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Summary

Endemic Burkitt lymphoma (eBL) is an aggressive childhood B-cell lym-
phoma associated with Plasmodium falciparum (Pf) malaria and Epstein—Barr
virus (EBV) infections. Variation in the Human Leukocyte Antigen (HLA)
system is suspected to play a role, but assessments using less accurate serol-
ogy-based HLA typing techniques in small studies yielded conflicting results.
We studied 200 eBL cases and 400 controls aged 0-15 years enrolled in
northern Uganda and typed by accurate high-resolution HLA sequencing
methods. HLA results were analyzed at one- or two-field resolution. Odds
ratios and 95% confidence intervals (aOR, 95% CI) for eBL risk associated
with common HLA alleles versus alleles that were rare (<1%) or differed by
<2% between the cases and controls as the reference category, were estimated
using multiple logistic regression adjusting for age, sex, microgeography,
region, malaria positivity and treatment history, and genetic variants associ-
ated with eBL. Compared to the controls, eBL cases had a lower frequency of
HLA-A*02 (aOR = 0-59, 95% CI 0-38-0-91), HLA-B*41 (aOR = 0-36, 95% CI
0-13-1-00), and HLA-B*58 alleles (aOR = 0-59, 95% CI 0-36-0-97). eBL cases
had a lower frequency of HLA-DPBI homozygosity (aOR = 0-57, 95% CI
0-40-0-82) but a higher frequency of HLA-DQA1 homozygosity (aOR = 2-19,
95% CI 1-42-3-37). Our results suggest that variation in HLA may be associ-
ated with eBL risk.

[Correction added on 28 February 2020, after online publication: In the
Summary, Rare alleles odds ratios has been changed to Odds ratios in this
version|.
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Endemic Burkitt lymphoma (eBL) is a rare, aggressive child-
hood B-cell lymphoma that occurs nearly 50-fold more com-
monly in Africa than elsewhere (Burkitt, 1958). This higher
risk for eBL in Africa is related to the endemicity of infection
with Plasmodium falciparum (Pf) malaria(Hill et al., 1992) and
infection with Epstein-Barr virus (EBV) at an early age in
malaria-endemic regions (de-The et al., 1978). The association
of eBL with these infections (Burnet, 1970) suggested the possi-
bility that variation in the Major Histocompatibility System
(MHC), known as the Human Leukocyte Antigen (HLA) in
humans, may play a role in the aetiology of eBL.

However, subsequent studies assessing the role of HLA vari-
ation in eBL risk (Bodmer et al., 1975b) were inconclusive
(Bodmer et al., 1975a; Jones et al., 1980; Hall et al., 1982; Jones
et al., 1985). These studies were limited by using less accurate
serological methods capable of only low (one-field) resolution
HLA typing (Terasaki & McClelland, 1964) and being of very
small sample sizes. Three of the studies found no associations
with HLA-A types investigated (Bodmer et al., 1975a), one
study found an association between a case group consisting of
eBL and nasopharyngeal carcinoma (both EBV-associated) with
HLA-A*29 when compared to local healthy subjects (Hall et al.,
1982), while two studies found an association with HLA-DR7
(Jones et al., 1980; Jones et al., 1985).

The characterization of HLA over the past five decades
has revealed its complexity and the need for accurate typing
to get reliable results (Woszczek et al, 1997). HLA is a
multigene family system located on the short arm of chro-
mosome 6 that plays a crucial role in the adaptive immune
system (Klein & Sato, 1998). HLA genes code for proteins
that present self- and non-self- antigenic peptides to recep-
tors on other immune cells and are categorized into two
main classes: Class I (HLA-A, -B, -C) and Class II (HLA-
DQAI, -DQBI, -DRBI and -DPBI) (Thorsby, 2009). Class I
proteins are o polypeptide chains expressed on the surface of
nucleated cells. Class II proteins are o and B polypeptide
chains expressed on the surface membrane of antigen-pre-
senting cells (APCs), macrophages, dendritic cells, B and
activated T cells (Klein & Sato, 1998). The HLA system plays
a dual role of guiding the adaptive immune response against
a diverse array of pathogen antigens circulating in different
populations (Gilbert et al, 1998), including Pf malaria and
EBV, and suppressing the adaptive immune response against
self- or mimicked antigens, which is responsible for autoim-
munity (Klein & Sato, 1998).

Studies using accurate, reliable high-resolution HLA typing
(Woszczek et al., 1997) have shed light on the relationship
between HLA variation and malaria and EBV, the co-factors of
eBL. Class I HLA-B*53 (Hill et al., 1991) and class II HLA-
DRBI1*04 (Osafo-Addo et al., 2008) and HLA-DPBI*17 alleles
(May et al., 2001) have been shown to affect a child’s risk for
developing severe malaria in West African populations. A
recent genome-wide association study (GWAS) in Uganda
reported a significant association between high antibody levels
against EBV nuclear antigen-1 (EBNA1) and genetic variant
rs9272371 in the Class II HLA-DQAI locus (Sallah et al.,

490

2017). However, their association with eBL has not been
assessed.

To investigate these hypotheses, we leveraged data from the
Epidemiology of Burkitt lymphoma in East African children
and minors (EMBLEM) study (Legason ef al., 2017; Peprah
et al., 2020) to assess HLA associations with eBL risk in north-
ern Uganda based on high-resolution HLA sequencing.

Materials and methods

Study population and design

The EMBLEM study has been described previously (Legason
et al., 2017). Briefly, the eBL cases were enrolled at St. Mary’s
Hospital, Lacor, in Gulu district and at Kuluva Hospital in
Arua district. These hospitals have the capacity to diagnose and
treat eBL and are responsible for virtually all the cases in
North-Central and Northwest Uganda (Peprah et al, 2020).
The controls were enrolled from 100 local-area villages ran-
domly selected from the region as previously described
(Maziarz et al., 2017). Participant eligibility was restricted to
children aged 1-15 years who had been residing in the geo-
graphically defined study area for at least four months (Peprah
et al., 2020). To capture microgeographical factors that may
correlate with unmeasured factors that influence malaria trans-
mission risk (Ogwang et al., 2008), villages in the study area
were categorized as rural or urban and as near or far from sur-
face water (defined as a swamp, river, or lake). Participant
information, including age, sex, and inpatient and outpatient
malaria treatment, was recorded using interviewer-administered
questionnaires. Venous blood samples were collected before
treatment in the cases. Clinical samples were immediately
tested for malaria by light microscopy and rapid diagnostic
tests (RDT) for malaria; research samples were separated into
aliquots of blood fractions and frozen at —80°C (Maziarz
et al., 2017). The current study was conducted among 200 eBL
cases and a subset of 400 random controls of 600 who previ-
ously were studied for association with malaria-resistance genes
(HBB 1s334, IL10 rs1800896, ILIA rs2856838, and SEMA3C
rs4461841) (Legason et al., 2017), providing a 2:1 match to
cases.

Ethical approval and consent

The EMBLEM study was approved by the Uganda Virus
Research Institute Research and Ethics Committee, Uganda
National Council for Science and Technology (H816), and the
National Cancer Institute Special Studies Institutional Review
Board (10-C-N133). Guardians, typically a parent, provided
written informed consent. Participants aged >7 years old gave
their assent.

HLA typing

DNA extracted from buffy coat (or saliva, when buffy coat was
not available) (Legason et al, 2017) was used for high-
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resolution targeted next-generation sequencing (NGS) of the
HLA region (Fig 1). Multiplex polymerase chain reactions
(PCRs) were performed in eight sets to partially cover 11 HLA
genes: exons 1—4 of all HLA Class I genes, exons 67 of HLA-C
and exons 2-3 of HLA Class II genes (Fig 2) (PROTRANS N5
HLA-NGS panel, Protrans Medical Diagnostics, Hockenheim,
Germany). These exons cover the hypervariable region of the
peptide-binding groove of the corresponding proteins and are
sufficient for high-resolution HLA typing. The amplicons were
barcoded with index adaptors (Illumina, San Diego, CA, USA)
for pooling up to 96 samples into multiplex PCRs. The PCR
pools were purified using Clean-NGS Beads (GC Biotech, Wad-
dinxveen, The Netherlands) to generate one indexed library,
which was quantified (Quant-IT PicoGreen ds DNA Assay Kit,
Molecular Probes Inc., Eugene, OR, USA) and adjusted to
4 nM. The library was then denatured with NaOH, diluted to
a final concentration of 8 pM for optimal cluster density, and
600 pl was loaded into the MiSeq reagent cartridge (v2 500
cycle kit, Illumina) to generate clusters for 2 x 250 bp paired-
end reads on MiSeq sequencer (Illumina). For allele assign-
ment, we used hlaSYSTEM software (AVALAS GmbH, Nord-
hausen, Germany) based on the most recent HLA database

DNA Isolation
Preparation of the Index-primer mixes, master mixes
L and Protrans NGS Kit primer mixes )
( PCR-Set-up )
(8 PCR reactions: HLA-A, B, C, DRB1, DQAI, DQBI,
Y DPBI1, DRB3.4,5) J
Pooling and Purification of the PCR products
(magnetic beads)

and sequencing start (Up to 96 samples sequenced per NG
\ run)

-~

AN AN S

Analysis of HLA sequences and allele assignment

f Determination of PCR product quantity
(evaluation of the amplification and purification)
( Set-up of the sequencing reactions
S

\

Fig 1. Workflow of the procedures followed to sequence HLA genes.
[Colour figure can be viewed at wileyonlinelibrary.com]
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(Holdsworth et al., 2009). Although typing was done at high-
level resolution and HLA alleles could be scored up to five-field
resolution, scoring at the one-field resolution (such as A*01,
etc. serological antigenicity) was deemed adequate for our
exploratory analysis. For homozygosity analyses, we used two-
field resolution scoring (such as A*02:10, etc.), which is suffi-
cient to indicate different proteins, despite similar serological
antigenicity (such as HLA-A*02:01 and HLA-A*02:02).

Statistical analysis

Demographic characteristics of the eBL cases and controls were
compared using frequency tables. HLA allele frequencies were
tabulated for eBL cases and controls. We combined rare alleles
(observed in <1% of controls) and those that differed by <2%
between cases and controls into one post-hoc group referred to
as ‘other alleles’; this group was used as the referent category.
We calculated odds ratios and 95% confidence intervals (OR,
95% CI) for the association of eBL risk with particular alleles
using multiple logistic regression. HLA alleles previously associ-
ated with Pf malaria [HLA-B*53 (Hill et al, 1992), HLA-
DRBI1*04 (Osafo-Addo et al., 2008), HLA-DPBI1*17 (May et al.,
2001)], with EBV infection (Sallah et al., 2017), or EBV-related
Hodgkin lymphoma [HLA-A*02 and HLA-DQA1 (Sallah et al.,
2017)], or eBL [HLA-DR*07 (Jones et al., 1980)] were assessed
considering these prior associations. We also tested for the
association between eBL and HLA homozygosity, defined based
on the two-field resolution. This analysis evaluates the hypoth-
esis that individuals who have more diverse HLA proteins
(produced by heterozygous genes) may recognize and react to
a wider repertoire of epitopes than individuals whose HLA
proteins are produced by homozygous genes, which may trans-
late into better pathogen control.

To gain insights whether binding to killer cell immunoglob-
ulin-like receptors (KIR) on natural killer cells may influence
eBL risk, we also conducted exploratory analyses using Pear-
son’s chi-squared goodness of fit test to assess associations with
HLA-C allotypes corresponding to two major KIR epitopes
defined on the basis of a dimorphism at position 80 of the ol
domain: C1 (HLA-C*01/*03/%07/*08/%12/*14/*16) and C2
(HLA-C*02/%04/%05/%06/*15/*17/*18) (Faridi & Agrawal, 2011).
Group C1 (HLA-Casn80) are ligands for inhibitory KIR2DL2/3
and activating KIR2DS2, whereas group C2 (HLA-Clys80) are
ligands for inhibitory KIR2DLI and activating KIR2DS1(Faridi
& Agrawal, 2011). Because the associations with HLA may be

DI T e Tk ety T ey
> > > >

> > >

HLA-A
HLA-B
HLA-C
HLA-DRB1
Fig 2. Schematic figure showing exons in HLA HLA-DQB1
genes. Arrows show the exons targetted for
P HLA-DPB1
sequencing in the study. [Colour figure can be
HLA-DQA1

viewed at wileyonlinelibrary.com]
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mediated, in part, by Pf malaria parasite killing, we repeated
the analyses restricted to controls, with malaria status as the
outcome.

We adjusted the associations for demographics (sex and
age), and microgeography (rural versus urban, near versus far
from water) (Maziarz et al,, 2017). We further adjusted for
the region (North-Central versus Northwest) because it is
correlated with population genetic structure in EMBLEM
(Gouveia et al., 2019). We further adjusted for malaria status
(positive or negative by RDT), inpatient and outpatient
malaria treatment history, and the non-HLA malaria-resis-
tance genetic polymorphisms previously associated with eBL
(HBB rs334, IL10 rs1800896, ILIA rs2856838 and SEMA3C
rs4461841)(Legason et al., 2017). We used directed acyclic
graphs (DAGs) (Greenland et al., 1999) to assess whether it
was appropriate to include or exclude variables in the mod-
els. Using DAGs, we considered ‘lifetime malaria burden’ as
an intermediate variable between HLA variants (exposure)
and eBL (outcome). The exclusion of measures of malaria
did not alter the adjusted estimates, whereas the inclusion of
malaria-resistance genetic polymorphisms previously associ-
ated with eBL(Legason et al, 2017) strengthened the HLA/
eBL associations so these variables were included in the final
models.

Results

The eBL cases were slightly older than controls but did not dif-
fer by sex or the rural/urban location of their village (Table I).
However, eBL cases were more likely than controls to reside in
villages near versus far from surface water (P = 0-004), in the
Northwest versus North-Central region (P = 0-002), and to
have mild anaemia(P < 0-0001). eBL cases were more likely
than controls to report inpatient and outpatient malaria treat-
ment more than 12 months before enrollment (P = 0-006 and
P < 0-0001, respectively), but to have a lower frequency of
malaria infection detected at enrollment than controls (36-7%
vs. 56-8%, P < 0-0001).

All' HLA amplicons were successfully generated and
sequenced at high coverage of 213-1539 x coverage per region
(Table SI). The average heterozygous ratio per region was close
to the expected 50% (53-74%, Table SII and Table SIII), sug-
gesting that HLA sequencing was non-preferential across all
exons. Due to DNA depletion, the DRB3/4/5 results were not
available for all subjects, so these incomplete data are not
reported in this study.

The frequencies of Class I and Class II HLA alleles in eBL
cases and controls are shown in Table II. The four most fre-
quent HLA Class I alleles in the control samples were: HLA-
A¥02, -A*30, -A*23, and -A*29; -B*15, -B*58, -B*53, and -B*08;
-C*07, -C*04, -C*06, and -C*03. The four most frequent Class
II HLA alleles were: DPB1*04, DRBI*15, DPB1*01, DPB1*03
and DPBI1*02; DQAI*01, DQAI1*05, DQAI*02, and DQAI*03;
HLA-DQBI1*06, DQBI*05, DQBI1*03, and DQBI*02; and HLA-
DRBI1*13, DRB1*15, DRB1*01, and DRBI1*03. The distribution
of these alleles in the controls was comparable to the
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Table I. Demographic and clinical characteristics of the study popula-
tion.

Cases, Controls,
Variables n (%) n (%) P value*
Characteristics
Age, years 0-045
0-4 24 (13:3) 83 (213)
5-9 93 (51-7) 197 (50-6)
10-17 63 (35:0) 109 (28.0)
Mean age, (standard deviation) 7-8 (3-3) 74 (3-4) 0-185
Sex 0-269
Male 109 (612) 219 (56:3)
Female 69 (38-8) 170 (43.7)
Rural/urban* 0-773
Rural 108 (61-7) 245 (63-0)
Urban 67 (38:3) 144 (37-0)
Proximity to surface waterf 0-004
Near 150 (85-7) 291 (74-8)
Far 25 (14-3) 98 (252)
Study region 0-002
North-Central 115 (64-6) 292 (76-8)
Northwest 63 (35-4) 88 (23-2)
Anaemia} <0-0001
Not anaemic 43 (24-0) 279 (70-9)
(Hb> 11-6 g/dL)
Mild anaemia 136 (76-0) 113 (29-1)
(Hb < 11-6 g/dL)
Inpatient malaria 0-006
No 120 (67-4) 268 (69-6)
Past 12 months 13 (7-3) 55 (14-3)
More than 12 months 45 (25-3) 62 (16-1)
Outpatient malaria <0-0001
No 58 (32:6) 82 (21.3)
Past 12 months 79 (44-4) 264 (68-6)
More than 12 months 41 (23-0) 39 (10-1)
Malaria infection§ <0-0001
Negative 114 (63-3) 168 (43-2)
Positive 66 (36:7) 221 (56-8)

*P value calculated using Pearson’s chi-squared test, except for the
comparison of mean values, for which a #-test was used.

fUrban/rural status and proximity to water were variables used to
adjust for microgeographical factors associated with environmental risk
for malaria as described in Maziarz et al.

iMild anaemia is used as a proxy for exposure to heavy malaria in chil-
dren living in malaria-endemic regions.

§Malaria infection status was determined by thick film microscopy and
rapid diagnostic test results as described in Maziarz et al. A positive test
means being positive on either test or both. The children with positive
malaria tests were deemed to have asymptomatic infection because

<2% reported a fever.

distribution reported in two other populations from Uganda
(Guech-Ongey et al., 2010) and Kenya (Peterson et al., 2013).
No differences were observed between eBL cases and con-
trols for HLA-B*53 (7-2% vs. 7-0%), for HLA-DPBI homozy-
gosity (3:8% vs. 4-2%), and for HLA-DRBI*04 (3-1% vs. 2-4%)
and HLA-DR7 (7-1% vs. 6-:4%) (Table II). No differences
between eBL cases and controls were observed in HLA-C
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Table II. Frequency of HLA Class I and Class II alleles in children with

and without Burkitt lymphoma in the EMBLEM study

HLA Association with Burkitt Lymphoma in Uganda

Table II. (Continued)

Variables Cases, n (%)t

Controls, n (%)T

Class I loci
HLA antigens

HLA-A
*01 22 (6:5)
#02 44 (129)
*03 14 (4-1)
*23 29 (8:5)
*24 6 (1-8)
*26 14 (4-1)
*29 26 (7-6)
*3() 51 (15-0)
*3] 28 (8-2)
*32 13 (3-8)
*33 11 (3-2)
*34 10 (2+9)
*36 6 (1-8)
*43 0 (0-0)
*66 13 (3-8)
*68 37 (10:9)
*74 14 (4-1)
*8() 2 (0-6)
NA 6

HLA-B
*07 7 (2:1)
*08 11 (3-3)
*13 13 (3-9)
*14 9 (27)
*15 48 (14-5)
*18 18 (5-4)
*27 4 (1-2)
*35 11 (3-1)
*37 0 (0-0)
*39 13 (39)
*40 4 (1-2)
*4] 6 (1-8)
*42 19 (57)
*44 9 (2:7)
*45 25 (7-5)
*47 22 (6:6)
*49 7 (2:1)
*50 1(0-3)
*51 13 (39)
*53 24 (7-2)
*57 7 (2:1)
*58 32 (9-6)
*73 0 (0-0)
*78 0 (0-0)
*81 17 (5-1)
*82 12 (3-6)
NA 6

HLA-C KIR epitopes}
*02 C2 14 (42)
*03 Cl 23 (69)
*04 C2 57 (17-1)
*05 C2 2 (0-6)
*06 C2 44 (13-2)

42 (5-7)
132 (18.0)
42 (5-7)
76 (10-4)
4 (0-5)

14 (1.9)
56 (7-6)
115 (157)
35 (4-8)
26 (3-5)
30 (4-1)
29 (4-0)
13 (1-8)
1(0-1)

16 (2:2)
55 (7-5)
47 (6-4)

0 (0-0)

27

17 (2:3)
48 (6:5)
29 (3-9)
20 (2-7)
129 (17-3)
32 (4-3)
5 (0-7)
39 (5:2)
3 (0-4)
22 (3-0)
10 (1-3)
32 (4-3)
41 (5-5)
9 (1-2)
38 (51)
30 (4-0)
12 (1-6)
1(0-1)
12 (1-6)
52 (7-0)
15 (2:0)
91 (12-2)
1(0-1)
1(0-1)
38 (5-1)
17 (2:3)
12

33 (4:6)
77 (10-7)
138 (19-2)
5 (0-7)

82 (11-4)

© 2020 British Society for Haematology and John Wiley & Sons Ltd
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Variables Cases, n (%)t Controls, n (%)
%07 C1 87 (261) 215 (29-9)
*08 Cl1 19 (5-7) 39 (5-4)
*12 C1 11 (33) 15 (21)
*14 C1 9 (27) 12 (17)
*15 C2 6 (1-8) 5 (0-7)
*16 C1 23 (69) 35 (4-9)
*17 C2 22 (6-6) 43 (6-0)
*18 C2 16 (4-8) 21 (2+9)
NA 9 40

HLA Class IT

HLA-DPB1
*01 48 (16-4) 149 (21-3)
#02 30 (10-3) 62 (8-9)
*03 32 (11) 72 (10-3)
*04 108 (37) 224 (32:1)
*09 0 (0-0) 1(0-1)
*11 4 (1-4) 15 (21)
*13 25 (8:6) 59 (8-5)
*14 0 (0-0) 2(0-3)
*15 1(10-3) 3 (0-4)
®17 11 (3-8) 29 (4-2)
*18 8 (2:7) 12 (17)
*19 1(0-3) 2 (0-3)
*26 1 (0-3)) 2 (0-3)
*30) 3 (1-0) 4 (06)
*34 1 (0-3)) 2 (0-3)
*39 3 (1.0) 10 (1-4))
#4() 2 (07) 6 (0:9)
49 5 (1-7) 13 (19)
#55 0 (0-0) 7 (1:0)
*61 1(0-3)) 1(0-1)
80 0 (0-0) 1(0-1)
*90 1(0-3) 0 (0-0)
*106 0 (0-0) 2 (0-3)
*131 0 (0-0) 5 (07)
*133 3 (1-0) 4 (0-6)
*162 0 (0-0) 3 (0-4)
#333 0 (0-0) 1(0-1)
*348 1(03) 0 (0-0)
#370 1(0-3) 0 (0-0)
*412 1(0-3) 0 (0-0)
#4727 1(0-3) 7 (10)
NA 50 64

HLA-DQA1
*01 106 (47-3) 290 (55-1)
02 16 (7:1) 38 (7:2)
#03 14 (6-2) 38 (7:2)
*04 19 (8:5) 36 (6-8)
#05 69 (30-8) 124 (23-6)
NA 134 250

HLA-DQBI
*02 40 (12-8) 92 (13-8)
*03 93 (29-7) 151 (22-6)
#04 24 (7-67) 33 (4-9)
*05 81 (259) 185 (27-7)
*06 75 (24-0) 207 (31-0)
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Table II. (Continued)

Variables Cases, n (%) Controls, n (%)t
NA 27 92
HLA- DRBI1

01 36 (11-1) 61 (8-6)
03 28 (8-7) 60 (85)
*04 10 (3-1) 17 (2-4)
(7 23 (7-1) 45 (6+4)
*08 16 (5-0) 20 (2-8)
*09 5 (1-5) 16 (2:3)
*10 20 (6-2) 49 (6:9)
11 107 (33-1) 233 (33-0)
*12 3(09) 11 (1-6)
13 39 (12-1) 92 (13-0)
*14 1(0-3) 7 (1:0)
*15 35 (10-8) 90 (12-7)
*16 0 (0-0) 5 (0-7)
NA 21 52

THLA alleles are defined using information from the first field of
sequence results (e.g. A*01 or A*02), which specify the HLA allele with
similar serological activity (see Materials and methods). The frequencies
in the table reflect the number of alleles which is twice the number of
the subjects studied.

tWhen considering HLA-C molecules as ligands for killer cell immuno-
globulin-like receptors (KIR) receptors on natural killer cells, all HLA-C
allotypes can be grouped into two major KIR epitopes: C1 (HLA-
C*01/*03/*07/*08/*12/*14/*16) and C2 (HLA-C*02/*04/*05/*06/*15
/*17/*18), on the basis of a dimorphism at position 80 of the a1 domain.
Group C1 (HLA-Casn80) are ligands for inhibitory KIR2DL2/3 and acti-
vating KIR2DS2, and group C2 (HLA-Clys80) are ligands for inhibitory
KIR2DL1 and activating KIR2DS1.

allotypes corresponding to the two major KIR epitopes (HLA-
C2: 48-3% vs. 45-4%).

HLA alleles were not associated with malaria positivity in
the controls (data not shown). Table III shows the HLA allele
frequencies and the crude and adjusted ORs and 95% CIs of
association with eBL from models mutually adjusted for all sig-
nificant variables and a-priori-selected variables. The adjusted
odds of eBL were decreased in those with HLA-A*02
(aOR = 0-59, 95% CI 0-38-0-91), HLA-A*74 (aOR = 0-52, 95%
CI 0-26-1-01), HLA-B*41 (aOR = 0-36, 95% CI 0-13-1-00),
and HLA-B*58 (aOR = 0-59, 95% CI 0:36-0-97). When
homozygosity was considered, the adjusted odds of eBL were
decreased in those with HLA-DPBI homozygosity (aOR = 0-57,
95% CI 0-40-0-82) and were elevated in those with HLA-
DQA1I homozygosity (aOR = 2:19, 95% CI 1-42-3-37).

Discussion

Leveraging data from the EMBLEM study (Legason et al.,
2017), we present novel results about associations between eBL
and HLA variation in northern Uganda. We observed signifi-
cant decreased odds of eBL with carriage of HLA-A*02, -B*41,
and -B*58, and HLA-DPBI homozygosity, and increased odds
of eBL with HLA-DQAI homozygosity. These results support
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the hypothesis that variation in the HLA may influence eBL
risk.

Our findings of elevated odds of eBL in those with HLA-
DQA1I homozygosity and HLA-A*02 antigenicity may be clues
about HLA’s role in the ability to control for EBV infection
(de-The et al., 1978). A recent GWAS conducted in Uganda
reported significant association between genetic variant
rs9272371 in the Class II HLA-DQAI region with high anti-
body titres against EBV EBNAIL protein (Sallah et al., 2017).
Carriage of HLA-A*(02 is associated with strong immunogenic
responses to EBV-derived peptides (Bollard et al, 2004), with
strong EBV-directed CD8" cytotoxicity (Murray et al., 1992),
and with decreased odds of EBV-positive Hodgkin lymphoma
risk (Niens ef al., 2007). Our findings of lower frequency of
HLA-A*02 in eBL cases (12-9%) than in controls (18-0%) are
consistent with the notion that eBL cases poorly control EBV
infection (Coghill et al., 2020). Together, our results that HLA-
DQAI locus homozygosity and carriage of HLA-A*02 allele are
associated with eBL risk warrant further follow-up.

Our findings that eBL risk may be associated with HLA-
B*41, HLA-B*58, and HLA-DPBI homozygosity are new and
unexplained. We suggest that they may point to a role of
autoimmunity and/or allergy in eBL. HLA-B*41 has been
linked with Henoch-Schénlein purpura among Spaniards
(Lopez-Mejias et al., 2015); HLA-B*58 has been linked with
severe cutaneous adverse reactions during treatment with allop-
urinol, particularly in Asians (Hung et al., 2005); HLA-DPBI
variants (homozygosity found in 50% of our controls) have
been associated with myasthenia gravis (Horiki et al., 1994),
granulomatosis with polyangiitis, immune reactions to beryl-
lium (Potolicchio et al., 1997), and antigenic response after
transplantation (Shaw er al., 2007). A role of autoimmunity
and/or allergy in BL was suggested by findings that the odds of
sporadic BL under age 50 years were decreased in those with a
history of allergy or asthma in the International Lymphoma
consortium (Mbulaiteye et al, 2014). It is also suggested by
molecular data showing that BL tumours disproportionately
use a small set of immunoglobulin heavy-chain variable
(IGHV) gene segments involved in autoreactivity (Bhat et al.,
1993), such as IGHV4-34 (Lombardo et al., 2017; Grande et al.,
2019), and that some BL tumours secrete proteins against self-
antigens (Ng et al., 1994; Riboldi et al., 1994).

We did not find any association between HLA-B*53 (Hill
et al., 1991), HLA-DRB1*04 and HLA-DPBI*17 (Osafo-Addo
et al., 2008) and HLA-DR7 (Jones et al., 1980; Jones et al.,
1985), previously associated with decreased risk for severe
malaria and eBL in West Africa. These null results were sur-
prising at first but not unexpected given that the malaria/HLA
associations discovered in West Africa have not been replicated
in studies conducted in East Africa (Hill, 1998). This non-repli-
cation may be explained by geographical differences in HLA
allele frequency and its impact on power to replicate associa-
tions. The frequencies of HLA-B53 and HLA-DR7 are lower in
East Africa (Guech-Ongey et al., 2010; Peterson et al., 2013)
than in West African populations (Jones et al., 1985; Hill et al.,
1991). The non-replication may be due to non-HLA genetic
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Table III. Frequency of HLA Class I and Class II loci alleles in children with and without Burkitt lymphoma in the EMBLEM study.

HLA Association with Burkitt Lymphoma in Uganda

Variables

Cases, n (col. %)

Controls, n (col. %)

Crude OR (95% CI)

Adjusted OR (95% CI)*

Class I Loci
HLA-A
Other allelest
*02
*26
*31
*74
NA
P value
HLA-A homozygosity}
No
Yes
LR X value (P value)
HLA-B
Other alleles
*15
*35
*41
*51
*58
NA
P value
HLA-B homozygosity]
No
Yes
P value
HLA-C KIR epitopes§
Other alleles
*03 Cl1
*07 Cl
*15 C2
*18 C2
NA
P value
HLA-C homozygosity}
No
Yes
P value
HLA Class II
HLA-DPBI1
Other alleles
*01
*02
*03
*04
NA
P value
HLA- DPB1 homozygosity}
No
Yes
P value
HLA-DQA1
Other alleles
*01
*05
NA
P value

240 (69-4)
44 (12-7)
14 (41)
28 (8:1)
14 (41)

6 (1.7)

222 (66-8)
110 (33-1)

222 (65-7)
48 (14-2)
11 (3:3)

6 (1-8)
13 (3:9)
32 (9-5)

6 (1-8)

226 (69-3)
100 (30-7)

201 (58-8)
23 (67)
87 (25-4)

6 (1-7)
16 (4-7)
9 (2:6)

240 (74-1)
84 (259)

74 (21-6)
48 (14-0)
30 (8-8)
32 (9-4)
108 (31-6)
50 (14-6)

162 (638)
92 (36:2)

49 (13-7)
106 (29-6)
69 (19-3)
134 (374)

505 (66-5%)
132 (17-4)
14 (1-8)
35 (4-6)
47 (6-2)
27 (36)

472 (669)
234 (33-1)

441 (58-3)
129 (17:1)
39 (5-2)
32 (4-2)
12 (1-6)
91 (12:0)
12 (1-6)

498 (68-0)
234 (32:0)

402 (529)
77 (10-1)
215 (28:3)
5 (0-7)
21 (2:8)
40 (5-3)

486 (71-7)
192 (28:3)

191 (251)
149 (19-6)
62 (8-1)
72 (9-5)
224 (29-4)
64 (8-4)

314 (49-7)
318 (50-3)

112 (14-4)
290 (37-4)
124 (16-0)
250 (32-2)

Ref.

070 (0-48-1-01)
2-10 (0-99-4-48)
1-68 (1-00-2-83)
0-63 (0-34-1-16)
0-47 (0-19-1-15)
0-0034

Ref.
1:00 (0-76-1-31)
0-0 (1-0)

Ref.

0-74 (0-51-1-07)
0-56 (0-28-1-12)
0-37 (0-15-0-90)
2:15 (0-97-4-79)
0-70 (0-45-1-08)
0-99 (0-37— 2-68)
0-0133

Ref.
0-94 (0-71-1-25)
0-676

Ref.

0-60 (0-36-0-98)
0-81 (0-60-1-09)
2-40 (0-72-7-96)
1-52 (0-78— 2-98)
0-45 (0-21-0-95)
0-013

Ref.
0-89 (0-66-1-19)
0-426

Ref.

0-83 (0-54-1-27)
1.25 (0-75-2-08)
114 (0-70-1-88)
124 (0-87-1-77)
2.02 (1-28-3-18)
0-014

Ref.
0-56 (0-42-0-76)
0-0001

Ref.

0-84 (0-56-1-25)
127 (0-81-1-99)
122 (0-82-1-82)
0-0479

Ref.

0.59 (0-38-0-91)
2-10 (0-90—4-87)
1-62 (0-88-2-98)
0-52 (0-26-1-01)
0-34 (0-13-0-94)
0-0009

Ref.

0-70 (0-46-1-06)
0-53 (0-25-1-14)
0-36 (0-13-1-00)
134 (0-55-3-28)
0-59 (0-36-0-97)
0-83 (0-27— 2-60)
0-0509

Ref.

0-74 (0-43-1-28)
0-77 (0-55-1-09)
2:22 (0-59-8-37)
1-20 (0-55— 2-58)
0-35 (0-15-0-82)
0-0546

Ref.

0-89 (0-55-1-43)
1-30 (0-72-2-36)
1-30 (0-74-2-31)
1-19 (0-80-1-79)
179 (1-07-3-03)
0-192

Ref.
0-57 (0-40-0-82)
0-0018

Ref.

0-75 (0-47-1-20)
1-17 (0-70-1-95)
1-31 (0-83-2-08)
0-0176
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Table III. (Continued)

Variables

Cases, n (col. %)

Controls, n (col. %)

Crude OR (95% CI)

Adjusted OR (95% CI)*

HLA- DQA1 homozygosity}

No 98 (51-0) 266 (63-3) Ref. Ref.
Yes 94 (49-0) 154 (36-7) 166 (1-17-2-34) 2-19 (1-42-3-37)
P value 0-0042 0-0003

HLA- DQBI
Other alleles 145 (42-6) 310 (40-8) Ref. Ref.
*03 93 (27-4) 151 (19-9) 1-32 (0-95-1-82) 1-23 (0-85-1-78)
*06 75 (221) 207 (272) 0-77 (0-56-1-08) 0-81 (0-55-1-18)
NA 27 (7-9) 92 (12-1) 063 (0-39-1-01) 0-68 (0-40-1-15)
P value 0-0061 0-1093

HLA- DQBI1 homozygosity}
No 212 (74-1) 422 (733) Ref, -
Yes 74 (259) 154 (267) 0-96 (0-69-1.32) -
P value 0-787 -

HLA- DRBI1
Other alleles 271 (78-8) 625 (82-5) Ref. Ref.
*01 36 (10-5) 61 (8-1) 1-36 (0-88-2-10) 1-44 (0-88-2-35)
*08 16 (4-6) 20 (2-6) 1-84 (0-94-3-61) 1-90 (0-87-4-13)
NA 21 (6-1) 52 (69) 0-93 (0-55-1-58) 1-17 (0-64-2-14)
P value 0-180 0-2131

HLA- DRB1 homozygosity}
No 214 (70-9) 464 (71-0) Ref. -
Yes 88 (29-1) 190 (29-0) 100 (0-74-1-36) -
P value 0-978 -

n denotes the number of subjects in the cell; Col.%, column percentages; OR (95% CI), odds ratio (95% Confidence Interval); LR, Log-likelihood ratio
test.

*Adjustment includes all the variables with results shown (mutual adjustment) as well as sex, age as a continuous variable in single years, malaria sta-
tus (positive or negative), rural or urban status, proximity of village to surface water (lake, river or swamp), inpatient and outpatient malaria and
region, and genotypes previously found to be associated with eBL (HBB rs334, IL10 rs1800896, ILIA rs2856838 and SEMA3C rs4461841). Adjusted
ORs and 95% CIs were not estimated for variables that did not improve significance of the model, so these fields are marked by a hyphen (-). Adjusted
P values are based on the log-likelihood ratio test comparing the models including and excluding the variable (see Materials and methods).

+Other alleles defined by grouping all rare alleles as well as alleles that differed by 2% or less between cases and controls as shown in Table II.

{HLA homozygosity was defined from the two-field resolution of the HLA sequence results (such as A*02:101 and A*02:102). The two-field indicates
the protein coded for by the allele and similar two-field numbers indicate homozygosity, while different numbers indicate heterozygous proteins (see
Materials and methods).

§When considering HLA-C molecules as ligands for killer cell immunoglobulin-like receptors (KIR) on NK cells, all HLA-C allotypes can be grouped
into two major KIR epitopes: C1 (HLA-C*01/*03/*07/*08/*12/*14/*16) and C2 (HLA-C*02/*04/*05/*06/*15/*17/*18), on the basis of a dimorphism
at position 80 of the ol domain. Group C1 (HLA-Casn80) are ligands for inhibitory KIR2DL2/3 and activating KIR2DS2, and group C2 (HLA-Clys80)
are ligands for inhibitory KIR2DL1 and activating KIR2DSI.

variation, such as in HBB, ABO, DARC and G6PD genes
(Karlsson et al, 2014) (Malaria Genomic Epidemiology &
Malaria Genomic Epidemiology, 2014) in East versus West
African populations due to ancestrally distinct populations in
West versus East Africa (Gouveia et al, 2019). West African
populations carry a predominantly West—Central African ances-
try, while the Ugandan East African populations carry distinct
predominantly Nilotic or admixed Nilotic/Southern Bantu
ancestry (Gouveia et al., 2019). Moreover, we also noted dis-
tinct malaria-driven positive selection in the ATP2B4 region
(rs10900588) (Gouveia et al, 2019), which is implicated in
malaria resistance (Timmann et al, 2012), in northern Ugan-
dan populations but not West African populations. Taken
together, these results suggest that genetic findings in West
Africa may differ from those in East Africa and underscore the
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importance of replicating findings in ancestrally matched popu-
lations (Wojcik et al., 2019).

The strengths of our study include using NGS methodology
to accurately type subjects and having a well-characterized large
dataset with multiple variables to adjust for confounding. The
weaknesses of our study include relying on post-hoc groups of
HLA reference allele and not adjusting for multiple compar-
isons. Despite its large size, our study is still small, so the find-
ings need to be confirmed in a larger sample. Our results may
also be misclassified because they are based on EBV-defined BL
phenotypes (Grande et al., 2019). Our adjustment for measures
of malaria exposure (RDT, treatment history) may be overly
conservative because our results are potentially biased to the
null. Our observation of strengthening of the HLA associations
after adjustment for non-HLA genetic associations raises the
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possibility of epistatic interactions, which should be explored
in future analyses.

In conclusion, our results suggest novel associations of
decreased eBL risk with HLA-A*02, HLA-B*41, and -B*58 alle-
les, and HLA-DPBI homozygosity and increased eBL risk with
HLA-DQA1I homozygosity. These findings support the hypothe-
sis that variation in HLA may affect eBL risk. We did not find
eBL associations with malaria-associated HLA types previously
shown to affect risk of severe malaria in children in West
Africa, perhaps because of population genetic or HLA sub-
structures in populations in East versus West Africa.
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