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Hematopoietic cell transplantation (HCT) from HLA-mismatched unrelated donors can cure
life-threatening blood disorders, but its success is limited by graft-versus-host disease
(GVHD). HLA-B leaders encode methionine (M) or threonine (T) at position 2 and give rise to
TT, MT, or MM genotypes. The dimorphic HLA-B leader informs GVHD risk in HLA-
B-mismatched HCT. If the leader influences outcome in other HLA-mismatched trans-
plant settings, the success of HCT could be improved for future patients. We determined
leader genotypes for 10 415 patients receiving a transplant between 1988 and 2016 from
unrelated donors with one HLA-A, HLA-B, HLA-C, HLA-DRB1, or HLA-DQB1 mismatch.
Multivariate regression methods were used to evaluate risks associated with patient leader
genotype according to the mismatched HLA locus and with HLA-A, HLA-B, HLA-C, HLA-
DRB1, or HLA-DQB1 mismatching according to patient leader genotype. The impact of the patient leader genotype on
acute GVHD and mortality varied across different mismatched HLA loci. Nonrelapse mortality was higher among HLA-
DQB1-mismatched MM patients compared with HLA-DQB1-mismatched TT patients (hazard ratio, 1.35; P = .01).
Grades Ill to IV GVHD risk was higher among HLA-DRB1-mismatched MM or MT patients compared with HLA-
DRB1-mismatched TT patients (odds ratio, 2.52 and 1.51, respectively). Patients tolerated a single HLA-DQB1 mis-
match better than mismatches at other loci. Outcome after HLA-mismatched transplantation depends on the HLA-B

® The HLA-B leader
dimorphism informs
survival after
unrelated donor HCT.

® The risks associated
with HLA mismatching
depend on the HLA-B
leader genotype.

leader dimorphism and the mismatched HLA locus. The patient’s leader variant provides new information on the limits
of HLA mismatching. The success of HLA-mismatched unrelated transplantation might be enhanced through the ju-
dicious selection of mismatched donors for a patient’s leader genotype. (Blood. 2020;136(3):362-369)
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either methionine (M) or threonine (T) at the second position of
the leader. M leaders promote higher HLA-E expression than T
leaders, favoring robust T- and natural killer (NK) cell recognition
of HLA-E, a mechanism that might control the progression of HIV
infection.’®'® In HLA-B-mismatched unrelated HCT, the risk of
acute graft-versus-host disease (GVHD) is higher when the pa-
tient has HLA-B M leaders and when the mismatched patient/
donor HLA-B allotypes have different leaders.” The data provide
an approach for understanding permissive and nonpermissive
HLA-B mismatches. However, whether HLA-B mismatching is
necessary for the leader to have an effect on transplant outcome

Introduction

The HLA-A, HLA-B, HLA-C, HLA-DRB1, HLA-DQB1, and HLA-
DPB1 genes comprise the hematopoietic cell transplantation
(HCT) barrier.™®* In HCT from unrelated donors, precise donor
matching of the HLA peptide-binding region (PBR) is performed
to achieve the degree of compatibility that is feasible between
HLA-genotypically identical siblings.*” When HLA-matched
donors are not available, mismatched donors with PBR differ-
ences that are better tolerated offer options for many patients.®?

HLA matching of the PBR does not include consideration of

other regions of the HLA gene that could harbor clinically rel-
evant variation. HLA-B exon 1 is one such example wherein a
sequence dimorphism at —21 gives rise to leader peptides with
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is unknown. The HLA-B leader is part and parcel of the extended
HLA haplotype. If the leader in fact provides information on
transplant outcome after unrelated donor transplantation in the
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setting of HLA-B matching but HLA-A, HLA-C, HLA-DRB1, or
HLA-DQB1 mismatching, the leader might then provide an
entirely novel approach for the selection of HLA-mismatched
donors and inform risks that have historically been ascribed to
the HLA mismatch itself.

Given that no genetic data are currently available to aid the
prioritization of mismatched donors, a leader-based algorithm
would fulfill an unmet need. Beyond the immediate clinical
implications of the leader for donor selection, the information
will advance understanding of the pathways involved in graft-
versus-host allorecognition in transplantation.

Methods

Study population and design

We conducted a retrospective cohort analysis of 10415 patients
who received a transplant from an unrelated donor with one
HLA-A, HLA-C, HLA-DRB1, or HLA-DQB1 mismatch between
1988 and 2016 and whose HLA and clinical data were con-
tributed by members of the International Histocompatibility
Working Group in Hematopoietic Cell Transplantation (IHWG)
(supplemental Tables 1 and 2, available on the Blood Web site).
There were no exclusion criteria. The transplants included
3399 HLA-A-, 3851 HLA-C—, 823 HLA-DRB1-, and 2342 HLA-
DQB1-mismatched pairs. Their outcomes for GVHD, relapse,
and mortality were compared vs a previous cohort of 1457 HLA-
B mismatches.”

HLA

HLA-A, HLA-B, HLA-C, HLA-E, HLA-DRB1, HLA-DQB1, and
HLA-DPB1 were typed as previously described.” The leader
genotype was determined from the exon 1 gene sequence for all
HLA-B alleles in the study population with the exception of HLA-
B*18:05 and B*39:20 present in 2 individuals. Average HLA-A
and HLA-C expression, killer immunoglobulin-like receptor li-
gand, and donor-recipient HLA-DPB1 mismatching were de-
termined as previously described.'>"”

Protocols were approved by the institutional review boards of
the National Institutes of Health, Office for Human Research
Protections, and each participating IHWG center. Research was
conducted in accordance with the Declaration of Helsinki.

Statistical analysis

We examined the association of leader genotype and HLA
mismatching with acute GVHD (grades lI-IV and IlI-IV), chronic
GVHD, relapse, death not preceded by relapse, disease-
free survival, and overall mortality. The leader effect in HLA-
B-mismatched transplantation was previously reported for
GVHD risk, and the 1457 HLA-B-mismatched transplants were
included for comparison with single HLA-A-, HLA-C-, HLA-
DRB1-, and HLA-DQB1-mismatched transplants.” Statistical
tests for interaction were performed comparing the leader effect
among single HLA-B mismatches vs the leader effect among
single mismatches at HLA-A, HLA-C, HLA-DRB1, and HLA-
DQB1. Tests for interaction were also performed comparing the
leader effect among allele and antigen mismatches. Cox re-
gression models were fit to compare the hazards of failure
between appropriate groups for all end points other than acute
GVHD, where logistic regression was used. Regression models
were adjusted for patientage, donor age, source of cells, disease

HLA-B LEADER

status, T-cell depletion, transplant type, use of total body irra-
diation, patient sex, donor sex, cytomegalovirus serologic status,
patient race, donor race, HLA-DPB1 match status, average HLA-
A and HLA-C expression, patient HLA-E genotype, donor killer
immunoglobulin-like receptor, and year of transplantation
(supplemental Table 2). To assess relapse, GVHD was modeled
as a time-dependent covariate (ie, GVHD status is allowed to
change after transplantation). Two-sided P values from re-
gression models were obtained from the Wald test, and values
<.05 were considered significant. Several comparisons were
made, all focused on refinements of the concept of leader
genotype and leader matching. The outcomes examined are
highly correlated, minimizing the effect of multiple comparisons
that result from the various outcomes. For this reason, no ad-
justments were made to the P values associated with the fitted
regression models. All analyses were performed by using
R version 3.4.1 and survival package in R.

Results

Patient leader genotype and GVHD

We hypothesized that acute GVHD risk correlates with patient
M leaders after single HLA-A-, HLA-C—, HLA-DRB1-, or HLA-
DQB1-mismatched HCT, an association that we observed
after single HLA-B-mismatched HCT.” The 10415 HLA-
B-matched pairs with one HLA-A, HLA-C, HLA-DRB1-, or
HLA-DQB1 mismatch were therefore analyzed alongside the
1457 previously studied single HLA-B-mismatched pairs.” The
current study pairs are all HLA-B matched, and the patient and
donor necessarily have the same leader genotype. Their leader
frequencies (55.7% [5802 of 10415], TT; 38.1% [3970 of 10415],
MT; and 6.2% [643 of 10415], MM) were similar to those of HLA-
B-mismatched patients and donors and of other populations.”-'8
Also similar to HLA-B mismatches was the association of patient
E*01:03 with lower disease-free survival and higher relapse
(supplemental Table 3).”

In contrast to the association of patient leader genotype with
grades Ill to IV acute GVHD among single HLA-B mismatches
(odds ratio [OR], 2.26; 95% confidence interval [Cl], 1.09-4.66;
P = .03 for MM; OR, 1.41; 95% Cl, 0.97-2.04; P = .07 for MT
relative to TT), patient leader genotype did not affect the risk of
grades Il to IV acute GVHD among transplants with one HLA-A,
HLA-C, HLA-DRB1, or HLA-DQB1 mismatch (OR, 1.08; 95% Cl,
0.82-1.42; P = .59 for MM; OR, 1.05; 95% Cl, 0.92-1.20; P = .43
for MT relative to TT). These results show that the effect of
the patient’s leader genotype on acute GVHD risk is not the
same among HLA-B-matched transplants as among HLA-
B-mismatched transplants. A formal statistical test of in-
teraction yielded P = .009, which indicates that the ORs of 2.26
and 1.08 (MM vs TT for HLA-B mismatches and mismatches
other than HLA-B, respectively) and 1.41 and 1.05 (MT vs TT for
HLA-B mismatches and mismatches other than HLA-B) are sta-
tistically different. The effect of the leader on acute GVHD
among allele mismatches was not statistically different from the
effect among antigen mismatches (interaction P = .33).

These results suggest that the clinical significance of the HLA-B
leader may depend on the mismatched HLA locus. We therefore
examined the impact of a patient’s leader genotype on other
outcomes among single mismatches at loci other than HLA-B.
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status, patient race, donor race, mean HLA-C expression, mean HLA-A expression, mismatched HLA locus, patient HLA-E genotype, and donor killer immunoglobulin-like receptor genotype.

*Numbers are provided for patients who developed outcome from the total number of evaluable patients.

Relative to TT patients, MM patients had modest increases in
mortality, failure (relapse or death) for disease-free survival,
relapse, and chronic GVHD (Table 1). Disease-free survival de-
creased with increasing numbers of M leaders, suggesting a
biological step-up of risk from TT to MT to MM. In summary,
the MM genotype is associated with higher risks of cer-
tain outcomes after HLA-A-, HLA-C—, HLA-DRB1-, or HLA-
DQB1-mismatched transplantation compared with TT. Whereas
the leader affects primarily GVHD in HLA-B-mismatched HCT, the
leader may influence mortality and relapse after HLA-A-, HLA-C—,
HLA-DRB1-, or HLA-DQB1-mismatched HCT despite little in-
fluence on grades lll to IV GVHD.

Leader genotype and the mismatched HLA locus
The results described here assume that the impact of the pa-
tient’s leader genotype on outcome is the same across all loci
outside of HLA-B. For example, the risk of acute GVHD for HLA-
A-mismatched MM patients relative to HLA-A-mismatched TT
patients is assumed to be identical to the risk of acute GVHD
for HLA-C—mismatched MM patients relative to HLA-C-mismatched
TT patients. We formally tested whether the association of the pa-
tient's leader genotype with outcome is similar across the different
mismatched loci (statistical test of interaction). In fact, they were
not the same for mortality, grades Il to IV acute GVHD, or relapse
(P = .06, .06 and .10, respectively). This result warrants analyses of
the leader for each mismatched locus (Figure 1).

Overall mortality was adversely affected by MM relative to the
TT genotype primarily when the mismatch was at HLA-DQB1
(hazard ratio [HR], 1.35 [95% ClI, 1.08-1.70; P = .01] for MM
patients compared with TT patients). In addition, MT patients
undergoing HLA-C-mismatched transplantation had a modest
increase in mortality compared with HLA-C-mismatched TT
patients (HR, 1.10; 95% Cl, 1.00-1.21; P = .04). The risk of relapse
was generally consistently higher for MM patients than for TT
patients (but not statistically significant) when the mismatch was
at HLA-A (HR, 1.32; P = .10), HLA-DRB1 (HR, 1.67; P = .19), or
HLA-DQB1 (HR, 1.27; P = .21). The risk of grades Ill to IV GVHD
was higher for MM patients compared with TT patients after
HLA-B-mismatched leader-matched transplantation (OR, 2.47;
95% Cl, 1.11-5.49; P = .03) as shown previously,” but this
detrimental effect of MM genotype on acute GVHD was not
observed with other mismatched loci with the possible excep-
tion of mismatches at HLA-DRB1 (OR, 2.52; 95% Cl, 0.90-7.04;
P = .08). These results suggest that the risks of mortality, GVHD,
and relapse associated with M leaders vary with the specific
mismatched HLA locus.

Impact of HLA mismatching on outcome

In current clinical practice, mismatched donors are selected
according to the mismatched locus*>7; however, the results
described here show that risks of specific locus mismatches vary
according to the patient’s leader genotype. Among all TT pa-
tients, mismatching at HLA-A, HLA-B, HLA-C, and HLA-DRB1
each increased mortality and grades Ill to IV GVHD relative to
HLA-DQB1 mismatches (Figure 2). These results show that
among TT patients, HLA-DQB1 mismatches are associated with
lower risks than mismatches at other loci. Among all MT patients,
the risks of mortality, acute GVHD, and relapse were each in-
creased with mismatching at all loci relative to HLA-DQB1; one
possible exception was mismatches at HLA-DRB1, where mor-
tality and relapse seem to be similar to those for HLA-DQB1

PETERSDORF et al
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Figure 1. Association of patient leader genotype with
clinical outcome. Risks of mortality (A), grades Ill to IV acute
GVHD (B), and relapse (C) associated with patient leader ge-
notypes according to mismatched HLA locus.
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Figure 2. Association of HLA mismatching with clinical out-
come. Risks of mortality (A), grades Il to IV acute GVHD (B), and
relapse (C) associated with one HLA-A, HLA-B, HLA-C, or HLA-
DRB1 mismatch relative to one HLA-DQB1 mismatch among
patients with TT, MT, and MM leader genotypes.
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mismatches. In contrast to TT and MT patients, there was little
suggestion that MM patients had an increased risk of mortality
for any mismatch relative to HLA-DQB1 mismatches, with the
possible exception of mismatching at HLA-A (HR, 1.25) and
HLA-B leader mismatching (HR, 1.94) (Figure 2). Conversely,
grades Ill to IV GVHD were increased in MM patients at all
mismatched loci relative to HLA-DQB1 with the possible ex-
ception of HLA-C.

In summary, the risks of mortality, GVHD, and relapse associated
with HLA mismatching vary with the HLA-B leader genotype of
the patient. For a given patient HLA-B leader genotype, there is
a hierarchy of donors with preferred and nonpreferred HLA
mismatches (Figure 2). Preference for HLA-DQB1-mismatched
donors and avoidance of HLA-B-mismatched leader-mismatched
donors may lower the risk of acute GVHD and improve survival
without increasing relapse.

Acute GVHD and relapse according to leader
genotype and mismatched HLA locus

Patients who develop clinical acute GVHD may have lower risk of
relapse compared with patients without GVHD."*?° Given the
differential effect of the HLA-B leader on relapse and acute
GVHD according to the mismatched HLA locus, we assessed the
impact of acute GVHD on the risk of relapse and whether risk
varies according to the leader or the mismatched HLA locus.
Modeling GVHD as a time-dependent covariate, the occurrence
of grades Il to IV GVHD did very little to lower the risk of relapse
(HR, 0.96; 95% Cl, 0.87-1.07; P = .47). Moreover, there was little
suggestion that this effect varied across different mismatched
loci (interaction P = .17) and even less suggestion that the effect
differed according to the patient’s leader genotype (interaction
P = .74). According to the specific mismatched locus, the
hazards of relapse with grades Il to IV GVHD vs without grades ||
to IV GVHD were 0.90 (95% Cl, 0.74-1.10; P = .31), 1.01 (95% Cl,
0.74-1.38; P = .94), 1.04 (95% Cl, 0.87-1.25; P = .67), 1.58 (95%
Cl, 0.98-2.55; P = .06), and 0.87 (95% Cl, 0.68-1.12; P = .28) for
mismatches at HLA-A, HLA-B, HLA-C, HLA-DRB1, and HLA-
DQB1, respectively. For the leader genotypes, the hazards of
relapse were 0.98 (95% Cl, 0.85-1.14; P = .80), 0.96 (95% ClI,
0.81-1.13; P=.61),and 0.85 (95% Cl, 0.56-1.28; P = .43) for the
TT, MT, and MM genotypes. In summary, MM patients have
increased risk of both relapse and GVHD compared with TT
patients. These results suggest a role for HLA-B M leaders in the
pathways involved in relapse and GVHD after transplantation.

Discussion

Historically, 40% of unrelated donor transplantations performed
worldwide have used HLA-matched unrelated donors as the stem
cell source, 38% of whom were unrelated donors with one mis-
match, and the remainder of patients received a transplant from
donors with more than one mismatch.” An unmet need in un-
related HCT is a better understanding of the features of HLA
mismatches associated with increased transplant-related compli-
cations and lower survival. If the rules that govern (non)-permissive
HLA mismatches were known, this information could be used to
judiciously select donors with acceptable mismatches, thereby
broadening the availability of transplantation as a curative therapy.

Most approaches for understanding permissive HLA mismatches
have focused on sequence polymorphisms that reside within the

HLA-B LEADER

PBR of HLA molecules because of its role in antigen presentation
and T-cell recognition. HLA-A and HLA-B mismatches are as-
sociated with some of the highest risks.” The polymorphic HLA-B
leader peptide that binds and stabilizes HLA-E, primarily when
methionine is present at position 2 of the peptide, affects in vitro
recognition of HLA-E by NK and T cells'?3 but is not currently
assessed in patients and candidate unrelated donors for trans-
plantation. The fact that the patient’'s HLA-B leader genotype
can be used to identify permissive HLA-B mismatches’ provided
strong rationale to conduct the current study, directed at the
clinical impact of the leader genotype in the context of mis-
matches at other HLA class | and Il loci.

The current study was designed to test hypotheses concerning
the clinical significance of the HLA-B leader dimorphism in
HLA-B-matched but HLA-A-, HLA-C-, HLA-DRB1-, or HLA-
DQB1-mismatched unrelated donor transplantation. The
hypotheses were developed to address whether HLA-B mis-
matching is required for there to be important consequences of
the leader dimorphism on transplant outcome. Inherent in this
hypothesis is the concept that should the leader, in fact, inform
transplant outcome, the information could have major implica-
tions on our understanding of the risks associated with HLA-A,
HLA-C, HLA-DRB1, and HLA-DQB1 mismatching, the key cri-
teria for the selection of unrelated donors. We tested these
hypotheses in a large cohort of unrelated donor transplants with
one HLA-A, HLA-C, HLA-DRB1, or HLA-DQB1 mismatch per-
formed by the international community and uncovered a new
relationship between the HLA-B leader dimorphism and relapse
and survival. In contrast to the association of the leader genotype
with GVHD after HLA-B-mismatched transplantation, we found
that the leader genotype may primarily affect survival and
relapse after HLA-A-, HLA-C-, HLA-DRB1-, or HLA-DQB1-
mismatched transplantation. Knowledge of the leader’s effects
on outcome clarified the significance of mismatching for the
classic HLA-A, HLA-B, HLA-C, HLA-DRB1, and HLA-DQB1 genes.
Of the five loci currently assessed in donors before trans-
plantation, HLA-DQB1 mismatches were the best tolerated,
particularly among TT and MT patients. The relative (dis)advan-
tages associated with HLA-A, HLA-C, HLA-B, HLA-DRB1, or HLA-
DQB1 mismatching are less evident for MM patients who benefit
from complete HLA matching. Thus, a new paradigm for the
selection of HLA-mismatched unrelated donors for future patients
may include consideration of the patient's leader genotype.

Alloreactive donor T cells cause GVHD, and through the course
of mounting graft-versus-host responses, they are cytotoxic
against residual patient cancer cells, leading to lowered relapse
("graft-versus-leukemia”).’”2° Interestingly, MM patients had
higher risk of relapse compared with TT patients, suggesting a
potential role for NK cells in relapse in these patients. Of note,
compared with MM patients without GVHD, MM patients with
GVHD had a hazard of 0.84 of relapse. Although not statistically
significant, the extent to which this might reflect classic graft-
versus-leukemia and whether a deleterious MM-associated ef-
fect could “neutralize” a beneficial T-cell-associated effect,
remain to be determined in the future when a larger transplant
experience is available.

The foundation of donor selection for HCT rests on precise

matching of exons 2 and 3 of class | and exon 2 of class Il HLA
genes to minimize patient/donor differences within the PBR.2!
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The current study confirms that HLA-B exon 1 harbors clinically
relevant variation, regardless of matching or mismatching with
donor, highlighting the importance of variation outside of re-
gions that are traditionally tested, which may affect transplant
outcome in a manner distinct from mismatching within the PBR.?2
Dissection of the effects associated with the leader genotype
from those associated with HLA mismatching of the mature
protein provides new information on the biology of GVHD. The
novel association between the leader dimorphism in survivorship
after transplantation suggests that prospective consideration
of the patient’s HLA-B leader may enhance the selection of
mismatched donors for transplantation and provide important
information for assessment of risks pretransplant based on the
patient’s leader genotype.
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