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HIGHLIGHTS

e HLA zygosity, supertypes, and expression are evaluated in post-transplant outcomes
e HLA-B62 supertype is associated with reduced transplant-related mortality

e HLA-B27 supertype is correlated with worse disease free-survival in AML

e No association exists between HLA zygosity or expression and transplant outcomes



ABSTRACT

Maximizing the probability of antigen presentation to T cells through diversity in human leukocyte
antigens (HLA) can enhance immune responsiveness and translate into improved clinical
outcomes, as evidenced by the association of heterozygosity and supertypes at HLA class I loci
with improved survival in patients with advanced solid tumors treated with immune checkpoint
inhibitors. We investigated the impact of HLA heterozygosity, supertypes, and surface expression
on outcomes in adult and pediatric patients with AML, MDS, ALL, and NHL who underwent 8/8
HLA-matched, T cell replete, unrelated, allogeneic hematopoietic cell transplant (HCT) from 2000
to 2015 using patient data reported to the Center for International Blood and Marrow Transplant
Research. HLA class | heterozygosity and HLA expression were not associated with overall
survival, relapse, transplant-related mortality (TRM), disease-free survival (DFS), and acute graft-
versus-host disease following HCT. The HLA-B62 supertype was associated with decreased TRM
in the entire patient cohort (HR=0.79, 95% CI1 0.69 — 0.90, P=0.00053). The HLA-B27 supertype
was associated with worse DFS in patients with AML (HR=1.21, 95% ClI, 1.10-1.32, P=0.00005).
These findings suggest that the survival benefit of HLA heterozygosity seen in solid tumor patients
receiving immune checkpoint inhibition does not extend to patients undergoing allogeneic HCT.
Certain HLA supertypes, however, are associated with TRM and DFS, suggesting that similarities
in peptide presentation between supertype members play a role in these outcomes. Beyond
implications for prognosis following HCT, these findings support the further investigation of these

HLA supertypes and the specific immune peptides important for transplant outcomes.

KEYWORDS: Hematopoietic cell transplant (HCT); allogeneic HCT; human leukocyte antigen

(HLA); HLA heterozygosity; HLA supertypes



INTRODUCTION

Eliciting an adaptive immune response against infection or malignancy requires precise interaction
of T cell receptors on cytotoxic T lymphocytes with peptides bound to human leukocyte antigen
(HLA) expressed on the surface of antigen-presenting cells®: 2. Effective immune surveillance
benefits from extensive polymorphism within the HLA genetic region encoding amino acid
residues centered in the peptide-binding groove, where diversity expands the overall repertoire of
HLA-bound peptide ligands and their respective antigen-specific T cells®>. A more diverse
repertoire of HLA molecules capable of binding tumor peptides for presentation to T cells may
therefore potentially increase the likelihood of engendering an immune response and ultimately
improving clinical outcomes? 3,

Heterozygosity at the HLA class | loci of HLA-A, -B, and -C is associated with improved
survival in patients with advanced solid tumors treated with immune checkpoint inhibitors when
compared to patients with homozygosity in at least one HLA class I locus®. Similarly, in cases of
human immunodeficiency virus (HIV), HLA locus heterozygosity in African American and
Caucasian patients is associated with slower progression to acquired immunodeficiency syndrome
(AIDS) and improved overall survival (OS)°. The protective effect of HLA locus heterozygosity
on survival has been attributed to the greater likelihood of tumor- or pathogen-derived peptide
presentation within a more diverse HLA landscape to autologous T cells, leading to an effective
immune response*®.

While considerable genetic diversity has generated thousands of HLA class | alleles,
multitudes of HLA molecules can be functionally classified into HLA supertypes, distinct
groupings of HLA-A and -B alleles that share chemical specificities in the B and F binding pockets

of the peptide-binding groove, leading to overlapping peptide-binding specificities®. HLA



supertypes have been associated with disease outcomes®° and recently have been shown to impact
survival based on differences in their predicted capacities for tumor and viral antigen presentation®.
Among melanoma patients treated with immune checkpoint inhibitors, those expressing the HLA-
B44 supertype experienced improved survival, presumably due to shared binding properties to a
large number of melanoma antigens®. In contrast, those patients exhibiting the HLA-B62 supertype
experienced reduced survival, an association primarily influenced by the member allele, HLA-
B*15:01. Notably, the HLA molecule encoded by HLA-B*15:01 is distinguished by an amino acid
bridge in the peptide-binding groove that impairs the strength of interaction of a bound peptide
within HLA to T cells, which is presumed to interfere with antigen recognition and immune
responsiveness?,

Surface expression of HLA has also been implicated in dictating immune responsiveness*'”
14 Development of autoimmune diseases has been linked to increased surface expression of HLA
class | alleles, while certain malignancies are capable of evading immune detection via
downregulation of HLA 2, Elevated HLA-C expression is associated with improved viral control
of HIV in African and European Americans due to increased strength and likelihood of cytotoxic
T cell responses to the virus'?. In the setting of mismatched allogeneic hematopoietic cell
transplant (HCT), lower expression of the mismatched HLA-C allele is associated with improved
survival and decreased risk of acute graft-versus-host disease (aGVHD) and non-relapse mortality,
presumably due to lower levels of immune detection®®. Therefore, HLA surface expression directly
titrates opportunity for antigen presentation and calibrates the strength of the immune response,
thereby influencing clinical outcomes.

Although HLA heterozygosity, supertypes, and expression levels have been evaluated

separately for their role in immune responsiveness, their effects have not been investigated in the



setting of HLA-matched allogeneic HCT. Because donor T cells are a significant contributor to
graft-versus-leukemia (GVL) effect in allogeneic HCT, we hypothesize that HLA class |
heterozygosity, supertype, and increased HLA expression will influence disease control and

survival through their effect on improved antigen presentation to antigen-specific T cells.

MATERIALS AND METHODS
Study Design
We retrospectively analyzed 7,474 pediatric and adult patients with a diagnosis of acute myeloid
leukemia (AML), myelodysplastic syndrome (MDS), acute lymphoblastic leukemia (ALL), or
non-Hodgkin lymphoma (NHL), who underwent an 8/8 HLA-matched (HLA-A, -B, -C, and -DR)
first allogeneic HCT from an unrelated donor between 2000 to 2015. Patients were included if they
received T cell replete bone marrow or peripheral blood stem cell allografts following
myeloablative conditioning. The exception were patients with NHL, who more commonly receive
reduced-intensity conditioning (RIC) or non-myeloablative (NMA) regimens. All patients had
high-resolution allele-level HLA typing performed prior to HCT.

Patients were excluded if they received a previous HCT, underwent ex vivo T cell depletion
(CD34 selection), received post-transplant cyclophosphamide, received RIC or NMA conditioning
for AML, MDS, or ALL, had less than 100 days of follow up post-transplant, or did not consent
to participate in research. All patient data were collected from the National Marrow Donor
Program (NMDP)/Center for International Blood and Marrow Transplant Research (CIBMTR).
Patients represented a total of 314 transplant centers, and all provided informed consent to

participate in NMDP/CIBMTR research. This retrospective study was approved by the



NMDP/CIBMTR’s Institutional Review Board, and standard methods of NMDP/CIBMTR data

collection and analysis were employed.

HLA Class | Typing and Designation of HLA Zygosity, Supertypes, and Expression Levels
HLA high resolution allele typing for HLA-A, -B, -C and -DR was performed, confirmed, and
provided by the NMDP?. Patients were categorized as HLA heterozygous if they differed at the
allele-level for all HLA class I loci of HLA-A, -B, and -C. HLA homozygous patients were those
who shared the same alleles in at least one HLA class | locus of HLA-A, -B, or -C.

Assignment of patient HLA supertypes was based on the updated classification by Sidney
and colleagues of 945 HLA-A and -B alleles® (Supplemental Table 1A and 1B). Among patient
HLA genotypes, 80% of alleles could be categorized based on shared chemical specificities of the
B and F binding pockets into one of the twelve established supertypes®. The remaining HLA-A
and -B alleles that did not belong to a specific supertype were designated as unclassified and
excluded from this analysis.

We explored the effects of expression of HLA-Bw4 and HLA-C alleles based on available
expression data!?'4 1621 HLA alleles bearing the Bw4 epitope as well as HLA-C alleles were
stratified into high versus low expression subtypes based on previously published surface
expression data using median fluorescence intensity (MFI) as a comparative measure®%%3, High-
expressing HLA-Bw4 and -C alleles were identified as those with MFIs greater than the overall
mean, while low expressing alleles were those with MFIs less than the mean. Patient genotypes
were categorized into high, mixed (high/low), or low Bw4 or C expression subgroups based on the
presence of 1 or 2 copies of HLA-Bw4 or HLA-C alleles with known expression data and analyzed

for their association with clinical outcomes post-HCT. Patients homozygous for Bw6 alleles or for
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Bw4 alleles with unknown expression data were excluded. Patients homozygous for HLA-C alleles

with unknown expression data were also excluded from this portion of analysis.

Statistical Analysis

The primary study outcomes of OS and relapse were evaluated among the entire patient cohort as
well as among individual disease subgroups. OS was defined as the time from HCT to death from
any cause. Relapse represented the time from HCT to disease recurrence. Patients who received a
second HCT or were lost to follow-up were censored at the time of the second transplant or last
follow-up, respectively. Secondary outcomes included transplant-related mortality (TRM),
disease-free survival (DFS), and aGVHD. TRM was described as time to death without evidence
of disease recurrence and patients were censored at time of relapse or last follow-up; relapse was
a competing risk. DFS was defined as the time to treatment failure due to death or relapse with
patients censored at the time of last follow-up. aGVHD was the cumulative incidence of Grade Il-
IV and H1-1V GVHD per consensus criteria at day 100 post-HCT. Multivariate analyses for OS,
relapse, DFS, TRM, and aGVVHD were performed using the Cox proportional hazards model. All
variables were tested for the affirmation of the proportional hazards assumption. Factors violating
the proportional hazards assumption were adjusted through stratification. A stepwise variable
selection procedure was then used to develop multivariable models for the primary and secondary
outcomes. For the multivariable analysis of HLA heterozygosity, a P-value of < 0.01 was
considered significant when analyzed for the entire patient cohort. When evaluating disease
subgroups individually, a P-value of <0.00125 was considered significant to account for multiple
comparisons. For outcomes association studies of HLA supertype and HLA-Bw4 and -C allele

expression, each HLA supertype, HLA-Bw4, and C-allele expression variable was tested
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separately after adjusting for the selected patient and clinical variable. To adjust for multiple
testing, a P-value of < 0.00059 for the entire cohort and P-value of <0.000147 for disease
subgroups were considered significant. All P-values were raw and 2-sided. Statistical analyses

were done using SAS version 9.4.

RESULTS

Patient Characteristics

Patient characteristics are summarized in Table 1. A total of 7,474 patients were included in the
study. The median patient age was 45.5 years (range 0-76). Males comprised 56% of the study
population, and Caucasians represented 88% of the study population. A diagnosis of AML
accounted for nearly half of all malignancies for patients undergoing HCT while 16% of patients
were diagnosed with NHL. Peripheral blood stem cells were used for 69% of all HCT allografts.
The majority of patients (77%) were classified as heterozygous to the allele-level at all HLA class
I loci of HLA-A, -B, and -C. HLA homozygosity was present in 22% of the total study population
with 46% of those patients homozygous at the HLA-A locus only (data not shown). Only 12% of

patients possessed a full homozygous haplotype at HLA-A, -B, and -C loci (data not shown).

HLA Heterozygosity

In an 8/8-HLA matched allogeneic HCT setting, there were no significant differences observed in
clinical outcomes for patients who were homozygous for at least one HLA class | locus when
compared to those who were heterozygous at all HLA class | loci of HLA-A, -B, and -C. In
multivariate analysis, OS was not associated with HLA homozygosity (HR=0.96; 95% CI, 0.88 —

1.04, P=0.33) for the entire patient cohort (Table 2A) or disease subgroups (Table 2B and data not
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shown). There were no differences observed for relapse, TRM, DFS, and aGVHD in patients with
HLA homozygosity when compared to patients with HLA heterozygosity (Table 2A) both among

the entire cohort and within individual disease subgroups (Table 2B and data not shown).

HLA Supertypes

In our study population, 1% of patients were categorized as unclassified for both of their HLA-A
alleles, while 32% of patients remained unclassified for their HLA-B alleles®. Those patients with
HLA-A or -B alleles that were unclassified (i.e. did not belong to a defined HLA supertype) were
excluded from each corresponding analysis. There was a total of 16 patients who exhibited both
unclassified HLA-A and -B alleles and thus were not included in the outcome analyses based on
supertypes. No associations were observed for OS, relapse, and aGVHD based on HLA-A or -B
supertypes within the entire patient cohort (Table 2A) or within disease subgroups (Table 2B and
data not shown).

The presence of the HLA-B62 supertype was significantly associated with decreased TRM
among the entire cohort when compared to patients without the HLA-B62 supertype (HR=0.79;
95% ClI, 0.69 — 0.90, P=0.00053) (Table 2A and Figure 1). Lower risk of TRM among patients
with AML and ALL subgroups was also observed among patients with the HLA-B62 supertype
(P=0.015 and P=0.0077, Table 2B and data not shown, respectively), although the analysis did not
achieve statistical significance per p-values established for this study.

The HLA-B62 supertype was previously found to be associated with reduced OS in patients
with melanoma treated with immune checkpoint inhibitors, an outcome attributed to poor antigen
presentation due to an encoded amino acid bridge in the peptide-binding groove of its primary

member allele, HLA-B*15:01*. We hypothesized that this structural feature may also impact
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presentation of antigens related to TRM leading to weaker interactions with T cells, decreased
antigen recognition, and diminished immune activation. We investigated whether the protective
effect on TRM varied depending upon the presence of the HLA-B*15:01 allele among patients
with HLA-B62 supertype. We found that there was a similarly decreased risk of TRM in patients
with HLA-B62 supertype with the HLA-B*15:01 allele (HR=0.81; 95% CI, 0.69 — 0.96, P=0.013)
and in patients with HLA-B62 supertype without the HLA-B*15:01 allele (HR=0.72; 95% ClI,
0.50 — 1.04, P=0.081) when compared to patients without HLA-B62 supertype (Table 3). These
results further illustrate that the protective effect on TRM is impacted by the presence of the HLA-
B62 supertype and is not an effect restricted to its most frequent allele member. We also evaluated
specific causes of death in our patient population based on the presence or absence of the HLA-
B62 supertype (Table 4). Interestingly, disease progression as a cause of death was significantly
more prevalent in patients with the HLA-B62 supertype (51%) when compared to those without
HLA-B62 supertype (44%) (P=0.001).

Within the AML cohort, DFS was significantly decreased in patients with HLA-B27
supertype (HR=1.21; 95% CI, 1.10 - 1.32, P=0.00005, Table 2B and Figure 2) when compared to
patients without HLA-B27 supertype. A similar trend of DFS and HLA-B27 supertype was

detected in the entire cohort (HR=1.12; 95% ClI, 1.04 - 1.20, P=0.0034) (Table 2A).

Expression Levels of HLA-Bw4 and -C Alleles

In our study, 1% of patients failed to be stratified by HLA expression due to the absence of
expression data for their HLA-B and -C alleles'? 1. Among all patients, 58% had at least one
HLA-B allele with the Bw4 epitope: 39% were considered to have low Bw4 expression (Bw4

low/low or Bw4 low/Bw6), 5% exhibited mixed Bw4 expression (Bw4 low/high), and 13% had
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high Bw4 expression (Bw4 high/high or Bw4 high/Bwe6). Patients homozygous for Bw6 accounted
for 42% of the entire cohort and were therefore excluded from this portion of the analysis. Within
the entire cohort, patients with high HLA-Bw4 expression had a trend of higher risk of relapse
(HR=1.20; 95% CI, 1.05 - 1.39, P=0.0096) when compared to those with low HLA-Bw4
expression. We found no association between HLA-Bw4 expression and OS, DFS, TRM, and
aGVHD for the entire patient cohort (Table 2A) or within disease subgroups (Table 2B and data
not shown). Upon evaluation for HLA-C expression, most patients were classified as having low
HLA-C expression (54%) while 8% of patients showed exclusively high HLA-C expression. The
remainder of patients (38%) were identified as mixed HLA-C expression. We found no association
of HLA-C expression and outcomes of OS, relapse, DFS, TRM, and aGVHD both for the entire

cohort (Table 2A) and within disease subgroups (Table 2B and data not shown).

DISCUSSION

Our study was designed to investigate several mechanisms by which differences in HLA, including
heterozygosity, supertypes, and surface expression, impact antigen presentation to T cells. Each of
these mechanisms could potentially lead to differences in adaptive immune response and influence
clinical outcomes following allogeneic HCT. In this retrospective analysis of 8/8-HLA matched
unrelated HCT for myeloid and lymphoid malignancies, we did not identify an effect of HLA
heterozygosity on OS, relapse, TRM, DFS, or aGVHD post-HCT when analyzed in the entire
patient cohort or within disease subgroups. Differences in HLA surface expression also were not
significantly associated with post-transplant outcomes. We did observe that the HLA supertypes
HLA-B62 and HLA-B27 were significantly associated with specific outcomes post-transplant. In

the entire patient cohort, the HLA-B62 supertype was associated with decreased TRM, while the
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HLA-B27 supertype correlated with worse DFS in the AML subgroup, potentially revealing how
shared binding capacities of HLA molecules may influence antigen presentation and immune
response in allogeneic HCT. It is notable that both effects of HLA-B62 and -B27 supertype of
TRM and DFS, respectively, occurred early in the post-transplant course within the first six months
and persisted for the remainder of the follow-up period (Figures 1-2).

The classification of HLA supertypes allows large numbers of HLA alleles with shared
peptide-binding specificities to be grouped together for more streamlined analysis of HLA
effects??. Unlike the highly polymorphic individual HLA alleles that vary among different
ethnicities, HLA supertypes have more consistent expression among populations providing a more
stable and representative group for analysis?> 2. The HLA-B62 supertype, which is comprised
largely of HLA-B15 alleles, has previously been associated with outcomes in HIV-infected
individuals and in melanoma patients treated with immune checkpoint inhibitors via separate
immune mechanisms. In HIV-infected patients, the HLA-B62 supertype is associated with lower
HIV viral load and delayed progression to AIDS, % 224 3 finding attributed to its binding of
conserved viral epitopes that are less likely to mutate and escape immune recognition®. Given the
equivalent infection-related deaths among those patients with and without HLA-B62 supertype, it
is possible that a recently identified structural feature of a prominent member of the HLA-B62
supertype is responsible for the observed HCT outcomes®.

As the prevalent member allele of HLA-B62 supertype, HLA-B*15:01 is an appropriate
representative of its shared peptide-binding capacities?®® 26. HLA-B*15:01 was found in
approximately 80% of patients with HLA-B62 supertype in our study population. Among patients
with melanoma treated with immune checkpoint inhibitors, the association of HLA-B62 supertype

with decreased OS was primarily influenced by HLA-B*15:01%. HLA-B*15:01 encodes an amino
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acid bridge that impedes antigen binding, leading to decreased strength of tumor antigen
presentation and reduced anti-tumor response®.

In our study, the association of decreased TRM with HLA-B62 supertype was further
investigated by evaluating the effect of the member allele HLA-B*15:01. We found that both
HLA-B62 supertype subgroups with and without the HLA-B*15:01 allele offered comparable
protection from TRM. It is notable that this association was significant in the subgroup with HLA-
B*15:01 present, which suggests that this allele strongly impacts the supertype’s overall effect.
We also evaluated TRM by analyzing the causes of death of patients based on the presence of
HLA-B62 supertype. There was a trend towards lower GVHD-related deaths in patients with
HLA-B62 supertype and a significantly higher rate of deaths secondary to disease progression.
Like for melanoma, it is possible that HLA-B62 members exhibit hindered presentation of GVHD-
related antigens as well as tumor antigens, leading to decreased TRM and increased disease-related
death.

Although the effect on clinical outcomes following immune checkpoint inhibitors and
allogeneic HCT may seem paradoxical, both the negative effect on OS and protective effect on
TRM, respectively, could be attributed to the same underlying mechanism of structural impedance
encoded by the primary member allele of the HLA-B62 supertype, hampering antigen binding,
decreasing strength of cellular interactions during antigen presentation, and reducing immune
surveillance?.

The association of HLA-B27 supertype with worse DFS in patients with AML was a
unique finding in our study that was not previously demonstrated in analysis of patients with
advanced solid tumors treated with immune checkpoint inhibitors*. The HLA-B27 supertype is

comprised predominantly of HLA-B27 alleles, an intriguing and dichotomous HLA molecule
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recognized for its well-established association with multiple autoimmune diseases and its
protective effect in viral infections, such as HIV and hepatitis C* 2”28, Due to its high level of cell
surface expression and narrow antigenic repertoire, HLA-B27 likely provides protection against
HIV by acting as a “specialized” HLA capable of recognizing unique antigens pathogenic to HIV
and typically difficult for the virus to mutate in order to evade immune detection, thereby
conferring more stable protection against the virus?®. In our study, the association of HLA-B27
supertype with worse DFS in AML may be explained by the same “specialized” role of its HLA-
B27 member alleles. It is possible that the HLA-B27 allotypes may not bind tumor antigens
associated with AML, resulting in decreased tumor immune surveillance, higher rates of disease
progression, and worse DFS.

Our study did not demonstrate a similar protective effect of HLA heterozygosity on disease
control following HCT as was found for solid tumors treated with checkpoint blockade. It is
possible that the differences in post-HCT microenvironment, including a limited T cell repertoire,
dissimilar tumor antigens, alloreactivity of T cells, and presence of minor histocompatibility
complex antigens, overrides any anti-tumor effect seen in treatment of solid tumor patients with
immune checkpoint inhibitors®® 3!, The protective effect of HLA heterozygosity also may be more
relevant in the setting of immunotherapy where autologous T cell reactivity and activation
thresholds have been altered by the treatment.

A predicted increase in tumor antigen presentation offered by high surface expression of
HLA was not identified to be associated with outcomes following allogeneic HCT. Surprisingly,
we found a trend of higher risk of relapse in patients with high HLA-Bw4 expression when
compared to patients with low expression in the entire cohort, although not to a statistically

significant level. Given that HLA-Bw4 is a ligand for the inhibitory killer immunoglobin-like
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receptor KIR3DL1 on natural Killer (NK) cells, it is possible that NK cell reactivity plays a greater
role than T cell reactivity in tumor surveillance in this setting. Strong inhibitory interactions
between KIR3DL1 and specific HLA-Bw4 allotypes have been shown to be associated with higher
rates of relapse in patients with AMLY’,

Limitations of our study may be due to the inherent challenges related to retrospective
analysis. The inclusion of patients who underwent HCT during a 15-year time span from 2000 to
2015 may confound results due to differences in conditioning regimens and medical management.
Although our overall study population was large, subgroup analysis may have lacked the power to
detect significant differences.

Our study sought to identify how differences in HLA diversity, antigen binding, and
expression may influence antigen presentation, calibrating the strength of the immune response
and impacting clinical outcomes following allogeneic HCT. While we did not observe an impact
of zygosity for HLA class I alleles on HCT outcomes, we did find associations of HLA supertypes.
The association of the HLA supertype HLA-B62 with TRM and disease-related death is intriguing.
Because this supertype has been found to influence outcomes in solid tumor patients treated with
immune checkpoint inhibitors, this supertype and, in particular, its member allele HLA-B*15:01,
may have far-reaching implications for immune surveillance due to a structural peculiarity. The
finding that the HLA supertype HLA-B27 is associated with lower DFS in AML patients may
similarly have prognostic utility. Although further validation studies are needed, consideration of
the differential immunogenic potentials of HLA supertypes on immune surveillance may impact

donor selection to minimize morbidity and mortality associated with allogeneic HCT.
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Table 1. Characteristics of Study Population

Heterozygous at all

Homozygous at > 1

26

Characteristic HLA class I loci HLA class I locus  P-value?
N (%) N (%)
Number of Recipients 5775 1699
Number of Centers 175 139
Recipient Age, median (range), years 45 (0-75) 46 (1-76) 0.14
Race of Recipient 0.18
Caucasian, non-Hispanic 5074 (90) 1487 (90)
Recipient Gender 0.53
Male 3268 (57) 947 (56)
Female 2507 (43) 752 (44)
Disease 0.30
AML 2896 (50) 839 (49)
ALL 1386 (24) 384 (23)
MDS 570 (10) 178 (10)
NHL 923 (16) 298 (18)
Stem Cell Source 0.33
Marrow 1781 (31) 503 (30)
PBSC 3994 (69) 1196 (70)
Year of Transplant <0.001
2000 — 2005 1212 (21) 287 (17)
2006 — 2010 1997 (35) 603 (35)
2011 - 2015 2566 (44) 809 (48)
CMV Serostatus Donor/Recipient 0.92
+/+ 1323 (24) 387 (24)
+/- 546 (10) 152 (9)
-1+ 2077 (37) 620 (37)
-/- 1679 (30) 498 (30)
Unknown 150 (N/A) 42 (N/A)
Donor/Recipient Sex Match 0.18
Male/Male 2437 (42) 728 (43)
Male/Female 1597 (28) 502(30)
Female/Male 831 (14) 219 (13)
Female/Female 910 (16) 250 (15)
Conditioning Regimen 0.15
Myeloablative 5209 (90) 1512 (89)
RIC/NMA 566 (10) 187 (11)
GVHD Prophylaxis 0.04
Tacrolimus + MMF + others 696 (12) 225 (13)
Tacrolimus + MTX =+ others (except MMF) 3444 (60) 1040 (61)
Tacrolimus + others (except MTX, MMF) 351 (6) 83 (5)
Tacrolimus alone 123 (2) 44 (3)
CSA + MMF = others (except Tacrolimus) 222 (4) 77 (5)
CSA + MTX + others (except Tacrolimus, MMF) 857 (15) 207 (12)
CSA + others (except Tacrolimus, MTX, MMF) 43 (1) 11 (2)
CSA alone 39 (1) 12 (1)
ATG/Campath Usage 0.54
ATG + CAMPATH 2 (<1) 1(<1)
ATG alone 1682 (29) 525 (31)




Heterozygous at all  Homozygous at > 1

Characteristic HLA class I loci HLA class I locus  P-value?
N (%) N (%)
CAMPATH alone 201 (3) 59 (3)
No ATG or CAMPATH 3882 (67) 1113 (66)
Unknown 8 (N/A) 1 (N/A)
Median Follow-up of Survivor, months (range) 63 (6-216) 61 (3-193) 0.11

2 The Pearson chi-square test was used for comparing discrete variables; the Kruskal-Wallis test was used for comparing continuous variables.

HLA, human leukocyte antigen; N, number; AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; MDS, myelodysplastic syndrome;
NHL, non-Hodgkin lymphoma; PBSC, peripheral blood stem cells; CMV, cytomegalovirus; RIC, reduced intensity conditioning; NMA, non-
myeloablative; GVHD, graft-versus-host disease; MMF, mycophenolate mofetil; MTX, methotrexate; CSA, cyclosporine; ATG, anti-thymocyte

globulin
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Table 2. Multivariate results for (A) the entire cohort and (B) the AML subgroup. No
differences were seen for the ALL, MDS and NHL subgroups (data not shown).

2A. Entire Cohort

N HCT Outcome HR 95% CI P-value
HLA Zygosity
Heterozygous 5775 - 1.00 - -
Homozygous 1699 0s 0.96 0.88-1.04 0.33
Relapse 0.96 0.88-1.04 0.30
DFS 0.94 0.88-1.01 0.11
TRM 1.06 0.95-1.18 0.30
aGVHD Il - IV 1.05 0.96 - 1.16 0.30
aGVHD Il - IV 1.16 1.01-1.34 0.035
HLA Supertype*
A0l 3249 (0N 1.07 1.00-1.14 0.057
Relapse 0.91 0.85-10.98 0.013
DFS 1.03 0.97-1.09 0.39
TRM 1.15 1.05-1.26 0.0022
aGVHD Il -1V 0.97 0.88-1.06 0.46
aGVHD Il - IV 0.89 0.79-0.99 0.037
A02 3954 0s 0.97 0.91-1.03 0.27
Relapse 1.07 0.99-1.16 0.093
DFS 0.99 0.93-1.04 0.65
TRM 0.90 0.82-1.00 0.040
aGVHD Il - IV 1.08 0.99-1.17 0.083
aGVHD Il - IV 1.07 094-121 0.31
A03 3537 0sS 1.01 0.95-1.09 0.69
Relapse 1.04 0.96 -1.14 0.35
DFS 1.02 0.95-1.09 0.61
TRM 0.97 0.87 - 1.07 0.54
aGVHD Il - IV 0.97 0.88 - 1.07 0.59
aGVHD Il - IV 0.95 0.82-1.09 0.45
A24 1453 0sS 0.97 0.91-1.04 0.40
Relapse 1.10 1.00-1.20 0.044
DFS 1.00 0.94-1.07 0.91
TRM 0.88 0.78-0.98 0.018
aGVHD Il - IV 0.95 0.86 — 1.06 0.38
aGVHD I -1V 0.95 0.80-1.12 0.51
AO01A03 248 (OF] 0.89 0.73-1.09 0.27
Relapse 0.85 0.63-1.13 0.27
DFS 0.97 0.78-1.21 0.77
TRM 1.14 0.80-1.64 0.46
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aGVHD Il - IV 1.17 0.94-1.46 0.17
aGVHD Il - IV 1.05 0.75-1.49 0.76
A01A24 558 (OF] 0.87 0.77-0.99 0.041
Relapse 0.96 0.81-1.13 0.60
DFS 0.89 0.77-1.04 0.16
TRM 0.87 0.70-1.08 0.21
aGVHD Il - IV 1.03 0.88-1.20 0.75
aGVHD Il - IV 1.20 0.93-1.55 0.16
B07 3862 0s 1.03 0.96 - 1.10 0.44
Relapse 1.09 1.01-1.17 0.029
DFS 1.02 0.96 - 1.10 0.49
TRM 1.01 0.92-1.10 0.84
aGVHD Il - IV 0.99 0.92-1.08 0.89
aGVHD Il - IV 0.86 0.75-0.98 0.025
B27 1510 0s 1.08 1.00 -1.17 0.045
Relapse 1.07 0.98 - 1.17 0.14
DFS 112 1.04-1.20 0.0034
TRM 1.04 0.93-1.16 0.53
aGVHD Il - IV 1.01 0.90-1.13 0.87
aGVHD Il -1V 0.96 0.81-1.13 0.61
B44 3659 0S 1.04 0.97-1.12 0.23
Relapse 0.97 0.89-1.06 0.56
DFS 1.01 0.94-1.09 0.76
TRM 1.00 0.90-1.10 0.97
aGVHD Il - IV 0.96 0.88—1.04 0.32
aGVHD Il -1V 1.06 091-1.24 0.44
B58 770 0s 1.02 0.90-1.15 0.79
Relapse 1.10 0.96 - 1.25 0.17
DFS 1.02 0.91-1.15 0.73
TRM 0.88 0.74 - 1.06 0.18
aGVHD Il - IV 0.93 0.81-1.06 0.29
aGVHD Il - IV 1.06 0.87-1.29 0.59
B62 979 (O} 0.87 0.78-0.97 0.0093
Relapse 1.03 092-1.15 0.60
DFS 0.90 0.82-0.99 0.032
TRM 0.79 0.69—0.90 0.00053
aGVHD Il -1V 0.95 0.83-1.08 0.43
aGVHD I -1V 0.93 0.76 —1.15 0.51

HLA Expression Level

HLA-B
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Bw4 Low 2901 - 1.00 - -

Bw4 High 1008 (OF] 1.05 0.94-1.18 0.39
Relapse 1.20 1.05-1.39 0.0096

DFS 1.09 0.97-1.23 0.15

TRM 0.90 0.76 - 1.07 0.24

aGVHD Il - IV 0.84 0.72-0.98 0.025

aGVHD Il - IV 0.85 0.67-1.07 0.17

Bw4 High/low 345 0S 111 0.93-1.33 0.26
Relapse 1.13 0.92-1.40 0.25

DFS 1.03 0.87-1.23 0.72

TRM 0.89 0.70-1.12 0.32

aGVHD Il - IV 0.91 0.73-1.13 0.40

aGVHD Il - IV 0.91 0.64-1.30 0.61

HLA-C
C High 573 - 1.00 - -

C Low 4054 0S 0.97 0.84-1.11 0.63
Relapse 0.92 0.80-1.06 0.24

DFS 0.97 0.85-1.10 0.61

TRM 1.06 0.86 —1.30 0.61

aGVHD Il - IV 0.97 0.81-1.15 0.71

aGVHD Il - IV 1.16 0.87-1.54 0.31

C High/Low 2845 0s 0.92 0.79-1.08 0.31
Relapse 0.92 0.80-1.06 0.25

DFS 0.98 0.84-1.14 0.81

TRM 1.08 0.86-1.35 0.51

aGVHD Il - IV 1.04 0.87-1.25 0.67

aGVHD Il - IV 1.21 0.89-1.65 0.22

*No patients expressed alleles belonging to the HLA-BO08 supertype. BO8 supertype is not included in this table of multivariate results.
Abbreviations: N, number; HCT, hematopoietic cell transplant; HR, hazard ratio; Cl, confidence interval; HLA, human leukocyte antigen; OS,

overall survival; DFS, disease-free survival; TRM, transplant-related mortality; aGVHD, acute graft-versus-host disease; AML, acute myeloid
leukemia; ALL, acute lymphoblastic leukemia; MDS, myelodysplastic syndrome; NHL, non-Hodgkin lymphoma;
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2B. AML Subgroup

N | HCT Outcome HR 95% CI P-value
HLA Zygosity

Heterozygous 2896 - 1.00 - -
Homozygous 839 (0N 0.96 0.85-1.08 0.49
Relapse 0.92 0.81-1.03 0.16
DFS 0.95 0.85-1.05 0.29
TRM 1.09 0.94-1.26 0.27
aGVHD Il - IV 1.08 0.93-1.24 0.31
aGVHD Il - IV 1.25 1.02 - 1.54 0.029

HLA Supertype*

A01 1618 (OF] 0.99 0.90-1.08 0.79
Relapse 0.89 0.80-10.99 0.030
DFS 0.98 0.89-1.07 0.59
TRM 1.12 0.98 - 1.27 0.088
aGVHD Il - IV 0.95 0.83-1.09 0.45
aGVHD Il - IV 0.77 0.64 -0.94 0.011
A02 1961 0sS 1.02 0.93-1.11 0.70
Relapse 1.07 0.95-1.21 0.24
DFS 1.00 0.92-1.08 0.93
TRM 0.95 0.84 - 1.07 0.40
aGVHD Il - IV 1.06 0.95-1.19 0.32
aGVHD Il - IV 0.99 0.80-1.23 0.94
A03 1802 0S 1.04 0.95-1.13 0.40
Relapse 1.07 0.95-1.20 0.26
DFS 1.06 0.98-1.15 0.17
TRM 0.99 0.86—1.14 0.91
aGVHD Il -1V 1.01 0.86-1.18 0.92
aGVHD I -1V 1.10 0.87-1.39 0.41
A24 705 (OF] 0.98 0.87-1.09 0.66
Relapse 1.12 0.95-1.32 0.18
DFS 1.02 0.91-1.15 0.73
TRM 0.83 0.70-1.00 0.044
aGVHD Il -1V 0.95 0.82-1.11 0.54
aGVHD Il -1V 0.93 0.71-1.23 0.63
AO01A03 131 0S 1.04 0.82-1.33 0.74
Relapse 0.83 0.56 —1.24 0.37
DFS 1.11 0.86 —1.44 0.43
TRM 1.55 1.05-2.28 0.027
aGVHD Il - IV 1.11 0.74-1.68 0.60
aGVHD Il - IV 1.30 0.79-2.13 0.31
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A01A24 264 (OF] 0.87 0.69-1.09 0.22
Relapse 0.92 0.71-1.18 0.50
DFS 0.85 0.68-1.07 0.17
TRM 0.81 0.60-1.09 0.17
aGVHD Il - IV 1.02 0.79-1.31 0.90
aGVHD Il - IV 1.05 0.67-1.64 0.85
BO7 1917 (OF] 0.98 0.89-1.08 0.72
Relapse 1.00 0.89-1.12 0.99
DFS 0.97 0.88-1.06 0.52
TRM 0.95 0.83-1.08 0.39
aGVHD Il - IV 1.04 0.92-1.17 0.54
aGVHD Il - IV 0.92 0.75-1.13 0.44
B27 759 0s 1.15 1.04-1.28 0.0074
Relapse 1.19 1.04-1.36 0.012
DFS 1.21 1.10-1.32 0.00005
TRM 1.06 0.88-1.28 0.52
aGVHD Il - IV 1.02 0.87-121 0.80
aGVHD Il - IV 0.97 0.75-1.26 0.83
B44 1822 0s 1.09 097-121 0.13
Relapse 1.02 0.89-1.16 0.82
DFS 1.03 092-1.14 0.61
TRM 1.05 090-121 0.55
aGVHD Il - IV 0.96 0.85-1.09 0.55
aGVHD Il -1V 1.04 0.81-1.33 0.77
B58 408 (OF] 1.04 0.87-1.24 0.68
Relapse 1.19 101-141 0.039
DFS 1.08 0.93-1.27 0.32
TRM 0.97 0.76 -1.24 0.80
aGVHD Il - IV 0.81 0.68 —0.98 0.029
aGVHD Il -1V 0.86 0.62-1.21 0.40
B62 496 0s 0.85 0.74-0.97 0.018
Relapse 0.93 0.80-1.07 0.30
DFS 0.91 0.79-1.04 0.15
TRM 0.76 0.60-0.95 0.015
aGVHD Il - IV 0.92 0.77-1.10 0.36
aGVHD Il - IV 0.92 0.67-1.27 0.61
HLA Expression Level
HLA-B
Bw4 Low 1446 - 1.00 - -
Bw4 High 516 0s 1.01 0.88-1.16 0.87
Relapse 1.13 0.94-135 0.18
DFS 1.06 0.92-1.22 0.40
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TRM 0.91 0.74-1.12 0.35
aGVHD Il - IV 0.84 0.70-1.01 0.064
aGVHD Il - IV 0.88 0.64-1.23 0.47
Bw4 High/low 179 (OF] 1.16 0.92-1 .46 0.21
Relapse 1.38 1.08-1.76 0.011
DFS 1.16 0.93-1.46 0.18
TRM 0.90 0.64-1.25 0.52
aGVHD Il - IV 1.16 0.86—1.58 0.33
aGVHD Il - IV 1.09 0.66 —1.82 0.73
HLA-C
C High 283 - 1.00 - -
C Low 2047 oS 0.94 0.80-1.11 0.49
Relapse 0.97 0.77-1.22 0.80
DFS 0.93 0.78-1.11 0.43
TRM 0.93 0.71-1.20 0.56
aGVHD Il - IV 0.92 0.73-1.15 0.47
aGVHD Il - IV 0.84 0.59-1.19 0.32
C High/Low 1404 0s 0.91 0.75-1.09 0.30
Relapse 0.97 0.75-1.25 0.81
DFS 0.94 0.77-1.16 0.59
TRM 0.89 0.67-1.19 0.44
aGVHD Il -1V 1.01 0.80-1.27 0.92
aGVHD Il - IV 0.89 0.59-1.36 0.60

*No patients expressed alleles belonging to the HLA-B08 supertype. B08 supertype is not included in this table of multivariate results.
Abbreviations: N, number; HCT, hematopoietic cell transplant; HR, hazard ratio; CI, confidence interval; HLA, human leukocyte antigen; OS,

overall survival; DFS, disease-free survival; TRM, transplant-related mortality; aGVHD, acute graft-versus-host disease; AML, acute myeloid
leukemia; ALL, acute lymphoblastic leukemia; MDS, myelodysplastic syndrome; NHL, non-Hodgkin lymphoma;
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Table 3. Transplant-Related Mortality Based on Member Alleles of HLA-B62 Supertype in
the Entire Cohort

Outcome |HLA Supertype Subgroup| N HR 95% ClI P-value
TRM 0.0025
All other HLA supertypes 6328 1.00
excluding B62
B62 supertype without HLA- | 212 0.72 0.50 - 1.04 0.081
B*15:01 allele
B62 supertype with HLA- 742 0.81 0.69 - 0.96 0.013
B*15:01 allele
B62 supertype: with vs 1.13 0.73-1.74 0.59

without HLA-B*15:01 allele

Abbreviations: N, number; HR, hazard ratio; Cl, confidence interval;
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Table 4. Causes of Death Based on HLA-B62 Supertype in the Entire Cohort

B62 Supertype Absent B62 Supertype Present P-value®
N (%) N (%)

Number of Patients 3672 515

Causes of Death 0.02
Primary Disease 1601 (44) 263 (51) 0.001
Graft Failure 30 (1) 0 0.04
GVHD 557 (15) 64 (12) 0.10
Infection 528 (14) 80 (16) 0.49
IPn/ARDS 145 (4) 18 (3) 0.62
Organ Failure/Toxicity 458 (12) 55 (11) 0.25
Secondary Malignancy 79 (2) 5(1) 0.07
Other Causes 116 (3) 12 (2) 0.31
Unknown 158 (4) 18 (3) 0.39

2 The Pearson chi-square test was used for comparing discrete variables; the Kruskal-Wallis test was used for comparing continuous variables.

Abbreviations: N, number; GVHD, graft-versus-host disease; IPN, Interstitial Pneumonitis; ARDS, acute respiratory distress syndrome
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Figure 1. Transplant-Related Mortality in Entire Cohort Based on HLA-B62 Supertype
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The cumulative incidence for transplant-related mortality is shown above for recipients with at least one
copy of HLA-B62 supertype versus recipients without HLA-B62 supertype. Recipients with HLA-B62

supertype had significantly decreased TRM (HR 0.79, 95% CI 0.69-0.90, P=0.00053).
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Figure 2. Disease-Free Survival in AML Subgroup Based on HLA-B27 Supertype
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The disease free-survival for the AML subgroup is shown for recipients with at least one copy of HLA-B27
supertype versus recipients without HLA-B27 supertype. Recipients with HLA-B27 supertype had worse

DFS (HR 1.21, 95% CI 1.10-1.32, P=0.00005).
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