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ABSTRACT: Previous research has documented elevated risk of brain cancer in patients with multiple sclerosis (MS). Separately, human
leukocyte antigen (HLA) has been implicated in protection or susceptibility for both conditions. The aim of the current study was to assess a
possible role of shared immunogenetic influence on risk of MS and brain cancer. We first identified an immunogenetic profile for each condition
based on the covariance between the population frequency of 127 high-resolution HLA alleles and the population prevalence of each condition
in 14 Continental Western European countries and then evaluated the correspondence between MS and brain cancer immunogenetic profiles.
Also, since each individual carries 12 HLA alleles (2 X 6 genes), we estimated HLA protection and susceptibility for MS and brain cancer at the
individual level. We found that the immunogenetic profiles of MS and brain cancer were highly correlated overall (P<.001) and across all 6 HLA
genes with the strongest association observed for DRB1, followed by DQB1 and HLA-A. These findings of immunogenetic overlap between MS
and brain cancer are discussed in light of the role of HLA in the immune system response to viruses and other foreign antigens.
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Significance Statement

Multiple sclerosis and brain cancer prevalences covary with the
population frequencies of human leukocyte antigen (HLA)
alleles. The resulting immunogenetic profiles of multiple scle-
rosis and brain cancer are highly correlated. Shared immunoge-
netic influences may underlie elevated occurrence of brain
cancer in patients with multiple sclerosis.

Introduction

The human immune system is designed to promote health via
detection and elimination of pathogens and, under healthy
conditions, that role is preserved; however, immune system
alterations are implicated in a wide range of conditions,! and
common mechanisms may underlie co-occurrence of
immune-mediated conditions. To that end, both multiple
sclerosis (IMS), a chronic autoimmune disease characterized
by central nervous system demyelination and axonal degra-
dation, and cancer are associated with immune system dys-
function,? prompting several studies investigating cancer risk
in patients with MS. Those studies have generally found that
overall cancer risk as well as the risk of some specific cancers
is reportedly lower in patients with multiple sclerosis (IVIS)
compared to the general population3-; however, brain cancer
is often found to be more common in MS patients®7 (c.f,,

Ref.8) and is associated with decreased survival.? It has been
suggested that the immunological profile of MS patients may
be related to be increased or decreased risk of some cancers.”
Since human leukocyte antigens (HLA) are critically involved
in the human immune response, here we evaluated the associa-
tion of MS and brain cancer though the lens of shared HLA
profiles.

The HLA region on chromosome 6, the most polymorphic
region of the entire human genome, codes for 2 main classes of
cell-surface proteins involved in the human immune system
response to non-self antigens including viruses, bacteria, and
cancer neoantigens. HLA Class I (HLA-A, B, C) binds with
and presents intracellular antigen peptides to CD8+ cytotoxic
T cells, signaling destruction of infected cells; HLA Class II
(HLA-DR,DQ, and DP genes) binds with and presents endo-
cytosed extracellular antigen peptides to CD4+ T cells, thereby
promoting B-cell mediated antibody production and adaptive
immunity. HLA has been implicated in a wide variety of con-
ditions'® and subtle differences, particularly in the binding
groove, contribute to variation in disease associations.12

HLA has been widely implicated in autoimmune diseases
including MS.1318 The strongest and most consistent
HLA-MS effect is increased MS risk associated with HLA-
DRB1*15:01, although several other HLA alleles have been
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Table 1. Multiple sclerosis (MS) and brain prevalence (BC) in the 14 CWE countries studied. Counts (N) are for 2016.

COUNTRY N (MS) N (BC) N TOTAL POPULATION MS BC
PREVALENCE (%) PREVALENCE (%)

1 Austria 10999 2467 8800000 0.125 0.028

2 Belgium 14752 7058 11300000 0.131 0.063

3 Denmark 11673 8660 5700000 0.205 0.152

4 Finland 8209 5925 5500000 0.149 0.108

5 France 65467 39188 64600000 0.101 0.061

6 Germany 111970 13147 82600000 0.136 0.016

7 Greece 7727 9365 10800000 0.072 0.087

8 Italy 72352 18945 60600000 0.119 0.031

9 Netherlands 25197 12204 17000000 0.148 0.072

10 Norway 7518 6954 5200000 0.145 0.134

11 Portugal 8367 2703 10300000 0.081 0.026

12 Spain 43867 20304 43300000 0.101 0.047

13 Sweden 20304 8915 9900000 0.205 0.090

14 Switzerland 13968 5294 8400000 0.166 0.063

associated with MS risk (eg, A*03:01) and protection (eg,
DRB1*14:01 and A*02:01).1* We have recently utilized an
immunogenetic epidemiological approach!®?7 to characterize
an HLA profile for various conditions based on correspond-
ence between the population frequencies of 127 HLA Class I
and II alleles and the population prevalence of a given disease
in Continental Western European countries. That approach
results in identification of HLA alleles that are negatively asso-
ciated with disease prevalence (ie, protective alleles) as well as
HLA alleles that are positively associated with disease preva-
lence (ie, susceptibility alleles). Application of that approach to
MS?3 generally corroborated several previous findings regard-
ing HLA-MS associations and extended the literature regard-
ing HLA-MS associations to include effects of a large number
of HLA alleles, many of which were found to be protective
against VIS prevalence at the population level.

HLA has also been widely implicated in cancer.?>?? Like
MS, several previous studies investigating the influence of
HLA on brain cancer have identified HLLA associations with
increased or decreased brain cancer risk; however, findings
across studies have been inconsistent.337 Population-
differences in HLA composition3®%° coupled with differences
in sample characteristics may partially account for the incon-
sistent findings. For example, in Caucasian Germans, HLA-
A*25, HLA-B*27, and HLA-DRB1*15 were associated with
increased risk of cerebral glioma whereas HLA-DRB1*07 was
associated with decreased risk.3” In Italians, HLA-A*11,
DQB1%06, DRB1*14, and DRB3*01 were associated with
increased risk of glioma and B*07, C*04, and C*05 were associ-
ated with decreased risk.32 Still, studies in the United States

including primarily individuals of European Ancestry identi-
fied protective effects of HLA-A*323%31 and DQB1*05% on
glioma risk and increased risk associated with B*13 and B*553%2
as well as DQBI*06 and DRB1*13.3¢ In addition to sample dif-
ferences, most prior HLA-brain cancer studies have relied on
1-field HLA resolution which limits HILA-disease associa-
tions to the allele level. Since even single amino acid differ-
ences in HLA affect disease associations,'%12 2-field resolution,
which specifies protein-level differences within an allele group,
permits more nuanced investigation of HLA-disease effects.
One large consortium study of glioma patients and controls of
European ancestry reported increased risk of glioma in carriers of
DRB1*15:01, DQA1*01:02, and DQB1%06:02, and the related
extended haplotype.33

In light of increased brain cancer in MS patients and some
evidence of common HLA associations in both conditions (eg,
DRB1*15:01), here we first identified an immunogenetic pro-
file for MS and brain cancer based on the covariance between
the population frequency of 127 high-resolution HLA alleles
and the population prevalence of each condition and then eval-
uated the correspondence between MS and brain cancer
immunogenetic profiles.

Materials and Methods

Prevalence of multiple sclerosis and brain cancer

The population prevalences of MS and brain cancer (BC) were
computed for 14 countries in Continental Western Europe
(Table 1). For each country we identified the total number of
people with each condition in 2016 from the Global Health
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Data Exchange,* a publicly available catalog of data from the
Global Burden of Disease study, and divided those values by
the total population of each country in 2016.4! Life expectancy
was not included in the current analyses since it is virtually
identical for these countries.20

HILA alleles

We obtained the population frequency of 127 HLA alleles
from 14 Continental Western European Countries (Austria,
Belgium, Denmark, Finland, France, Germany, Greece, Italy,
Netherlands, Portugal, Norway, Spain, Sweden, and
Switzerland), The frequencies of all reported HLA alleles of
classical genes of Class I (A, B, C) and Class I1 (DPB1, DQB1,
DRB1) for each of the 14 Continental Western European
countries were retrieved from Allele Frequencies in Worldwide
Populations  (http://allelefrequencies.net/hla6006a.asp) on
October 20, 2020. There was a total of 2746 entries of alleles
from the 14 Continental Western European countries, com-
prising 844 distinct alleles. Of those, 127 alleles occurred with
frequencies =0.01 in 9 or more countries and were used in
further analyses (69 Class I and 58 Class II alleles). The alleles
and their mean frequencies of the individual alleles (across
countries) are given in Tables 2 and 3 for HLA Class I and
Class I1, respectively. Alleles of genes DRB3, DRB4 and DRB5
were not used since they do not occur in all individuals. All but
one (A*36:01) of the 127 alleles have previously been reported
to be Common in all population groups (African/African
American, Asian/Pacific Islands, European/European descent,
Middle East/North Coast of Africa, South or Central America/
Hispanic/Latino, Native American populations, and unknown/
not asked/multiple ancestries/other, and in all groups com-
bined (Total).*2 Allele A*36:01 was Intermediate for American,
Asian/Pacific  Islands, European/European descent, but
Common for all other groups and Total.*?

Immunogenetic (HLA) profiles of MS and BC

We computed the covariance between the prevalence of each dis-
ease and the population frequency of 127 HLA Class I (N=69)
and Class I (N =58) alleles in the 14 CWE countries above. The
covariance can be negative or positive, indicating a protective or
susceptibility (P/S) association, respectively. We call these covari-
ance values MS-PScov and BC-PScov scores for MS and BC,
respectively. Thus the HLA profiles for each disease is a vector of

127 PScov scores. The equation for the PScov scores is:

i=I,N

PScov=ﬁ ; (fl-—j_[)(Pi—f) (1)

where f;, £; denote allele frequency and disease prevalence for

the ith country, respectively,and f, P are their means.
Standard parametric (mean, standard deviation, etc.) and

nonparametric statistics (median, interquartile range, etc.) were

used to evaluate the distribution of scores. We used Tukey’s*?
tences to identify outlier and extreme values of the PScov dis-
tribution, as follows.

Interquartile range: IQR =Q_3-Q_1 )
Negative ( protective) fence = Q_1-1.5IQR (3)
Positive (susceptibility) fence =Q3 +1.5IQR (4)

where Q1, Q3 are the 25th and 75th percentiles, respectively.
These fences demarcated outlier values, that is, values outside
the fences.

Random permutations test for assessing the
statistical significance of the MS and BC HLA
PScov profiles

In this analysis, we tested the null hypothesis that the MS- and
BC-HLA PScov profiles (vectors) may be due to chance by
performing the permutation test below. Let A be the observed
Disease-HLA profile and A’ be the profile obtained by ran-
dom permutation, as follows. (1) For each allele, its observed
frequencies were paired to randomly permuted prevalences of
MS (or BC) in the 14 CWE countries above. (2) The covari-
ance between allele frequency and corresponding (to the per-
muted country) disease prevalence was computed to yield a
“permuted” Disease-HLA profile, /', consisting of 127 PScov
scores. (3) The observed (H) and permuted () PScov profiles
were ranked and the absolute differences between the / and /'
ranks computed and summed: a sum of zero would indicate
that the 2 profiles are the same. (4) Finally, we carried out this
procedure 1000000 times and counted the number of times M
that that sum was equal to zero, indicating that the ranks of the
observed and permuted PScov scores are the same. (5) Then,

the ratio w= is the probability that the observed

1,000,000
profile H could be due to chance.

Application to individuals

Since every individual carries 12 classical HLA alleles (2 of
each 3 HLA Class I and 3 Class II genes), average MS PScov

and BC PScov scores were calculated:

1 4=1,12

£=— 3 MSPScov(#) )
12 %
1 k=112

{=— ¥ BCPScov(K) (©)
12 %

We obtained expected estimates of & and 6 using a bootstrap

procedure,* as follows. For each gene and disease, 2 scores
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Table 2. The 69 HLA Class | alleles used and their mean frequencies.

CLASS |
GENE A
ALLELE FREQUENCY ALLELE FREQUENCY ALLELE FREQUENCY

1 A*01:01 0.1170 1 B*07:02 0.1009 1 C*01:02 0.0370
2 A*02:01 0.2715 2 B*08:01 0.0791 2 C*03:03 0.0506
3 A*02:05 0.0122 3 B*13:02 0.0238 3 C*04:01 0.1349
4 A*083:01 0.1501 4 B*14:01 0.0091 4 C*05:01 0.0716
5 A*11:01 0.0527 5 B*14:02 0.0275 5 C*06:02 0.0829
6 A*23:01 0.0237 6 B*15:01 0.0544 6 C*07:01 0.1472
7 A*24:02 0.1051 7 B*15:17 0.0104 7 C*07:02 0.1020
8 A*25:01 0.0139 8 B*15:18 0.0043 8 C*07:04 0.0146
9 A*26:01 0.0356 9 B*18:01 0.0609 9 C*12:02 0.0160
10 A*29:01 0.0058 10 B*27:02 0.0070 10 C*12:03 0.0678
11 A*29:02 0.0315 1 B*27:05 0.0435 1 C*14:02 0.0231
12 A*30:01 0.0165 12 B*35:01 0.0690 12 C*15:02 0.0370
13 A*30:02 0.0132 13 B*35:02 0.0187 13 C*16:01 0.0303
14 A*31:01 0.0295 14 B*35:03 0.0261
15 A*32:01 0.0368 15 B*35:08 0.0111
16 A*33:01 0.0116 16 B*37:01 0.0136
17 A*33:03 0.0066 17 B*38:01 0.0276
18 A*36:01 0.0063 18 B*39:01 0.0146
19 A*68:01 0.0353 19 B*39:06 0.0069
20 A*68:02 0.0220 20 B*40:01 0.0474

21 B*40:02 0.0212

22 B*41:01 0.0087

23 B*41:02 0.0056

24 B*44:02 0.0623

25 B*44:03 0.0431

26 B*44:05 0.0054

27 B*45:01 0.0090

28 B*47:01 0.0043

29 B*49:01 0.0220

30 B*50:01 0.0164

31 B*51:01 0.0640

32 B*52:01 0.0158

33 B*55:01 0.0129

34 B*56:01 0.0075

35 B*57:01 0.0278

36 B*58:01 0.0141
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Table 3. The 58 HLA Class Il alleles used and their mean frequencies.

CLASS I
GENE DPB1 GENE DQB1 GENE DRBH1
ALLELE FREQUENCY ALLELE FREQUENCY ALLELE FREQUENCY
1 DPB1*01:01 0.0462 1 DQB1*02:01 0.1514 1 DRB1*01:01 0.0862
2 DPB1*02:01 0.1486 2 DQB1*02:02 0.0664 2 DRB1*01:02 0.0202
3 DPB1*02:02 0.0127 3 DQB1*03:01 0.1925 3 DRB1*01:03 0.0067
4 DPB1*03:01 0.1273 4 DQB1*03:02 0.1030 4 DRB1*03:01 0.1233
5 DPB1*04:01 0.3905 5 DQB1*03:03 0.0444 5 DRB1*04:01 0.0688
6 DPB1*04:02 0.1206 6 DQB1*04:02 0.0370 6 DRB1*04:02 0.0118
7 DPB1*05:01 0.0232 7 DQB1*05:01 0.1181 7 DRB1*04:03 0.0124
8 DPB1*06:01 0.0162 8 DQB1*05:02 0.0432 8 DRB1*04:04 0.0248
9 DPB1*09:01 0.0117 9 DQB1*05:03 0.0314 9 DRB1*04:05 0.0217
10 DPB1*10:01 0.0176 10 DQB1*06:01 0.0155 10 DRB1*04:07 0.0099
11 DPB1*11:01 0.0178 11 DQB1*06:02 0.1138 11 DRB1*04:08 0.0074
12 DPB1*13:01 0.0174 12 DQB1*06:03 0.0679 12 DRB1*07:01 0.1090
13 DPB1*14:01 0.0164 13 DQB1*06:04 0.0339 13 DRB1*08:01 0.0384
14 DPB1*17:01 0.0212 14 DQB1*06:09 0.0078 14 DRB1*08:03 0.0048
15 DPB1*19:01 0.0099 15 DRB1*09:01 0.0186
16 DRB1*10:01 0.0124
17 DRB1*11:01 0.0709
18 DRB1*11:02 0.0076
19 DRB1*11:03 0.0096
20 DRB1*11:04 0.0498
21 DRB1*12:01 0.0166
22 DRB1*13:01 0.0713
23 DRB1*13:02 0.0433
24 DRB1*13:03 0.0130
25 DRB1*13:05 0.0034
26 DRB1*14:01 0.0226
27 DRB1*15:01 0.1104
28 DRB1*15:02 0.0115
29 DRB1*16:01 0.0342
were drawn randomly (with replacement) from the pool of “individual.” The procedure was repeated 1000 times for a
available alleles of that gene and disease, and were averaged total of 1000 £* and C* values. The association between MS

to yield bootstrap values of &* and C* for a simulated PScov and BC PScov scores was evaluated by computing
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Figure 1. The prevalence of brain cancer is plotted against the
prevalence of MS. N=14 CWE countries. See text for details.

the Pearson correlation between the individual (original)

MS and BC PScov scores, and between §* and C*.

Implementation of analysis procedures

The IBM-SPSS statistical package (version 27) was used for
implementing standard statistical analyses, including nonpara-
metric exploratory data analysis,® regression analysis, and test-
ing of proportions. All P values reported are 2-sided. The
permutation test and bootstrap procedure was implemented
using FORTRAN (Geany, version 1.38, built on or after 2021-
10-09) and 64-bit Mersenne Twister random number genera-
tor with a large random double-precision odd seed.

Results

Prevalences

The prevalences of MS and BC (Table 1) were weakly but sta-
tistically significantly positively associated (Figure 1; Pearson

r=.541, P<.046; Spearman r=.578, P=.030, N=14).

HILA MS- and BC PScov scores

The MS PScov scores are given in Tables 4 and 5 for HLA
Class I and II alleles, respectively; the BC PScov scores are
given in Tables 6 and 7 for HLA Class I and II alleles, respec-
tively. These sets of MS-HLA and BC-HLA PScov scores
could not be due to chance, since no cases were found where a
random pairing of MS- or BC- prevalence with allele fre-
quency (out of 1000000 runs) matched the observed MS-HLA
or BC-HLA or PScov profiles, thus rejecting the null hypoth-
esis that the observed profiles could be accounted for by chance
(P<1X10°) for both MS and BC PScov scores.

MS and BC PScov scores are plotted ranked in Figure 2A

and B respectively. It can be seen that they comprised similar

numbers of protection (negative) and susceptibility (positive)
values. More specifically, MS PScov scores comprised 78/127
(61.4%; Z=2.573, P=.01, Wilson score test for single propor-
tion; null hypothesis is 50%) protection values versus 62/127
(48.8%; Z=-0.266, P=.790, same test; null hypothesis of 50%)
of BC PScov. This small preponderance of 12.6% in protective
scores in MS versus BC was statistically significant (Z=2.018,
P=.044, Wald HO test of independent sample proportions).

Distributions of M§ and BC PScov scores

Their frequency distributions and boxplots are shown in
Figures 3A, B, 4A and B, respectively. The distributions were
unimodal and did not differ significantly from each other
(P=.071, Kolmogorov-Smirnov test), nor did the scores paired
for each allele (paired #-test, £4], P=.764).

Associations of MS and BC PScov scores

MS and BC PScov scores were highly significantly and posi-
tively correlated (Figure 5; 7=.752, P<<.001,N=127). This sig-
nificant positive correlation held for both HLA Class I and 11
alleles (Table 8), and all 6 HLA genes (Table 9). A similarly
positive association was observed with respect to the protec-
tion/susceptibility proportions, as shown in Tables 10 to 14. It
can be seen that (a) all associations were positive, as indicated
by the positive Phi/Cramer’s V measure, and (b) associations
were statistically significant for the whole set of 127 alleles
(Table 10), and the sets for Class I (Table 11), Class II (Table
12), Class I gene A (Table 13), and Class II genes DQB1 and
DRB1 (Table 14). The strongest association was observed for
Class IT and gene DRBI1.

Application to individuals

In this analysis, we generated 1000 bootstrap values of aver-
ages of MS and BC PScov scores, £* and ¥, respectively, by
averaging 12 PS scores, 2 per gene, randomly selected. This is
a more realistic assessment of HLA protection/susceptibility
for MS and BC, since an individual carries 12 HLA alleles
(2X 6 genes), each with their own PScov score. The fre-
quency distributions of &* and {* are shown in Figure 6A and
B, respectively. We found the following. (a) There was a sta-
tistically significant bias in both distributions toward suscep-
tibility scores (only 42% protective £* and 43% C* P<.001,
Wilson score test for single proportion, against the null
hypothesis of 50%). Similarly, (b) there was a significant bias
toward susceptibility of the PScov score itself (mean = SEM:
£70.0346 = 0.0047; £* 0.0287 £ 0.0042; P<.001, one sample
#-test against the null hypothesis that mean is zero). (c) The
variance of the &* distribution was 1.3x higher than that of C*
(P<.001, Levene’s test for equality of variances). (d) The dis-
tributions of &* and C* did not differ significantly (P=.164,

Kolmogorov-Smirnov test). (¢) Paired per allele, £ was
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Table 4. MS PScov scores for HLA Class | alleles.

CLASS |

ALLELE MS PSCOV ALLELE MS PSCOV ALLELE MS PSCOV

1 A*01:01 -0.215 1 B*07:02 1.503 1 C*01:02 0.243
2 A*02:01 0.167 2 B*08:01 0.274 2 C*03:03 0.554
3 A*02:05 -0.053 3 B*13:02 0.044 3 C*04:01 -0.142
4 A*03:01 2.085 4 B*14:01 -0.072 4 C*05:01 -0.131

5 A*11:01 -0.359 5 B*14:02 -0.195 5 C*06:02 -0.378
6 A*23:01 -0.207 6 B*15:01 1.326 6 C*07:01 0.212
7 A*24:02 0.455 7 B*15:17 -0.024 7 C*07:02 0.387
8 A*25:01 0.037 8 B*15:18 -0.039 8 C*07:04 -0.044
9 A*26:01 -0.239 9 B*18:01 -0.932 9 C*12:02 0.045
10 A*29:01 0.022 10 B*27:02 0.007 10 C*12:03 -0.304
11 A*29:02 -0.360 11 B*27:05 1.063 1 C*14:02 -0.094
12 A*30:01 -0.023 12 B*35:01 -0.064 12 C*15:02 -0.128
13 A*30:02 -0.145 13 B*35:02 -0.090 13 C*16:01 -0.305
14 A*31:01 0.499 14 B*35:03 -0.273

15 A*32:01 -0.375 15 B*35:08 -0.145

16 A*33:01 -0.082 16 B*37:01 0.238

17 A*33:03 —-0.040 17 B*38:01 -0.185

18 A*36:01 -0.027 18 B*39:01 -0.028

19 A*68:01 0.027 19 B*39:06 -0.034

20 A*68:02 0.073 20 B*40:01 1.066

21 B*40:02 0.274

22 B*41:01 -0.050

23 B*41:02 —-0.042

24 B*44:02 0.028

25 B*44:03 -0.430

26 B*44:05 -0.048

27 B*45:01 -0.060

28 B*47:01 -0.014

29 B*49:01 -0.405

30 B*50:01 -0.105

31 B*51:01 -1.638

32 B*52:01 -0.113

33 B*55:01 0.038

34 B*56:01 0.055

35 B*57:01 -0.138

36 B*58:01 —-0.059
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Table 5. MS PScov scores for HLA Class Il alleles.

CLASS I
GENE DPB1 GENE DQBH1 GENE DRB1
ALLELE MS PSCOV ALLELE MS PSCOV ALLELE MS PSCOV
1 DPB1*01:01 0.343 1 DQB1*02:01 0.624 1 DRB1*01:01 0.605
2 DPB1*02:01 -0.582 2 DQB1*02:02 -0.544 2 DRB1*01:02 -0.294
3 DPB1*02:02 -0.185 3 DQB1*03:01 -1.634 3 DRB1*01:03 -0.049
4 DPB1*03:01 0.442 4 DQB1*03:02 0.625 4 DRB1*03:01 -0.267
5 DPB1*04:01 1.026 5 DQB1*03:03 0.885 5 DRB1*04:01 1.461
6 DPB1*04:02 -0.161 6 DQB1*04:02 0.687 6 DRB1*04:02 -0.146
7 DPB1*05:01 0.124 7 DQB1*05:01 0.240 7 DRB1*04:03 -0.193
8 DPB1*06:01 0.069 8 DQB1*05:02 -0.977 8 DRB1*04:04 0.172
9 DPB1*09:01 -0.025 9 DQB1*05:03 -0.342 9 DRB1*04:05 -0.245
10 DPB1*10:01 -0.203 10 DQB1*06:01 -0.082 10 DRB1*04:07 -0.087
11 DPB1*11:01 -0.107 1 DQB1*06:02 1.038 11 DRB1704:08 0.209
12 DPB1*13:01 -0.168 12 DQB1*06:03 0.119 12 DRB1*07:01 -1.010
13 DPB1*14:01 -0.208 13 DQB1*06:04 0.252 13 DRB1*08:01 0.853
14 DPB1*17:01 -0.110 14 DQB1*06:09 -0.038 14 DRB1*08:03 —-0.001
15 DPB1*19:01 0.034 15 DRB1*08:01 0.907
16 DRB1*10:01 0.033
17 DRB1*11:01 —-0.490
18 DRB1*11:02 -0.087
19 DRB1*11:03 -0.105
20 DRB1*11:04 -0.946
21 DRB1*12:01 0.130
22 DRB1*13:01 0.190
23 DRB1*13:02 0.164
24 DRB1*13:03 -0.055
25 DRB1*13:05 -0.037
26 DRB1*14:01 -0.172
27 DRB1*15:01 1.054
28 DRB1*15:02 -0.160
29 DRB1*16:01 -0.491

significantly higher than ¥, although the difference was small
(0.00594 = 0.0021, P=.004, paired #-test). (f) The boxplots
of the &* and C* distributions (Figure 7A and B) are remark-
ably similar, with the exact same number of protective and

Similarly, their PScov counts, reexpressed as binary variables,
were highly significantly and positively associated (Table 15).

Discussion

susceptibility outliers, the latter outnumbering the former by
8:1. (g) &" and C* were strongly, highly significantly and posi-
tively correlated (Figure 8; r=.900, P<.001, N=1000).

Separate lines of research have documented increased risk of
brain cancer in MS patients and have implicated HLA in
protection or susceptibility for each condition. Here we
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Table 6. BC PScov scores for HLA Class | alleles.

CLASS |

ALLELE BC PSCOV ALLELE BC PSCOV ALLELE

1 A*01:01 -0.296 1 B*07:02 0.383 1 C*01:02 0.170
2 A*02:01 0.511 2 B*08:01 0.062 2 C*03:03 0.591
3 A*02:05 -0.100 3 B*13:02 -0.068 3 C*04:01 -0.309
4 A*03:01 1.139 4 B*14:01 -0.053 4 C*05:01 0.161
5 A*11:01 -0.066 5 B*14:02 -0.210 5 C*06:02 -0.126
6 A*23:01 -0.184 6 B*15:01 0.396 6 C*07:01 —-0.098
7 A*24:02 0.161 7 B*15:17 -0.032 7 C*07:02 1.138
8 A*25:01 -0.101 8 B*15:18 0.018 8 C*07:04 -0.057
9 A*26:01 -0.125 9 B*18:01 0.121 9 C*12:02 -0.218
10 A*29:01 0.064 10 B*27:02 0.064 10 C*12:03 -0.611
11 A*29:02 -0.186 11 B*27.05 0.533 11 C*14:02 -0.237
12 A*30:01 -0.102 12 B*35:01 0.229 12 C*15:02 -0.195
13 A*30:02 -0.071 13 B*35:02 -0.096 13 C*16:01 -0.061
14 A*31:01 0.220 14 B*35:03 -0.083
15 A*32:01 -0.032 15 B*35:08 0.026
16 A*33:01 -0.095 16 B*37:01 0.093
17 A*33:03 0.012 17 B*38:01 -0.053
18 A*36:01 -0.015 18 B*39:01 0.022
19 A*68:01 0.047 19 B*39:06 0.043
20 A*68:02 -0.279 20 B*40:01 0.596

21 B*40:02 0.135

22 B*41:01 0.050

23 B*41:02 0.001

24 B*44:02 -0.156

25 B*44:03 -0.344

26 B*44:05 0.012

27 B*45:01 -0.001

28 B*47:01 0.006

29 B*49:01 -0.125

30 B*50:01 -0.129

31 B*51:01 0.280

32 B*52:01 0.130

33 B*55:01 -0.038

34 B*56:01 0.069

35 B*57:01 -0.046

36 B*58:01 0.037
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Table 7. BC PScov scores for HLA Class Il alleles.

CLASS II
GENE DPB1 GENE DQB1 GENE DRB1
ALLELE BC PSCOV ALLELE BC PSCOV ALLELE BC PSCOV
1 DPB1*01:01 0.528 1 DQB1*02:01 0.808 1 DRB1*01:01 0.397
2 DPB1*02:01 -0.475 2 DQB1*02:02 -0.295 2 DRB1*01:02 -0.229
3 DPB1*02:02 -0.112 3 DQB1*03:01 -1.845 3 DRB1*01:03 0.001
4 DPB1*03:01 -0.627 4 DQB1*03:02 0.604 4 DRB1*03:01 -0.601
5 DPB1*04:01 0.943 5 DQB1*03:03 0.457 5 DRB1*04:01 1.519
6 DPB1*04:02 0.557 6 DQB1*04:02 0.393 6 DRB1*04:02 -0.081
7 DPB1*05:01 0127 7 DQB1*05:01 0.135 7 DRB1*04:03 -0.005
8 DPB1*06:01 -0.035 8 DQB1*05:02 0.026 8 DRB1*04:04 0.090
9 DPB1*09:01 -0.049 9 DQB1*05:03 -0.293 9 DRB1*04:05 -0.288
10 DPB1*10:01 -0.084 10 DQB1*06:01 -0.025 10 DRB1*04:07 -0.062
11 DPB1*11:01 0.053 1 DQB1*06:02 1.273 11 DRB1*04:08 0.151
12 DPB1*13:01 -0.083 12 DQB1*06:03 0.210 12 DRB1*07:01 -0.857
13 DPB1*14:01 -0.008 13 DQB1*06:04 0.051 13 DRB1*08:01 0.481
14 DPB1*17:01 -0.036 14 DQB1*06:09 0.020 14 DRB1*08:03 -0.002
15 DPB1*19:01 0.048 0.448 15 DRB1*09:01 0.448
16 DRB1*10:01 0.025
17 DRB1*11:01 -0.900
18 DRB1*11:02 -0.006
19 DRB1*11:03 -0.082
20 DRB1*11:04 -0.388
21 DRB1*12:01 0.126
22 DRB1*13:01 0.131
23 DRB1*13:02 0.049
24 DRB1*13:03 -0.063
25 DRB1*13:05 0.008
26 DRB1*14:01 -0.144
27 DRB1*15:01 0.962
28 DRB1*15:02 0.049
29 DRB1*16:01 0.105

evaluated the association between HLA profiles of MS and
brain cancer to assess a possible role of shared immunoge-
netic influence on disease risks. We found that the immuno-
genetic profiles of M'S and brain cancer were highly correlated

overall and across all 6 HLA genes with the strongest asso-
ciation observed for DRB1 followed by DQB1, and HLA-A.

These findings suggest not only that certain alleles may con-
tribute to risk of both conditions but also that certain alleles
confer protection against both conditions, both in terms of
population prevalence and individual risk. The findings are
discussed in light of the role of HLA in the immune system
response to foreign antigens.
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Figure 3. Frequency distributions of MS (A) and BC (B) PScov scores.
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Multiple sclerosis and brain cancer immunogenetic

overlap

The current study documented robust similarities in both
HLA risk and protection for MS and brain cancer, especially
related to Class II HLA-DRB1. Prior research has found that
the highest susceptibility for MS is associated with the HLA-
DRBI gene.’ In particular, DRB1*15:01is widely linked to
MS risk 14 notably, DRB1*15:01 has also been linked to brain
cancer.3337 In our study, we similarly found strong associations
between DRB1*15:01 and risk of both MS (IMS PScov=1.054)
and brain cancer (BC PScov=0.962). As shown in Tables 4 to
7, it can be seen that several other alleles also exhibited strong
positive associations with both MS and brain cancer preva-
lences including A*03:01, DPB1*04:01, DQB1*06:02, and
DRB1%04:01. Some of these associations appear to be novel,
however, A*03:01 has previously been implicated in MS,*

independent of linkage disequilibrium between DRB1*15:01
and-DQB1706:02,% and DQB1706 has been implicated in brain
cancer risk.3? Of note, the present finding that DQB1*06:02
was highly associated with both MS and brain cancer risk but
DQB1%06:01 was not speaks to the importance of high-resolu-
tion (2-field) genotyping to more clearly identify HLA-disease
associations that may be masked by allele group-level analyses.
In addition to mutual risk alleles, several alleles were negatively
associated with both MS and brain cancer prevalence and are
considered mutually protective including DQB1*03:01 and
DRB1*07:01. Previous research has documented protective
effects of DRB1%07 on glioma’” and MS.#” DRB1%07:01 has
also been found to protect against autoimmune conditions
including Graves disease,**’ rheumatoid arthritis,*® and psori-
atic arthritis.>! We are not aware of prior studies documenting
protective effects of DQB103:01 on MS or brain cancer;
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Figure 5. BC PScov scores are plotted against MS PScov scores.
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however, prior studies have reported protective effects of
DQB1%03:01 on neurological syndromes®? and Type 1 diabe-
tes.”> Taken together, the present findings highlight shared
immunogenetic profiles for MS and brain cancer that extend
beyond the well-established associations with DRB1 to include
mutual robust associations with several HLA genes.

Implications for individuals

A major outcome of this study was the derivation of a unique,

continuously-varying measure assessing the protection/

susceptibility of an individual to multiple sclerosis (&) or
brain cancer (§), based on their specific genetic HLA makeup.
The allele-based MS-HLA and BC-HLA PScov scores pro-
vided the building blocks of & or {, which is the average of
the 12 PScov scores of the HLA alleles carried by an indi-
vidual (equations (2) and (3)). We called this approach the
“crowdfunding” nature of HLA contribution to disease,**
based on the following considerations: (1) the HLA region is
the most polymorphic of the entire human genome, (2) every
individual possesses 12 HLA alleles, and (3) each HLA allele
may differ in terms of the direction and magnitude of its
association with a given disease, as captured by the PScov
score. Consequently, rather than focusing on “unique” contri-
bution of specific alleles on disease susceptibility and protec-
tion, the primary emphasis of our crowdfunding approach is
on the combined effects of relatively small contributions of
individual alleles which, as a set, will contribute to overall
protection/susceptibility of the disease at hand in individuals
and populations. This approach is more realistic (given that
individuals carry 12 HLA alleles) and different from tradi-
tional attempts to identify specific alleles in HLA-disease
associations.”® Actually, the effects of such alleles, when
found, would be embedded and integrated with those of
other alleles co-existing in the particular individual. This
situation may explain why alleles with potentially strong
effects themselves are not commonly found, since any HLA-
disease association would be always based on contributions
by the 12 classical HLA alleles, and of other alleles of non-
classical genes (HLA-E, -G, -F), as they may be present in

some individuals.
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Table 8. Association between MS PScov and BC PScov scores for HLA Class | and Il. Correlation is Pearson correlation coefficient.

HLA N CORRELATION LOWER 95% Cl UPPER 95% Cl P VALUE
Class | 69 680 0.528 0.790 <001
Class Il 58 851 0.760 0.909 <001

Table 9. Association between MS PScov and BC PScov scores for HLA Class | and Il genes. Correlation is Pearson correlation coefficient.

HLA CLASS HLA GENE N CORRELATION LOWER 95% Cl UPPER 95% Cl P VALUE
| A 20 889 0.735 0.955 <001
B 36 545 0.263 0.741 .001
C 13 738 0.316 0.917 .004
[ DPBT 15 552 0.056 0.830 .033
DQBT 14 891 0.685 0.965 <001
DRB1 29 902 0.801 0.953 - 001

Table 10. Analysis of 2-way table of all PS scores reexpressed as binary variables.

BRAIN CANCER

PROTECTION SUSCEPTIBILITY
Multiple sclerosis Protection 54 24 78
Susceptibility 8 41 49
Total 62 65 127
TEST TEST VALUE P VALUE
Chi-square 33.71 <.001
Fisher’s Exact <.001
Phi/Cramer’s V 0.515 <.001

Table 11. Analysis of 2-way table of HLA Class | PS scores reexpressed as binary variables.

HLA CLASS | BRAIN CANCER
PROTECTION SUSCEPTIBILITY
Multiple Sclerosis Protection 29 16 45
Susceptibility 6 18 24
Total 35 34 69
TEST TEST VALUE P VALUE
Chi-square 9.743 .002
Fisher’s exact .002

Phi/Cramer’'s V 0.376 .002
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Table 12. Analysis of 2-way table of HLA Class Il PS scores reexpressed as binary variables.

HLA CLASS II BRAIN CANCER
PROTECTION SUSCEPTIBILITY
Multiple Sclerosis Protection 25 8 33
Susceptibility 2 23 25
Total 27 31 58

TEST TEST VALUE P VALUE
Chi-square 26.247 <.001
Fisher’s exact <.001
Phi/Cramer’s V 0.673 <.001

Table 13. Analysis of 2-way table of HLA Class | genes PS score reexpressed as binary variables.

HLA GENE A BRAIN CANCER
PROTECTION SUSCEPTIBILITY
Multiple sclerosis Protection 11 1 12
Susceptibility 2 6 8
Total 13 7 20

TEST TEST VALUE P VALUE

Chi-square 9.377 .002
Fisher’s exact .004
Phi/Cramer’s V 0.685 .002
HLA GENE B BRAIN CANCER
PROTECTION SUSCEPTIBILITY
Multiple Sclerosis Protection 11 13 24
Susceptibility 3 9 12
Total 14 22 36
TEST TEST VALUE P VALUE
Chi-square 1.461 227
Fisher’s exact .292
Phi/Cramer’s V 0.201 .227
HLA GENE C BRAIN CANCER
PROTECTION SUSCEPTIBILITY
Multiple sclerosis Protection 7 2 9
Susceptibility 1 3 4
Total 8 5 13

TEST TEST VALUE P VALUE
Chi-square 3.259 .071
Fisher’s exact 217

Phi/Cramer’'s V 0.501 .071
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Table 14. Analysis of 2-way table of HLA Class Il genes PS scores reexpressed as binary variables.

HLA GENE DPB1

BRAIN CANCER

Multiple sclerosis Protection

Susceptibility

Total

TEST TEST VALUE
Chi-square 2.963
Fisher’s exact

Phi/Cramer’s V 0.444

HLA GENE DQB1

P VALUE

PROTECTION SUSCEPTIBILITY
2 9
4 6
6 15

.085
136
.085

BRAIN CANCER

Multiple sclerosis Protection

Susceptibility

Total
TEST TEST VALUE
Chi-square 7.467
Fisher’s exact
Phi/Cramer’s V 0.730

HLA GENE DRB1

PROTECTION SUSCEPTIBILITY
2 6
8 8
10 14

P VALUE

.006

.015

.006

BRAIN CANCER

Multiple sclerosis Protection

Susceptibility

Total
TEST TEST VALUE
Chi-square 16.541
Fisher’s exact
Phi/Cramer’s V 0.755

Immunogenetics and the role of viruses in multiple
sclerosis and brain cancer

Considering the role of HLA in foreign antigen elimina-
tion, the highly significant correlation between immunoge-
netic profiles of MS and brain cancer supports an influence
of exposure to foreign antigens in both conditions. Indeed,
several common viruses including human herpes viruses
such as Epstein-Barr virus and cytomegalovirus have been
implicated in both MS and brain cancer although findings
have been mixed.’®*7 Like human herpes viruses, infection
with John Cunningham virus (JCV) is nearly ubiquitous,®
and JCV similarly persists in a latent state detectable in

PROTECTION SUSCEPTIBILITY

14 4 18
0 11 11

14 15 29

P VALUE

<.001

<.001

<.001

normal human brain tissue.”” While JCV has been primarily
associated with progressive multifocal leukoencephalopathy,
it has also been implicated in MS® and in complications
related to immunosuppressive treatment for IMS,61:62 as well
as in several neoplasms®>®* including brain cancer.t465
Moreover, JCV DNA has been found in MS plaques and in
tumor cells of a patient with concurrent MS and brain can-
cer.%® Our findings concur with previous literature regarding
a possible common viral contribution to MS and brain can-
cer and suggest their association may be partially mediated
by similar immunogenetic effects. Nonetheless, definitive
identification of specific virus(es) involved in both
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conditions remains to be determined. HLA binding and
elimination of viral antigens that have been linked to MS
and brain cancer is an interesting avenue for future investi-
gation, particularly in light of mixed findings from studies
evaluating effects of anti-viral therapies and preventative
vaccines on both conditions.56:57

Increased risk of brain cancer in MS patients has been par-
tially attributed to incidental findings due to increased fre-
quency of brain imaging in MS patients.? While possible, our
study documenting high correlations between the immunoge-
netic profiles of MS and brain cancer suggests an alternative
explanation based on the human immune response to non-self

antigens such as viruses and cancer neoantigens. Furthermore,
the present findings identify HLA alleles that are mutually
protective against both conditions, mutually susceptible, or in
show discordant associations with MS and brain cancer. In the
future, these findings may be leveraged to develop personalized
precision adjunctive treatments for MS, brain cancer, and other
immune-involved conditions based on an individual’s HLA
composition.®”

Conclusion and Limitations
The present study provides a novel perspective regarding the
link between MS and brain cancer; however, several limitations
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must be considered. First, HLA-disease associations may differ
for different forms of MS and/or different types of brain can-
cers. Indeed, a recent study documented HLA influence on
viral antigen response in glioma subtypes.®8 Here, we evalu-
ated the immunogenetic overlap of MS and brain cancers as
a whole and are unable to draw any conclusions about
immunogenetic overlap between MS and brain cancer sub-
types. Second, the findings are based on population-level
HLA-disease associations. We utilized those population-
based findings to estimate individual-level HLA protection
and susceptibility for MS and brain cancer; however, those esti-
mates remain to be confirmed. Further, since HLA varies
across populations,’$%° additional studies are warranted to
determine whether the present findings extend beyond
Continental Western Europe to other regions. Finally, another
limitation of the study is that alleles of genes DRB3, DRB4
and DRB5 were not used since they do not occur in all
individuals.

Table 15. Analysis of 2-way table of HLA bootstrap values £* and * reexpressed as binary variables.

BRAIN CANCER (&%)

Protection

Multiple sclerosis (£*)

Susceptibility

Total

TEST TEST VALUE

Chi-square 5451
Fisher’s exact

Phi/Cramer’'s V 0.738

Abbreviations
BC, Brain cancer

HLA, human leukocyte antigen
MS, Multiple sclerosis
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