
HAL Id: hal-03979151
https://hal.sorbonne-universite.fr/hal-03979151v1

Submitted on 8 Feb 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

A Genetic Association Test Accounting for Skewed
X-Inactivation With Application to Biotherapy

Immunogenicity in Patients With Autoimmune Diseases
Signe Hässler, Sophie Camilleri-Broët, Matthieu Allez, Florian Deisenhammer,

Anna Fogdell-Hahn, Xavier Mariette, Marc Pallardy, Philippe Broët

To cite this version:
Signe Hässler, Sophie Camilleri-Broët, Matthieu Allez, Florian Deisenhammer, Anna Fogdell-Hahn,
et al.. A Genetic Association Test Accounting for Skewed X-Inactivation With Application to Bio-
therapy Immunogenicity in Patients With Autoimmune Diseases. Frontiers in Medicine, 2022, 9,
�10.3389/fmed.2022.856917�. �hal-03979151�

https://hal.sorbonne-universite.fr/hal-03979151v1
https://hal.archives-ouvertes.fr


ORIGINAL RESEARCH
published: 01 June 2022

doi: 10.3389/fmed.2022.856917

Frontiers in Medicine | www.frontiersin.org 1 June 2022 | Volume 9 | Article 856917

Edited by:

Elizabeth C. Jury,

University College London,

United Kingdom

Reviewed by:

Anja Weise,

University Hospital Jena, Germany

Leda Coelewij,

University College London,

United Kingdom

*Correspondence:

Philippe Broët

philippe.broet@inserm.fr

Specialty section:

This article was submitted to

Rheumatology,

a section of the journal

Frontiers in Medicine

Received: 17 January 2022

Accepted: 20 April 2022

Published: 01 June 2022

Citation:

Hässler S, Camilleri-Broët S, Allez M,

Deisenhammer F, Fogdell-Hahn A,

Mariette X, Pallardy M and Broët P

(2022) A Genetic Association Test

Accounting for Skewed X-Inactivation

With Application to Biotherapy

Immunogenicity in Patients With

Autoimmune Diseases.

Front. Med. 9:856917.

doi: 10.3389/fmed.2022.856917

A Genetic Association Test
Accounting for Skewed
X-Inactivation With Application to
Biotherapy Immunogenicity in
Patients With Autoimmune Diseases
Signe Hässler 1,2, Sophie Camilleri-Broët 3, Matthieu Allez 4, Florian Deisenhammer 5,

Anna Fogdell-Hahn 6, Xavier Mariette 7, Marc Pallardy 8 and Philippe Broët 9* on behalf of

the ABIRISK consortium

1 INSERM UMR 959, Immunology-Immunopathology-Immunotherapy (i3), Sorbonne Université, Paris, France, 2 Assistance

Publique Hôpitaux de Paris, Hôpital Pitié Salpêtrière, Biotherapy (CIC-BTi), Paris, France, 3OPTILAB-MUHC, Division of

Pathology, Department of Laboratory Medicine, McGill University Health Center, Montreal, QC, Canada, 4Department of

Gastroenterology, Hôpital Saint-Louis, AP-HP, Université Paris-Diderot, Paris, France, 5Department of Neurology, Medical

University of Innsbruck, Innsbruck, Austria, 6Department of Clinical Neuroscience, Karolinska Institutet, Stockholm, Sweden,
7Université Paris-Saclay, INSERM UMR1184, Center for Immunology of Viral Infections and Autoimmune Diseases,

Assistance Publique - Hôpitaux de Paris, Le Kremlin Bicêtre, France, 8Université Paris-Saclay, INSERM, Inflammation,

Microbiome, Immunosurveillance, Châtenay-Malabry, France, 9University Paris-Saclay, CESP, INSERM, AP-HP, Université

Paris-Sud, Hôpitaux Universitaires Paris-Sud, Villejuif, France

Despite being assayed on commercialized DNA chips, the X chromosome is commonly

excluded from genome-wide association studies (GWAS). One of the reasons is the

complexity to analyze the data taking into account the X-chromosome inactivation

(XCI) process in women and in particular the XCI process with a potentially skewed

pattern. This is the case when investigating the role of X-linked genetic variants in the

occurrence of anti-drug antibodies (ADAs) in patients with autoimmune diseases treated

by biotherapies. In this context, we propose a novel test statistic for selecting loci of

interest harbored by the X chromosome that are associated with time-to-event data

taking into account skewed X-inactivation (XCI-S). The proposed statistic relies on a semi-

parametric additive hazard model and is straightforward to implement. Results from the

simulation study show that the test provides higher power gains than the score tests

from the Cox model (under XCI process or its escape) and the Xu et al.’s XCI-S likelihood

ratio test. We applied the test to the data from the real-world observational multicohort

study set-up by the IMI-funded ABIRISK consortium for identifying X chromosome

susceptibility loci for drug immunogenicity in patients with autoimmune diseases treated

by biotherapies. The test allowed us to select two single nucleotide polymorphisms

(SNPs) with high linkage disequilibrium (rs5991366 and rs5991394) located in the

cytoband Xp22.2 that would have been overlooked by the Cox score tests and the

Xu et al.’s XCI-S likelihood ratio test. Both SNPs showed a similar protective effect

for drug immunogenicity without any occurrence of ADA positivity for the homozygous

females and hemizygous males for the alternative allele. To our knowledge, this is

the first study to investigate the association between X chromosome loci and the

occurrence of anti-drug antibodies. We think that more X-Chromosome GWAS should
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be performed and that the test is well-suited for identifying X-Chromosome SNPs, while

taking into account all patterns of the skewed X-Chromosome inactivation process.

Keywords: immunogenicity, anti-drug antibodies, biotherapy, autoimmune disease, X-chromosome, skewed

X-Chromosome inactivation, additive hazard model

1. INTRODUCTION

Despite the widespread recognition that genes play a role inmany
complex diseases, it is puzzling that one of the most important
biological characteristics, the sex which is determined by the sex
chromosomes, is often overlooked in genome-wide association
studies (GWAS) (1–3). In practice, most of the GWAS discard
this information whereas commercialized genotyping chips
include thousands of Single Nucleotide Polymorphisms (SNPs)
on the X chromosome. Even for autoimmune diseases that
show strong sex differences in prevalence, the analyses are
often restricted to the autosomes, thus neglecting X-linked
information. Some potential reasons explaining this lack of
interest for X chromosomes as compared to autosomes include
lower coverage of chromosome X, technical issues regarding
genotype calling and imputation and non-standard statistical
analyses (4). In the latter case, the methodological problem is
due to the fact that the statistical methods should take into
account the X-chromosome inactivation (XCI) process on female
X-chromosome loci (5, 6).

The main feature that makes the X chromosome different
from the autosomal chromosomes is obviously the fact that,
except for the pseudo-autosomal regions resulting from the
divergence of evolution of sex chromosomes (X and Y), women
have two copies while men have only one copy of each gene.
This dosage imbalance is in part compensated by inactivation of
one X chromosome in females through XCI. In each female cell,
one copy of the X chromosome is inactivated. X-chromosome
inactivation occurs at random (paternal or maternal), very
early in embryonic life and is inherited by all daughter cells
through mitosis (5). Females are mosaic, each cell having
either the paternal or maternal X-chromosome inactivated. Such
mosaic states can also be imposed in the case of gonosome
aneuploidies. While the random inactivation process results in
roughly a symmetrical (50:50) distribution in most females,
skewing of X chromosome inactivation (XCI-S) is observed in
some women, leading to a majority of either paternal or maternal
X-chromosome inactivation. This skewing might be due either
to selective pressure (negative selection) or a stochastic process
(random selection in an embryonic stage where a limited number
of cells give rise to the different tissues). Moreover, some genes
may escape X-chromosome inactivation and remain biallelically
expressed (XCE) (7).

In recent years, biopharmaceutical products (BPs) such as
therapeutic monoclonal antibodies have become increasingly
used in clinical practice and have led to a critical step
forward in the treatment of many severe auto-immune diseases.
However, for some patients these drugs activate the immune
system, leading to the formation of Anti-Drug Antibodies
(ADA). The mechanisms leading to drug immunogenicity can

either be patient-related (genetic background, immunological
status, prior exposure, prior disease) or treatment-related (drug
characteristics and formulations, route, dose, frequency of
administration) (8, 9). While some genomewide studies have
investigated the genetic factors associated with the immunogenic
potential of biotherapies (10), to our knowledge, none has
investigated the X-chromosome.

To analyze the X chromosome in association studies, several
test statistics have been proposed and implemented for case-
control studies that consider either the XCI process or its escape
(XCE). To take into account these two underlying biological
processes, two genotype coding schemes are commonly used.
One corresponds to the assumption of the XCI process as
proposed by Clayton (11) while the other corresponds to the XCE
process, as implemented in the classical PLINK software (12). For
XCI, the proposed coding values are the same for homozygous
females and hemizygous males while the heterozygous females
fall midway between two homozygous, mimicking the fact that
about 50% of cells have the minor (or alternative) allele active
while the other 50% of cells have the reference allele active due to
random XCI. Using this coding, Clayton derived a one degree-of-
freedom score test statistic for case-control studies (11). For XCE,
the coding implemented in PLINK codes female genotypes as 0, 1,
or 2 copies of the minor allele andmale genotypes as 0 or 1 copies
of the minor allele. This genotype coding assumes that variants
on both copies of the X chromosome are expressed in females. In
this XCE setting, Zheng et al. (13) proposed a series of association
tests that use different combinations of tests for male and female
samples and rely either on genotypic counts or allelic counts in
cases and controls. In practice, most of the case-control GWAS
investigating X chromosome consider these two coding schemes
with a logistic regression model, ignoring the XCI-S process. For
time-to-event analysis, the same strategy can be considered by
using the classical Cox model but with the same drawback for
the XCI-S process. In a recent work, Xu et al. (1) and Han et al.
(2) proposed a penalized partial likelihood approach based on
the Cox model with a subject-specific random effect that takes
into account the XCI-S process. However, the method is quite
complex to implement and computationally burdensome for
GWAS.We therefore developed a simpler genetic association test
accounting for skewed X-inactivation that we used to investigate
the role of X-linked genetic variants in the occurrence of ADAs
in patients with autoimmune diseases treated by biotherapies.

In this paper, we first present a novel test statistic for
selecting interesting loci of the X chromosome in time-to-
event data investigation taking into account the XCI-S process
that relies on a semi-parametric additive hazard model. It is
based on a score-like test evaluated at the null hypothesis
that is straightforward to implement. It avoids to compute the
complex log-partial likelihood for the random effect Cox model
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that requires to approximate the integration over the random
effects (1, 2). Then, we apply it to the data from the real-
world observational multicohort study set-up by the IMI-funded
ABIRISK consortium (10) to identify susceptibility loci for drug
immunogenicity.

2. MATERIALS AND METHODS

2.1. Material
The study population consists of 469 patients with genotyping
information from the ABIRISK consortium real-world
observational prospective multicenter cohort who suffered
from multiple sclerosis, rheumatoid arthritis, and inflammatory
bowel diseases and who were treated by biotherapies (10).
These patients were naive for the biotherapies they were
given during the study, which included tumor necrosis factor
(TNF) inhibitors, interferon (IFN)-beta, anti-CD20 (Cluster
of Differentiation 20) and anti-interleukin 6 (IL6) receptor
monoclonal antibodies.

The patients were followed up for 12 months. Clinical data
were recorded in an electronic Case Report Form. DNA samples
and serum samples were collected for genetic analyses and
ADA testing, respectively. Serum samples for ADA testing were
collected at baseline before starting BP and subsequently at each
study visit thereafter. Anti-drug antibodies were detected by
specific validated assays for each BP and analyzed in central
ABIRISK laboratories [more information can be found in Hässler
et al. (10)]. The outcome was the time between the date of the
first dose of biotherapy and the first detection of the occurrence
of anti-drug antibodies. Patients without ADA occurrence were
censored at the date of their last clinical visit. Among the
469 subjects, 129 (27.5%) developed ADA during the 1-year
follow-up.

The DNA polymorphism analysis was performed with
Infinium OmniExpress-24 v1.2 BeadChip. Genotype calling was
performed by Genome Studio software 2011.1 with Genotyping
module v1.9 (Illumina). Genotypes were called by comparing the
generated data with those in the supplied cluster file. The final
report for genotype data was based on GRch38/hg38. Quality
checks were applied for each sample using autosomal SNPs
and removing samples with a call rate (percentage of SNPs
genotyped by samples) lower than 95%, excessive observed level
of heterozygosity (deviated by more than 3 standard deviations
from the mean heterozygosity of the sample), ambiguous sex
(genotypic sex different from phenotypic sex from the eCRF),
genotyping completeness less than 99%, and non-European
ethnicity admixture detected as outliers from a principal
component analysis of a linkage-disequilibrium-pruned data set
(with a deviation of at least 6 SDs from the mean of at least
one of the first 10 principal components). For the quality control
specific to the sex chromosomes, we plotted the X chromosome
heterozygosity rates and the call rates for SNPs harbored on the
Y chromosome. We clustered the individuals using the k-means
clustering algorithm and thus eliminated four individuals. As
we used the genotyping information and not the information
in the measured intensities of X and Y chromosomes, we did

not eliminate potential sex-chromosome aneuploidies such as
Trisomy X. A total of 457 genotyped individuals were retained.

Then, we extracted 17,565 genotyped SNPs harbored on the X
chromosome and conducted further quality control filtering for
these SNPs. In practice, we removed samples with a call rate lower
than 95% for these SNPs. The SNPs with deviation from Hardy-
Weinberg equilibrium test with p < 10−5 in females, with minor
allele frequency less than 5% for both males and females were
removed. Finally, a total of 456 genotyped individuals with 12,976
X-chromosome SNPs were considered for subsequent analyses.

2.2. Methods
2.2.1. Notation

Let T denote the failure time (here the time-to-ADA detection)
and C the censoring time. We assume that T and C satisfy the
condition of independent and non-informative censoring (14).
For each subject i (i = 1, ..., n), Xi = min(Ti,Ci) denotes the
observed time of follow-up and δi = 1(Xi=Ti) the indicator of
failure (ADA detection) where the function 1(.) is the indicator
function whose value is 1 if the argument is true and 0 otherwise.
We also denote Yi(t) = 1(t≤Xi) the at-risk process and Ni(t) =

1(Xi≤t;δi=1) the counting process, given at time t. Let G be the
genotype for a di-allelic SNP on the X chromosome and denote
the two alleles as A and a with A as the rare (or alternative) allele
and a as the common (or reference) allele. The genotypes are
G = ([aa], [Aa], [AA]) for female subjects and G = ([a], [A])
for male subjects.

Under the unknown underlying XCI process with a potentially
skewed pattern, we consider the following genotype coding
variable : (i) females : W = (0, 1/2 + U × 1(G=[Aa]), 1) for [aa],
[Aa] and [AA], respectively; (ii) males : W = (0, 1) for [a] and
[A], respectively. Here, the variable U is an unobserved (latent)
subject-specific continuous random variable lying in the interval
[−1/2, 1/2]. The values of−1/2, 0 and 1/2 represent skewed XCI
toward the common allele, random XCI, or skewed XCI toward
the rare (or minor) allele, respectively. In the following, we use
the rewritten coding :W = Z + U × 1(Z=1/2) with Z = 0, 1/2, 1
for females and Z = 0, 1 for males. For each patient i, the data
consists of (Xi, δi,Zi,Ui).

2.2.2. Survival Model

In this work, we consider a semi-parametric additive hazard
model with a latent variable (15, 16). The hazard function for the
failure time T of individual i takes the form:

λi(t|Z = z,U = u) = λ0(t)+ βz + βu× 1(z=1/2) (1)

where β is the unknown regression coefficient of interest, λ0(t)
is an unknown and unspecified baseline hazard function and U
is the latent (unobserved) variable. Then, the individual-specific
(conditional) survival distribution is such that:

Si(t|Z = z,U = u) = exp
[

−(30(t)+ βzt + βut × 1(z=1/2))
]

.

In the following, we assume that the Ui are independent
and identically raised cosine distributed random variables with
parameters µ = 0 and γ = 1/2 (17). We recall that a continuous
random variable U is said to have raised cosine distribution
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with parameters E(U) = µ and γ if its probability density

function fU(x) is as follows: fU(x) = 1
2γ

[

1+ cos( x−µ
γ

π)
]

with

µ − γ < x < µ + γ . In this work, U lies in the interval
[−1/2, 1/2] and its expectation is equal to zero. Based upon this
latter assumption, when marginalized over U, the unconditional
(or marginal) survival function and hazard function are given by:

S(t|Z = z) = exp

{

−
{

30(t)+ βzt + 1(z=1/2)

log

[

π2 sinh(1/2βt)

1/2βt × (π2 + 1/4β2t2)

]

}

}

λ(t|Z = z) = λ0(t)+ βz + 1(z=1/2)

×

[

−1/2β coth(1/2βt)+
1

t
−

1/2β2t

(π2 + 1/4β2t2)

]

where sinh and coth are the hyperbolic sine function and
hyperbolic cotangent function, respectively.

2.2.3. Test Statistic

In this section, a statistic accounting for skewed X-inactivation is
derived for testing the null hypothesis H0 :β = 0 (same survival
distribution across genotypes) against H1 :β 6= 0 (different
survival distribution across genotypes).

Following Lin and Ying (16), under the marginal additive
hazard model introduced just above, a simple semiparametric
estimating function for β is constructed and a score-type
function is obtained under the null hypothesis (H0 :β = 0). Here,
the intensity function for N(t) is given by:

Y(t)d3(t|Z = z) = Y(t)

{

d30(t)+ βz + 1(z=1/2)

×

[

−1/2β coth(1/2βt)+
1

t
−

1/2β2t

(π2 + 1/4β2t2)

]

}

.

By the Doob-Meyer decomposition (14), the counting process
N(t) can be uniquely broken down into the sum of a martingale
and a predictable process, such that:

N(t) = M(t)+

∫ t

0
Y(t)d3(t|Z = z).

Under our model, we can estimate the cumulative hazard
function by:

3̂0(t,β) =

∫ t

0

∑n
i=1

{

dNi(t)− βZi − 1(Zi=1/2)

[

1/2β cosh(−1/2βt)
sinh(−1/2βt) + 1

t −
1/2β2t

(π2+1/4β2t2)

] }

∑n
i=1 Yi(t)

.

Then, following Lin and Ying (16) (Equation 2.7), a simple
estimating function (or score-like function) for β can be written

as:

Uβ (β) =
n

∑

i=1

∫ ∞

0
(Zi(t)− Z̄(t))

{

dNi(t)− Yi(t)βZidt−

Yi(t)1(Zi=1/2)

[

β/2 cosh(−βt/2)

sinh(−βt/2)
+

1

t
−

β2t/2

(π2 + β2t2/4)

]

dt
}

with Z̄(t) =
∑n

i=1 Yi(t)Zi
∑n

i=1 Yi(t)
. Using L’Hopital’s rule, we know that the

limit of x × coth(x) as x approaches zero is equals to 1. Thus,
under H0 :β = 0:

Uβ (β = 0) =
n

∑

i=1

∫ ∞

0
(Zi(t)− Z̄(t))dNi(t).

Under the null hypothesis H0, the random vector n−1/2Uβ (β =

0) converges weakly to a normal with mean zero and with a
variance which can be consistently estimated by n−1B(β = 0)
with :

B(β = 0) =
∑

∫ ∞

0
(Zi(t)− Z̄(t))2dNi(t).

Thus, the (score-like) statistic :

S =
U2

β (β = 0)

B(β = 0)

is asymptotically distributed under H0 as a chi-square with one
degree of freedom.

A stratified version of the test over k strata can be constructed
by calculating Uβ (β = 0), and its estimated variance, separately
in each stratum. Both are then summed over strata. The final
stratified test is then calculated in exactly the same way presented
just above.

2.3. Simulation Study
A simulation study was conducted to assess the size and power
of the proposed test (herein called “Score-like”) as compared to
three test statistics: (i) the score test of the null hypothesis under
the Cox model (herein called “Cox-XCI”) using the XCI coding
(aa (0), aA (0.5) and AA (1) for females and a (0) and A (1)
for males); (ii) the score test of the null hypothesis under the
Cox model (herein called “Cox-XCE”) using the XCE coding (aa
(0), aA (0.5) and AA (1) for females and a (0) and A (0.5) for
males); (iii) the test proposed by Xu et al. (1) and Han et al. (2)
based on a random effect XCI-S Cox model (herein called “Xu-
Hao”) and implemented in the R package “xlink” (18). To be in
line with the Xu et al.’s XCI-S test that takes into account the
sex as a potential confounding factor, we compared the results
obtained by the Xu-Hao test to those obtained with the stratified

versions (by the sex) of the Score-like, Cox-XCI and Cox-XCE
test statistics.
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Data were simulated under various scenarios assuming a locus
undergoing XCI-S. The simulated variables were sex (females
K = 2 and males K = 1), SNP genotype (females: Z = 0
for aa, Z = 1/2 for Aa and Z = 0 for AA; males: Z = 0
for a or Z = 1 for A), the individual skewness parameter
and the time-to-event. In practice, genotype information for
females was generated by combining the values of two Bernoulli
variables (B

(

p[A]
)

) independently drawn and for males from
only one Bernoulli variable with mean: 10%, 20% and 30% for
both males and females. This value corresponds to a pseudo-
minor allele frequency (MAF), i.e., the proportion of [A] allele
in the simulated population. The ratio between the female
and male rate was set to 1:1. Failure times were generated
from an additive hazard model with a protective effect of the
minor allele such that the individual-specific hazard rate was:
λ(t|Z = z,K = k) = λ0(k)(t) + β(z + u × 1(z=1/2))
where λ0(t) = 5; β = 0,−1.5,−1.75,−2,−2.25,−2.5. The
baseline hazard rates were λ0(k=1)(t) = λ0(t) for males and
λ0(k=2)(t) = λ0(t)η for females with η = 1.2. Three distributions
for the latent variable U were investigated: (i) U was generated
independently and identically from a raised cosine distribution
with parameters µ = 0 and γ = 1/2; (ii) U was generated
independently and identically from a Beta distribution with
E(U) = 1/2 (shape parameters equal to 2); (iii) U was
generated independently and identically from a truncated normal
distribution ranging from −0.5 to 0.5 with mean zero and
standard error of 0.18. We investigated no censoring, 20%
and 40% type I censoring (administrative censoring). The total
number of subjects was chosen to be 400. For each configuration
of parameters, 1,000 replications were performed and the levels
and powers of the tests were estimated with a 0.05 significance
level.

3. RESULTS

3.1. Simulation Study
As seen from the simulation results, the estimated
level of the proposed test under the null hypothesis
for a threshold of 0.05 fell within the binomial range
[0.0365 − 0.0635] for all the studied scenarios. This is not
the case for the Xu-Hao test, which gave slightly inflated type
I error.

For XCI-S with a raised cosine distribution for the skewness
parameter (Table 1), the power of the proposed test was always
higher than the Xu-Hao test, with a difference varying from 1
to 6% and for each percentage of censoring. Higher power gains
where observed for larger MAF. As expected, the Xu-Hao test
gave higher power gains than the Cox-XCI test. The Cox-XCE
test gave the worst power results. Results observed for XCI-S with
a Beta distribution (Table 2) were quite similar. For XCI-S with a
truncated Normal distribution (Table 3), for small and moderate
MAF (10 and 20%), the power of the proposed test was always
higher than the Xu-Hao test, with gains between 1 and 7%. For
higher MAF (30%), the power results of the proposed test and
the Xu-Hao test were close, sometimes to the slight advantage of
the Xu-Hao test.

TABLE 1 | Size and power of the tests (Score-like, Cox-XCI, Cox-XCE, Xu-Hao)

for XCI-S with raised cosine distribution (threshold level of 0.05).

Cens = 0%

pA = 0.10 β: 0 1.5 1.75 2 2.25 2.5

Score-like 4.20 49.10 63.50 75.90 85.90 91.50

Cox-XCI 5.10 40.80 55.60 70.10 81.40 88.20

Cox-XCE 4.70 34.90 48.50 61.90 73.60 82.30

Xu-Hao 7.30 44.30 59.80 72.60 83.00 89.90

pA = 0.20 β: 0 1.5 1.75 2 2.25 2.5

Score-like 5.10 65.90 80.90 91.40 96.00 98.80

Cox-XCI 5.60 61.50 78.20 89.20 94.70 98.50

Cox-XCE 5.50 53.50 70.50 81.80 92.30 96.80

Xu-Hao 7.20 65.00 79.70 92.40 95.80 98.50

pA = 0.30 β: 0 1.5 1.75 2 2.25 2.5

Score-like 4.60 75.70 91.30 95.80 99.00 99.80

Cox-XCI 4.60 72.80 89.10 94.10 98.40 99.80

Cox-XCE 5.70 63.90 83.30 90.60 97.20 99.30

Xu-Hao 7.10 75.10 90.30 95.20 98.70 99.80

Cens = 20%

pA = 0.10 β: 0 1.5 1.75 2 2.25 2.5

Score-like 6.10 42.00 52.20 64.60 76.10 84.10

Cox-XCI 5.60 32.00 43.60 55.80 67.40 76.70

Cox-XCE 6.20 27.90 37.00 48.90 59.40 69.00

Xu-Hao 8.00 36.20 47.30 59.80 70.50 80.90

pA = 0.20 β: 0 1.5 1.75 2 2.25 2.5

Score-like 5.80 55.50 73.40 81.50 91.90 97.00

Cox-XCI 5.90 49.10 67.60 76.90 89.40 96.40

Cox-XCE 6.30 43.50 57.70 70.50 83.10 91.80

Xu-Hao 7.80 53.20 71.80 80.20 91.40 96.70

pA = 0.30 β: 0 1.5 1.75 2 2.25 2.5

Score-like 4.30 67.10 81.40 92.80 97.80 99.70

Cox-XCI 4.80 61.80 77.40 90.30 97.00 99.30

Cox-XCE 4.50 54.30 69.40 85.10 93.30 97.20

Xu-Hao 6.90 64.70 79.60 91.30 97.50 99.40

Cens = 40%

pA = 0.10 β: 0 1.5 1.75 2 2.25 2.5

Score-like 5.70 34.90 41.70 53.40 63.00 75.00

Cox-XCI 5.10 24.60 29.70 41.80 50.20 64.00

Cox-XCE 5.80 20.60 26.20 35.80 42.40 54.30

Xu-Hao 7.20 28.10 35.00 46.30 54.90 68.00

pA = 0.20 β: 0 1.5 1.75 2 2.25 2.5

Score-like 5.20 46.10 58.00 72.80 79.00 92.20

Cox-XCI 5.00 38.80 51.40 66.30 74.40 89.10

Cox-XCE 5.90 33.10 43.60 57.40 67.30 80.50

Xu-Hao 6.40 43.30 55.40 69.70 77.80 91.30

pA = 0.30 β: 0 1.5 1.75 2 2.25 2.5

Score-like 5.00 57.60 73.90 81.50 92.60 97.40

Cox-XCI 5.30 52.50 69.10 78.60 90.80 96.20

Cox-XCE 4.80 45.70 57.60 71.00 84.30 92.40

Xu-Hao 7.40 56.70 72.20 81.50 92.50 96.90
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TABLE 2 | Size and power of tests (Score-like, Cox-XCI, Cox-XCE, Xu-Hao) for

XCI-S with Beta distribution (threshold level of 0.05).

Cens = 0%

pA = 0.10 β: 0 1.5 1.75 2 2.25 2.5

Score-like 5.10 60.70 78.00 85.40 94.50 98.30

Cox-XCI 5.20 54.90 72.60 82.00 92.60 97.30

Cox-XCE 4.40 54.80 73.30 82.50 93.30 97.10

Xu-Hao 7.30 50.50 69.80 78.30 89.10 96.10

pA = 0.20 β: 0 1.5 1.75 2 2.25 2.5

Score-like 4.20 78.90 91.00 97.70 99.50 100.00

Cox-XCI 4.80 76.00 89.70 96.90 99.20 100.00

Cox-XCE 4.60 76.60 89.40 96.70 99.20 99.90

Xu-Hao 6.40 72.40 87.10 94.90 98.90 99.90

pA = 0.30 β: 0 1.5 1.75 2 2.25 2.5

Score-like 5.20 82.00 94.00 98.80 99.80 100.00

Cox-XCI 5.70 80.30 93.20 98.80 99.80 100.00

Cox-XCE 5.90 78.80 93.20 98.00 99.70 100.00

Xu-Hao 7.90 79.50 91.60 98.10 99.50 100.00

Cens = 20%

pA = 0.10 β: 0 1.5 1.75 2 2.25 2.5

Score-like 5.00 52.80 67.00 83.00 89.00 95.10

Cox-XCI 5.30 44.20 59.90 77.40 84.80 92.50

Cox-XCE 4.40 44.20 60.10 75.50 83.40 92.60

Xu-Hao 7.60 40.70 55.70 72.80 83.30 88.90

pA = 0.20 β: 0 1.5 1.75 2 2.25 2.5

Score-like 5.10 69.90 85.50 92.60 97.90 99.80

Cox-XCI 5.10 65.50 81.40 91.40 97.60 99.70

Cox-XCE 5.90 64.90 82.80 90.70 97.20 99.30

Xu-Hao 7.10 62.80 78.00 88.90 95.70 99.10

pA = 0.30 β: 0 1.5 1.75 2 2.25 2.5

Score-like 4.50 78.20 88.50 97.30 99.60 100.00

Cox-XCI 5.20 76.60 88.00 96.70 99.50 100.00

Cox-XCE 4.70 73.70 86.50 96.10 99.20 100.00

Xu-Hao 8.20 76.10 87.40 94.20 99.20 99.70

Cens = 40%

pA = 0.10 β: 0 1.5 1.75 2 2.25 2.5

Score-like 4.60 45.30 56.50 69.10 81.10 89.30

Cox-XCI 4.80 35.40 45.60 59.20 73.60 84.00

Cox-XCE 5.50 34.70 47.00 57.40 74.50 82.20

Xu-Hao 6.50 34.00 44.80 56.10 68.00 79.00

pA = 0.20 β: 0 1.5 1.75 2 2.25 2.5

Score-like 4.40 59.70 74.90 85.00 93.70 98.50

Cox-XCI 4.60 54.00 68.40 82.50 92.30 97.20

Cox-XCE 4.60 54.10 67.90 82.20 92.30 97.80

Xu-Hao 6.60 51.80 66.70 78.80 88.60 95.80

pA = 0.30 β: 0 1.5 1.75 2 2.25 2.5

Score-like 5.80 64.80 78.30 90.20 96.80 99.10

Cox-XCI 5.70 61.90 76.60 89.20 96.40 98.90

Cox-XCE 6.30 60.10 74.40 87.50 96.00 98.70

Xu-Hao 9.20 62.30 76.60 86.70 95.90 98.00

TABLE 3 | Size and power of tests (Score-like, Cox-XCI, Cox-XCE, Xu-Hao) for

XCI-S with truncated normal distribution (threshold level of 0.05).

Cens = 0%

pA = 0.10 β: 0 1.5 1.75 2 2.25 2.5

Score-like 4.00 47.20 61.20 75.10 85.50 93.30

Cox-XCI 5.30 40.80 53.50 69.60 80.80 89.90

Cox-XCE 5.00 34.60 46.90 62.00 73.70 84.90

Xu-Hao 7.80 43.70 57.40 71.80 83.80 91.50

pA = 0.20 β: 0 1.5 1.75 2 2.25 2.5

Score-like 5.10 65.70 81.40 90.40 96.20 98.80

Cox-XCI 5.40 61.00 77.90 87.90 95.50 98.60

Cox-XCE 5.60 54.50 70.90 81.20 91.30 96.60

Xu-Hao 7.90 65.40 79.90 90.30 96.20 98.80

pA = 0.30 β: 0 1.5 1.75 2 2.25 2.5

Score-like 5.40 77.00 88.30 94.10 99.20 100.00

Cox-XCI 5.70 74.50 87.40 93.60 99.00 99.90

Cox-XCE 6.00 63.90 82.50 90.30 97.00 99.10

Xu-Hao 8.90 78.60 89.20 94.60 99.20 99.80

cens = 20%

pA = 0.10 β: 0 1.5 1.75 2 2.25 2.5

Score-like 5.10 41.20 52.30 65.60 76.80 84.20

Cox-XCI 5.10 31.20 42.40 56.60 69.00 77.90

Cox-XCE 5.00 26.40 36.00 49.10 60.40 70.60

Xu-Hao 8.30 34.70 47.00 61.20 72.10 79.40

pA = 0.20 β: 0 1.5 1.75 2 2.25 2.5

Score-like 4.70 56.90 69.90 84.50 92.30 97.10

Cox-XCI 4.20 50.30 66.30 81.10 90.40 96.00

Cox-XCE 4.50 44.60 58.20 74.10 84.00 92.70

Xu-Hao 6.20 55.30 69.50 83.60 91.00 97.10

pA = 0.30 β: 0 1.5 1.75 2 2.25 2.5

Score-like 5.00 68.80 81.10 92.30 97.40 98.90

Cox-XCI 4.50 65.10 78.80 90.70 96.80 98.50

Cox-XCE 5.40 55.60 72.00 84.20 93.20 96.90

Xu-Hao 7.10 69.90 82.40 93.60 97.30 98.80

Cens = 40%

pA = 0.10 β: 0 1.5 1.75 2 2.25 2.5

Score-like 6.20 33.10 44.20 55.40 64.00 74.20

Cox-XCI 5.40 24.00 33.10 43.90 52.10 64.20

Cox-XCE 6.10 19.00 28.90 37.00 43.60 55.40

Xu-Hao 8.10 27.30 36.80 45.70 54.70 68.50

pA = 0.20 β: 0 1.5 1.75 2 2.25 2.5

Score-like 5.20 45.00 57.90 73.20 81.60 90.80

Cox-XCI 4.80 39.30 50.90 67.50 76.50 87.60

Cox-XCE 4.50 32.50 43.70 58.90 68.80 80.70

Xu-Hao 7.10 42.80 55.20 72.30 80.10 89.70

pA = 0.30 β: 0 1.5 1.75 2 2.25 2.5

Score-like 4.70 56.20 70.10 84.10 91.70 96.80

Cox-XCI 4.40 51.80 66.50 80.90 89.80 96.40

Cox-XCE 4.70 43.80 57.30 73.70 83.70 92.10

Xu-Hao 8.10 58.20 71.50 84.60 91.30 96.80

Frontiers in Medicine | www.frontiersin.org 6 June 2022 | Volume 9 | Article 856917

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Hässler et al. X-Chromosome Association With Biotherapy Immunogenicity

3.2. Abirisk Cohort
The cohort analyzed in this work consists in 456 patients with
genotyping information who successfully passed the quality-
control procedures and who were suffering from auto-immune
diseases and were naive for the studied biotherapies before the
study. There were 309 women (68%) and 147men (32%). Patients
were aged from 18 to 87 years old and the median age was
41 years old. In this multi-cohort, 131 patients (29%, 65 males,
66 females) suffered from inflammatory bowel diseases (Crohn’s
disease or ulcerative colitis), 141 (31%, 42 males, 99 females)
from multiple sclerosis and 184 (40%, 40 males, 144 females)
from rheumatoid arthritis. Eight biotherapies were used in the
study : TNF-inhibitors (Adalimumab, Etanercept, Infliximab),
IFNβ (IFNβ-1a subcutaneous, IFNβ-1a intra-muscular and
IFNβ-1b subcutaneous), anti-IL6R (Tocilizumab) and anti-
CD20 monoclonal antibodies (Rituximab). 253 patients (55%)
were taking TNF-inhibitors, 141 (31%) IFNβ , 35 (8%) anti-IL6R
and 27 (6%) anti-CD20. For the 456 patients, the probability
of producing ADA at 1 year was 27.5% [23.0%-31.8%]. The sex
variable was not significantly related to the time to ADAdetection
(p = 0.64).

We first computed the p-values obtained with the stratified
version (by the sex) of the score-like test. Then, to identify X-
chromosomal loci associated with ADAs, we performed an FDR-
based genome-wide analysis. Controlling the FDR at nominal
level of 5% (19), we selected 24 associated signals. Results
obtained using unstratified tests were similar. Among these
association signals, two signals had p-values lower than 10−6 :
rs5991366 (p = 3.56 ∗ 10−8 stratified test, p = 4.58 ∗ 10−8

unstratified test) and rs5991394 (p = 3.74 ∗ 10−7 stratified test,
p = 3.63 ∗ 10−7 unstratified test). Both SNPs were located in
the cytoband Xp22.2 near the gene chromobox 1 pseudogene
4 (CBX1P4) and the gene REPS2 (RALBP1 Associated Eps
Domain Containing 2). For rs5991366, the frequency for the
minor allele was 9.1% for females and 8.8% for males with
no significant difference. For rs5991394, the frequency for the
minor allele was 9.9% for females and 10.2% for males with no
significant difference. This pair of SNPs are in very high linkage
disequilibrium (R2 = 0.85) (20).

Figure 1 displays the Kaplan-Meier survival curves for the
SNP rs5991366. No event occurred among the 13 hemizygous
males and 4 homozygous females for the alternative allele,
whereas among the hemizygous males and homozygous females
for the reference allele, 26.1% (35/134) and 27.6% (71/257)
developed ADA positivity, respectively. Among the heterozygous
females, 14.6% (7/48) developed ADA positivity. Figure 2

displays the Kaplan-Meier survival curves for the SNP rs5991394.
No event occurred among the 15 hemizygous males and 3
homozygous females for the alternative allele, whereas among
the hemizygous males and homozygous females for the reference
allele, 26.5% (35/132) and 27.5% (69/251) developed ADA
positivity, respectively. Among the heterozygous females, 16.4%
(9/55) developed ADA positivity.

Figures 3, 4 display theManhattan plot of the X Chromosome
genome-wide association results obtained with the score-like test
(Figure 3) with a zoom in on the genomic region 150,000,000 bp

FIGURE 1 | ADA-free survival curves (men and women) for rs5991366.

FIGURE 2 | ADA-free survival curves (men and women) for rs5991394.

FIGURE 3 | Manhattan plot of X Chromosome genome-wide association

results-Score-like test.

to 20,000,000 bp (Figure 4). Figures 5–7 displayManhattan plots
of the X Chromosome genome-wide association results obtained
with the (stratified) Cox-XCI test (Figure 5), the (stratified) Cox-
XCE test (Figure 6) and the Xu-Hao test (Figure 7). Looking
at the Manhattan diagrams in the distal Xp22.2 region, the
association signals obtained from the Cox-XCI, Cox-XCE and
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FIGURE 4 | Manhattan plot of X Chromosome genome-wide association

results (Score-like test) with zoom in on area 15,000,000–20,000,000 with

SNP rs5991366 (red) and SNP rs5991394 (green).

FIGURE 5 | Manhattan plot of X Chromosome genome-wide association

results-Cox-XCI test.

Xu-Hao tests were weaker than those obtained from the score-
like test.

4. DISCUSSION

Our aim was to investigate the association of loci located on
the X chromosome with drug immunogenicity in auto-immune
diseases, while taking into account different X-chromosome
inactivation models: XCI (random inactivation), XCI-S (skewed
inactivation) and XCE (inactivation escape). To date, few
strategies have been proposed for analyzing time-to-event data,
taking into account the complexity of the X-chromosome
inactivation biological process. In practice, one can use statistical
tests derived from the classical Cox model (with XCI or XCE
coding) or amore complex and computationally burdensome test
based on a random effect Cox model (1, 2).

We propose a new score-like test that takes into account
for an unknown underlying XCI process with a potentially
skewed pattern. We assumed a semi-parametric additive hazard

FIGURE 6 | Manhattan plot of X Chromosome genome-wide association

results-Cox-XCE test.

FIGURE 7 | Manhattan plot of X Chromosome genome-wide association

results - Xu-Hao test.

model with a latent factor that provides an easy and meaningful
interpretation of the skewed X-inactivation process. Results from
the simulation study show that the proposed test provides higher
power gains than the score tests from the Cox model (XCI and
XCE coding) and to the likelihood ratio test proposed by Xu
et al. (1) and Han et al. (2). With the latter test, some caution
should be taken when interpreting its power results as the type
I error rate is slightly inflated. For the distribution of the latent
factor, we considered a raised cosine distribution that mimicks
the unknown skewed X-inactivation process and leads to a
closed form for the marginal survival distribution. Other choices
are possible. However, as shown by the simulation study, the
proposed test performs quite well even with other distributions
such as the Beta and truncated Normal distributions. In the
present, the additive hazard model that represents the effect
of the genetic locus on the hazard rate as a linear form,
serves as an alternative to the usual proportional hazards model
and benefits from several useful mathematical properties. The
model involves a straightforward simple testing procedure and a
stratified version of the score-like test is easily obtained. However,
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if the genetic effect is not confounded with sex, there is no need
to stratify by sex in the analysis. Note that our main objective
was not to find the best genetic model over various biological
processes but to propose a novel statistic for testing the effect of
a loci under an XCI-S process. The statistic could nevertheless
be used for model selection, although this would require further
works.

By investigating the association between the genes located
on the X chromosome with anti-drug immunogenicity, the
proposed test allowed us to select two SNPs with high
linkage disequilibrium (rs5991366 and rs5991394) located in
the cytoband Xp22.2 that would have been overlooked by
the score tests from the Cox model (XCI and XCE coding)
and the Xu et al.’s likelihood ratio test. Both SNPs show a
similar protective effect for drug immunogenicity without any
occurrence of ADA positivity for homozygous females and
hemizygous males for the alternative allele. In contrast, almost
30% of the homozygous females and hemizygous males for
the reference allele experienced ADA positivity. Note that for
both SNPs, the frequencies of the alternative allele observed for
both males and females were not significantly different from the
estimates obtained in European samples (21).

The region containing the two X-linked SNPs associated with
ADA occurrence is conserved between primates (99% identity)
and also within mammals (70% identity with mus musculus)
(22). Moreover, the SNP rs59913394 is in the proximity of a
regulatory variant (rs113772781) in LD (r2=1 in Europeans), but
no gene expression in immune cell types is regulated by this
variant (23). In the genomic neighborhood of these two SNPs,
the closest gene, CBX1P4 (Chromobox 1 Pseudogène 4), is a
pseudogene followed by the geneREPS2 (RALBP1Associated Eps
Domain Containing 2). The REPS2 gene (RALBP1 Associated
Eps Domain Containing) encodes for a protein which is part
of a protein complex that regulates the internalization of
growth factors receptors such as EGF and insulin receptors and
may have an inhibitory effect on growth factor cell signaling.
It is downregulated in prostate cancer progression and that
this downregulation is accompanied by upregulation of NF-κB
activity (24, 25). No direct effect of REPS2 on auto-immune
disease has been recognized to date. However, the REPS2 gene is
widely expressed in several human tissues, including white blood
cells and lymph nodes. Its biological targets (growth factors and
NF-κB signaling) are also widely expressed and have a major
role in inflammation and immunity. Dysregulation of the IGFs
pathway has an important role in autoimmune diseases (26). In
particular, IGF stimulates Treg proliferation and has a protective
effect in autoimmune disease models. Further in the Xp22.2
locus, several genes have a role in immunity including ACE2,
TLR7, and TLR8. ACE2 (Angiotensin I converting enzyme 2) is a
key actor of the renin-angiotensin system acting as a homeostatic
regulator of the vascular function (blood pressure regulation).
Recently it attracted much attention for its major role in SARS-
CoV-2 infection through its affinity for the viral spike factor,
raising the question of a possible sex bias in this disease (27).
The genes TRL7 and TLR8 are members of the Toll-like receptor
(TLR) family which plays a major role in activation of innate
immunity. Studies have shown that some immunity genes such as

TLR7, CD40LG, and CXCR3may escape XCI in several lymphoid
cells (B cells, T cells, plasmacytoid cells), especially in some auto-
immune diseases such as Systemic Lupus Erythematosus due to
a dysregulation of the XIST long non-coding RNA involved in
XCI (28–30). Here, we investigated the genes that are located
in the vicinity of the SNPs of interest, but other genes that are
further from the SNPs (e.g., MNG2 multinodular goiter 2) could
be relevant. Additional studies are required to strengthen our
findings.

In the search for common susceptible loci, we analyzed
together the time to ADA of patients treated with eight different
drugs for different autoimmune diseases. This strategy, which
uses information concerning various therapies and autoimmune
diseases, is likely to provide significant gain in power in
finding loci not associated with specific therapies or autoimmune
diseases. Nevertheless, it would not be suitable for searching for
loci that are specific to a particular therapy or disease.

In conclusion, we think that more X-Chromosome GWAS
should be performed and that the proposed test, which is easy to
implement with standard softwares, is well-suited for identifying
X Chromosome SNPs, while taking into account all possibilities
of the skewed X-Chromosome inactivation process.
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