusted for recipient age (0 to 15 years,
16 to 49 years, or >50 years), recipient sex, type of disease, disease status
before transplantation (standard or high risk), type of GVHD prophylaxis
(cyclosporine based or tacrolimus based), type of conditioning regimen (mye-
loablative or reduced intensity), use of total body irradiation (yes or no), use of
antithymocyte globulin (yes or no), CMV serostatus of recipients and donors
(recipient-donor pairs), and number of HLA mismatches at the HLA-A, HLA-B,
and HLA-DRBT1 loci (0 to 6).

In contrast, the HL group had significantly higher risk than the
LL group (HR = 1.08, P < .001) (Figure 4).

DISCUSSION

Allo-HSCT is an established curative therapy for hematologic
malignancies and other hematologic disorders. Although accu-
mulated evidence from extensive recent research indicates a
role for HLA allele matching and haplotype matching between
recipients and donors in transplant outcomes [28-31], the asso-
ciation between a particular HLA allele or HLA haplotype and
the occurrence of infection has been scarcely explored. Du et al.
[32] demonstrated using multivariable analysis that HLA-
DRB1*09, grade II to IV acute GVHD, and CMV-seronegative
donors were associated with an increased incidence of CMV
infection and disease after allo-HSCT, although their sample
size was relatively small. We could not replicate this association.
One possible explanation for this is that the distribution of HLA
haplotypes containing HLA-DRB1*09 is different between Japa-
nese and Chinese populations [33]. In this study, we focused on
the frequency of HLA haplotype in a Japanese population and
analyzed the association between the frequency and risk of
CMV clinical reactivation using a large cohort of allo-HSCT. We
demonstrated that homozygotes of HHP and heterozygotes of
HfHP and LfHP had a statistically significantly lower risk of
clinical CMV reactivation than homozygotes of LfHP after
adjustment for potential confounders, including acute GVHD
and CMV seropositivity. Therefore, increased care regarding
CMV reactivation may be necessary for patients with LfHP after
allo-HSCT.

The mechanisms underlying our finding that homozygotes
of HfHP and heterozygotes of HfHP and LfHP had a statistically
significantly lower risk of clinical CMV reactivation than
homozygotes of LfHP have not been investigated. One possible

mechanism is that the frequency of CMV-protective haplo-
types was elevated through natural selection for thousands of
years in the Japanese people and their ancestors. HLA is the
human version of the major histocompatibility complex. HLA
genes are the most variable genes in the human genome and
are generally inherited as a haplotype. It is widely accepted
that HLA genes and their haplotypes have been under balanc-
ing selection and that the mechanism is related to protectivity
against infectious disease [34]. This is also true for major histo-
compatibility complex genes in other vertebrates [34]. In a
large case-control study in Gambia, Hill et al. [17,18] reported
that HLA-Bw53 and DRB1*13:02-DQB1*05:01 haplotypes are
protective against malaria infection. These HLA and haplotypes
are common in West African populations but rare in other
racial groups, suggesting that malaria infection affected the
development of HLA genes and haplotype distribution in West
Africa. HLA-Bw53 is also prevalent among tribes in Mahara-
shtra, where malaria infection is common, but is less prevalent
in the general population in Maharahtra [35]. Other HLA
alleles, such as HLA-B*1513 [19], HLA-B35 [36], and HLA-
A*02:11 [37], have been linked to protection against malaria
infection in population-based studies where malaria infection
is endemic. Recent genome-wide association studies using
high-throughput genotyping technology have improved the
efficiency of detecting loci that are associated with the risk for
developing various diseases, including infectious diseases such
as human immunodeficiency virus 1, hepatitis B and C, dengue,
tuberculosis, and leprosy [38]. The many protective and sus-
ceptible loci detected in these studies were in genes or regions
associated with human immunity, including HLA. These stud-
ies have implicated loci linked to innate and acquired immu-
nity in human host defense against infectious disease and
confirmed an important role for HLA in the susceptibility to a
number of infectious diseases. These protective and suscepti-
ble alleles may have a selective effect on selection pressure
produced, for example, by intermittent epidemics [39].
Although most HLA associations with infectious disease pre-
sumably show small effects, they are important from an evolu-
tionary point of view [39]. Although CMV infection is not a
life-threatening infection in healthy adults, congenital CMV
infection is the most common intrauterine infection during
pregnancy and causes severe sequelae such as neurologic dis-
orders [12,13]. CMV infection also causes life-threatening
events in immunodeficient individuals [8,10,11,40,41]. These
findings suggest that alleles linked to protection from CMV
infection may have a weak selective advantage that has shaped
the distribution of HLA genes and haplotypes. Another possible
mechanism is that high-frequency haplotypes have immuno-
logic advantages, such as superior antigen presenting ability,
which would suggest that HfHPs are less susceptible to not
only CMV infection but also potentially many other infections.
To prove this hypothesis, similar analysis is needed for other
infections. In this study, there were insufficient data in the Jap-
anese registry to perform analyses on other infections. More-
over, HLA or other HfHP genes or a summation of their effects
may explain our findings.

This study has several limitations. The Japan Society for
Hematopoietic Cell Transplantation has published guidelines
for the diagnosis and management of CMV in transplant
patients. Although surveillance and treatment of CMV at each
transplant center were conducted according to these guidelines,
as described in the Methods section, compliance to the guide-
lines was not confirmed for each center. Therefore, the results
of this study should be interpreted with caution. Second, associ-
ations between a low risk of clinical CMV reactivation and
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high-frequency HLA haplotypes were maintained after adjust-
ment for acute GVHD as a time-varying covariate. The associa-
tions were also observed in subgroup analysis in patients who
did not have acute GVHD (Figure 2). However, because GVHD is
expected to lie somewhere along the causal path leading to clin-
ical CMV reactivation, we were unable to conduct analysis that
completely excluded the effects of GVHD. Third, because this
was a hypothesis-testing study, we used all data to test the
hypothesis that high-frequency HLA haplotypes are associated
with a low risk of CMV clinical reactivation. HPs 1 to 7 are also
high-frequency haplotypes in the Korean population [42]; how-
ever, the associations observed in this study have yet to be eval-
uated in the Korean population. These should be examined in a
future study. Meanwhile, HPs 1 to 7 are not frequent in other
populations.

In conclusion, our findings suggest that HfHPs may be pro-
tective against CMV reactivation and infection and that
increased care regarding CMV reactivation and infection may
be necessary for patients with LfHP after allo-HSCT. Validation
in independent cohorts is necessary to strengthen the gener-
alizability of the results. Further immunologic experimental
studies are needed to elucidate the biologic mechanisms of
these findings.
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