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Abstract

The study objective was to test the hypothesis that having histocompatible children increases the risk of rheumatoid arthritis
(RA) and systemic lupus erythematosus (SLE), possibly by contributing to the persistence of fetal cells acquired during
pregnancy. We conducted a case control study using data from the UC San Francisco Mother Child Immunogenetic Study and
studies at the Inova Translational Medicine Institute. We imputed human leukocyte antigen (HLA) alleles and minor
histocompatibility antigens (mHags). We created a variable of exposure to histocompatible children. We estimated an average
sequence similarity matching (SSM) score for each mother based on discordant mother—child alleles as a measure of
histocompatibility. We used logistic regression models to estimate odds ratios (ORs) and 95% confidence intervals. A total of
138 RA, 117 SLE, and 913 control mothers were analyzed. Increased risk of RA was associated with having any child
compatible at HLA-B (OR 1.9; 1.2-3.1), DPBI (OR 1.8; 1.2-2.6) or DOBI (OR 1.8; 1.2-2.7). Compatibility at mHag ZAPHIR
was associated with reduced risk of SLE among mothers carrying the HLA-restriction allele B*07:02 (n =262; OR 0.4; 0.2—
0.8). Our findings support the hypothesis that mother—child histocompatibility is associated with risk of RA and SLE.

These authors contributed equally: Lindsey A. Criswell, Lisa F. Introduction

Barcellos

Rheumatoid arthritis (RA) and systemic lupus erythemato-
sus (SLE) are two prototypic autoimmune conditions.

Supplementary information The online version of this article (https://
doi.org/10.1038/s41435-018-0055-7) contains supplementary
material, which is available to authorized users.
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Despite differing clinical manifestations, a common feature
is the production of B- and T-cell responses directed against
self-antigens. Both diseases have strong associations with
human leukocyte antigen (HLA) alleles [1] and pre-
dominately affect women [2, 3]. In RA, the female to male
ratio is 3:1 and 9:1 in SLE [3]. The sex disparity has
prompted investigation into various female-specific expo-
sures, including those related to pregnancy [2], as potential
etiologic factors.

The effect of pregnancy on RA and SLE activity is well
documented and supports the hypothesis that immunologic
changes during pregnancy are implicated in RA and SLE
disease processes. The improvement of RA symptoms with
pregnancy has been noted for decades [4, 5]. In SLE,
relative to nonpregnant patients, pregnant patients have
higher disease activity scores [6] and experience more flares
[7]. Risk of RA increases during the first 2 years after birth
[8—10]. In contrast to RA, a recent birth is associated with a
reduction in risk of developing SLE lasting up to 10 years
[11]. HLA disparity has been associated with improvement
of RA symptoms during the course of pregnancy [12-14]
and with delayed onset of RA post-pregnancy [13]. Per-
sistent fetal microchimerism is more common in RA and
SLE patients compared to controls [15]. One hypothesis is
that the persistence of fetal cells in the mother’s body may
be analogous to a graft and its immunological effect may be
mediated by HLA relationships between mother and fetus
[16].

The effects of HLA mismatch have been extensively
investigated in the context of transplantation. HLA mis-
match is associated with increased risk of graft-versus-host
disease (GVHD) [17] as is mismatching on minor histo-
compatibility antigens (mHags) among HLA-matched
donor—recipients [18]. mHags are polymorphic peptides
encoded by genes outside of the HLA region that are pre-
sented in an HLA-restricted manner, meaning that the
peptide binds to specific HLA molecules [19]. The simila-
rities between GVHD and the clinical manifestations of
certain autoimmune conditions have led to the hypothesis
that mother—child HLA mismatch may contribute to female
autoimmune disease processes [20, 21]. However, these

studies have been limited to the investigation of a small
number of HLA loci. The objective of this study was to
investigate the association between RA and SLE and
mother—child histocompatibility at seven classical HLA
loci and six HLA-restricted mHags in a cohort of mother
—child pairs.

Results

RA and SLE cases were older at the time of interview or
electronic medical record (EMR) extraction compared to
controls (Table 1). On average, RA cases were diagnosed at
age 39 and SLE cases at age 42. Cases had a greater number
of live births compared to the average number among
controls.

Mother—child histocompatibility

Over the seven individual HLA loci tested in RA and SLE
separately, HLA-B, DPBI and DQBI were associated with
increased risk of RA when mothers had one or more chil-
dren prior to diagnosis who were histocompatible from the
mother’s perspective (Table 2). The association between
HLA-B and RA was odds ratio (OR) 1.9; 95% confidence
interval (CI), 1.2-3.1, between DPBI and RA OR 1.8; 95%
CI, 1.2-2.6 and OR 1.8; 95% CI, 1.2-2.7 between DQBI
and RA. Among SLE cases, there was no evidence of an
association between having any histocompatible children at
any of the classical HLA loci tested and risk of disease
(Table 3). A minority of cases and controls had children
who were histocompatible at all seven loci (3.6% of RA
cases, 1.7% of SLE, and 0.8% of controls). We found a
significant difference between cases and controls and the
proportion of missing histocompatibility status at DQBI
(controls 6%, RA 16%, SLE 25% missing) and between
SLE status and HLA-A (controls 3% and SLE 6%). No other
differences were found at the other loci tested.

Results using the SSM score to categorize mother—child
compatibility at each locus are found in Tables 4 and 5. The
SSM score range varied across HLA loci. Supplementary

Table 1 Characteristics of
mothers by rheumatoid arthritis

(RA), systemic lupus N
erythematosus (SLE) and
control status

Characteristics RA SLE Controls
138 117 913

Age at interview, mean + SD 56.0£9.2 563+10.7 36.5%9.2

Number of live births, mean = SD 22+1.0 24+1.2 1.9+£0.9

Number of live births prior to diagnosis, mean + SD 20+1.0 22+12 —

Years between last birth before diagnosis and diagnosis, mean+ SD® 13.5+11.0 16.1+104 —

Age at diagnosis, mean + SD 394+11.6 427+106 —

“Participants included in HLA-compatibility analyses

®Age at last birth before diagnosis available for 120 RA cases
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Table 2 Association between one or more children histocompatible
from the mother’s perspective among rheumatoid arthritis (RA) cases
compared to controls (analyses are for each HLA locus and are
adjusted for number of live births)

Table 3 Association between one or more children histocompatible
from the mother’s perspective among systemic lupus erythematosus
(SLE) cases compared to controls (analyses are for each HLA locus
and are adjusted for number of live births)

Any RA Controls OR (95% CI) Bonferroni Any SLE Controls OR (95% CI) Bonferroni
histocompatible  n (%) n (%) corrected p histocompatible  n (%) n (%) corrected p
children value® children value®
HLA Class 1 HLA Class 1
A A
None 104 (75) 683 (75) Reference None 78 (67) 683 (75) Reference
1 or more 34 (25) 230 (25) 1.0 (0.6-1.5) 1.00 1 or more 39 (33) 230 (25) 1.5(1.0-2.3) 0.35
B B
None 111 (80) 814 (89) Reference None 101 (86) 814 (89) Reference
1 or more 27 (200 99 (11) 1.9 (1.2-3.1) 0.04 1 or more 16 (14) 99 (11) 1.2 (0.7-2.2) 1.00
C C
None 105 (76) 752 (82) Reference None 92 (79) 752 (82) Reference
1 or more 33 (24) 161 (18) 1.4 (0.9-2.2) 0.77 1 or more 25 (21) 161 (18) 1.2 (0.7-1.9) 1.00
HLA Class II HLA Class II
DPB1 DPB1
None 63 (46) 555 (61) Reference None 64 (55) 555 (61) Reference
1 or more 75 (54) 358 (39) 1.8 (1.2-2.6) 0.01 1 or more 53 (45) 358 (39) 1.3(0.9-1.9) 1.00
DQAI DQAI
None 74 (54) 597 (65) Reference None 69 (59) 597 (65) Reference
1 or more 64 (46) 316 35) 1.6 (1.1-2.3) 0.10 1 or more 48 (41) 316 (35) 1.2 (0.8-1.9) 1.00
DQBI DQBI
None 93 (67) 725 (79) Reference None 85 (73) 725 (79) Reference
1 or more 45 (33) 188 (21) 1.8 (1.2-2.7) 0.03 1 or more 32 (27) 188 (21) 1.4 (0.9-2.1) 1.00
DRBI1 DRBI1
None 103 (75) 765 (84) Reference None 103 (75) 765 (84) Reference
1 or more 35 (25) 148 (16) 1.6 (1.0-2.4) 0.28 1 or more 35 (25) 148 (16) 1.3 (0.8-2.2) 1.00

OR odds ratio, 95% CI, confidence interval
*Bonferroni corrected p values for seven tests

Figures 1 to 7 present the SSM score distribution at each
locus by disease status. DQAI had the smallest range in
score and HLA-A and B had the greatest. Results for cases
and controls were very similar (Supplementary Table 4). All
estimates from the multivariable models comparing the top
quartile of similarity to the least and their association with
RA and SLE contained the null (Tables 4 and 5). The SSM
score was correlated with our allele-based definition of
histocompatibility where average scores were significantly
lower in the histocompatible group, as expected (data not
shown).

Minor histocompatibility antigen compatibility

Table 6 shows results for association tests between mHag
compatibility versus incompatibility and SLE among
mothers. The number of mothers who carried the HLA
restriction allele for each mHag determined the sample size
for each model (Table 6). We found evidence of reduced

OR odds ratio, 95% CI confidence interval

“Bonferroni corrected p values for seven tests

SLE risk associated with having one or more children who
were compatible for ZAPHIR, restricted for HLA-B*07:02,
regardless of mother—child histocompatibility status; OR
0.4; 95% CI, 0.2-0.8. Taking HLA compatibility into
account (Table 7), SLE cases were less likely to have HLA-
compatible/mHag compatible children (yes/no) at ZAPHIR
compared to controls (0% vs. 9% respectively, Fisher’s
exact p value = 0.05). However, HLA-compatibility com-
bined with mHag compatibility at LB-WNK1 was more
likely among cases than control mothers (23% vs. 13%
respectively, Fisher’s exact p value =0.02). We did not
observe associations between compatibility and SLE at
other mHags investigated.

Discussion

Our study addressed the hypothesis that mother—child
histocompatibility increases risk of RA and SLE possibly

SPRINGER NATURE
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Table 4 Mean sequence similarity matching (SSM) score and risk of
rheumatoid arthritis (RA) among mothers

Histocompatibility per RA Controls OR (95%  p for
SSM score (Quartile) n (%) n (%) CD* linear
trend
HLA Class 1
A
Least (4th) 30 (22) 222 (24) Reference
Most (1st) 35 (25) 229 (25) 1.2 (0.7- 0.35
2.0)
B
Least (4th) 37 (27) 231 (25) Reference
Most (1st) 34 (25) 231 (25) 1.0 (0.6— 0.99
1.6)
C
Least (4th) 35 (25) 209 (23) Reference
Most (1st) 32 (23) 227 (25) 0.8 (0.5- 0.52
1.4)
HLA Class II
DPBI1
Least (4th) 24 (17) 220 (24) Reference
Most (1st) 42 (30) 244 (27) 1.5 (0.9- 0.26
2.6)
DQAI
Least (4th) 22 (16) 218 (24) Reference
Most (1st) 24 (17) 221 24) 1.1 (0.6— 0.65
2.0)
DQB1
Least (4th) 28 (20) 295 (32) Reference
Most (1st) 33 (24) 221 (24) 1.6 (0.9- 0.04
2.8)
DRBI1
Least (4th) 23 (17) 210 (23) Reference
Most (1st) 34 (25) 244 (27) 1.3 (0.7- 0.65

2.3)

OR odds ratio, 95% CI confidence interval

*Adjusted for number of live births. The SSM score estimates degree
of similarity between two alleles. A lower score indicates increased
similarity relative to a higher score; therefore, the fourth quartile of
scores is intended to represent the least histocompatible group and the
first quartile the most

by facilitating the persistence of fetal cells. We found that
RA cases were more likely to have a child histocompatible
at HLA-B, DPBI and DQBI compared to controls. Our
findings are consistent with previous studies that found an
association between decreased disease activity during
pregnancy and DQAI and DQBI incompatibility [12, 13].
One hypothesis is that incompatibility results in competition
between fetal and maternal self-antigens, where one dis-
places the other leading to an improvement of symptoms or
delayed onset. Compatibility may increase risk of disease
by contributing to the process of epitope spreading prior to

SPRINGER NATURE

Table 5 Mother—child similarity score—Mean sequence similarity
matching (SSM) score and risk of systemic lupus erythematosus (SLE)
among mothers

Histocompatibility per SLE Controls OR (95%  p for
SSM score (Quartile) n (%) n (%) CI)* linear
trend
HLA Class I
A
Least (4th) 26 (22) 222 (24) Reference
Most (1st) 31 (27) 229 (25) 1.2 (0.7- 0.46
2.2)
B
Least (4th) 23 (20) 231 (25) Reference
Most (1st) 37 (32) 231 (25) 1.5 (0.9- 0.23
2.7)
C
Least (4th) 30 (26) 209 (23) Reference
Most (1st) 26 (22) 227 (25) 0.8 (0.4- 0.19

1.4)
HLA Class 11

DPBI1
Least (4th) 26 (22) 220 (24) Reference
Most (1st) 19 (16) 244 (27) 0.7 (0.3— 0.04
1.2)
DQAL
Least (4th) 26 (22) 218 (24) Reference
Most (1st) 19 (16) 221 (24) 0.7 (0.4— 0.25
1.4)
DQBI1
Least (4th) 29 (25) 295 (32) Reference
Most (1st) 18 (15) 221 (24) 0.8 (0.4 0.89
1.5)
DRBI1
Least (4th) 14 (12) 210 (23) Reference
Most (1st) 28 (24) 244 (27) 1.7 (0.9- 0.42

3.3)

OR odds ratio, 95% CI confidence interval

#Adjusted for number of live births. The SSM score estimates degree
of similarity between two alleles. A lower score indicates increased
similarity relative to a higher score; therefore, the fourth quartile of
scores is intended to represent the least histocompatible group and the
first quartile the most

disease onset [22], if the quantity of risk-associated antigens
increases with pregnancy. Compatibility may diminish T-
reg activation that helps to shift the balance of Th1/Th2
cytokines. Paternal antigens induce T-regs independent of
pregnancy hormones in murine models of pregnancy [23].

We found no association between histocompatibility and
SLE. The lack of consistency between the two diseases does
not support the hypothesis that histocompatibility functions
as a common mechanism in autoimmunity, such as by
facilitating the persistence of fetal cells. Our findings do not
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Table 6 Mother—child compatibility at minor histocompatibility
antigens (mHag) and risk of systemic lupus erythematosus (SLE)
among mothers with the corresponding HLA restriction

Any mHag- HLA restriction SLE Controls OR (95% p
matched n (%) n (%) CI)?
children
SLCI9A1 DRBI1*15:01
None 24 (52) 111 (53) Reference
1 or more 22 (48) 98 (47) 09 (0.5- 0.76
1.7)
LB-WNKI1  A*02:01
None 45 (47) 252 (57) Reference
1 or more 50 (53) 188 (43) 1.5(0.9- 0.11
2.3)
HA-3 A*01:01
None 32 (48) 152 (52) Reference
1 or more 34 (52) 140 (48) 1.2 (0.7- 0.50
2.1)
ZAPHIR B*07:02
None 29 (74) 117 (52) Reference
1 or more 10 (26) 106 (48) 0.4 (0.2— 0.01
0.8)
HEATRI1 B*08:01
None 31 (54) 127 (64) Reference
1 or more 26 (46) 73 37) 1.50.8- 022
2.7)
C190rf48 A*02:01
None 44 (46) 245 (56) Reference
1 or more 51 (54) 195 @44) 1.4 0.9- 0.13
2.3)

OR odds ratio, 95% CI confidence interval
#Adjusted for number of live births

rule out that histocompatibility contributes to autoimmunity
through other mechanisms and highlight the importance of
considering the contrasting pattern of the effect of preg-
nancy on RA and SLE [24]. The findings that incompat-
ibility is associated with remission and delayed onset are
consistent with a mechanism of action based on increased
production of T-regs during pregnancy that shifts the Th1/
Th2 balance in RA. Lupus flares during pregnancy are more
likely in women with active disease at the time of preg-
nancy [25]. In lupus pregnancy, complement activation has
been implicated in flares during pregnancy [26], high-
lighting the distinct immunological pathways that lead to
each disease.

HLA Class II incompatibility has been reported to be
associated with remission or improvement of RA symptoms
during pregnancy and possibly with risk of developing RA
in the post-partum period [12, 13]. One study found
increased risk of RA in the first year after birth was asso-
ciated with incompatibility at DQAI (OR 3.86; 95% CI,
1.03-14.52) and DQBI (OR 4.23,95% CI, 1.12-15.9) [13].

Table 7 Fisher’s Exact test between having any children who are
mHag and HLA compatible and risk of systemic lupus erythematosus
(SLE) among mothers (histocompatible from the mother’s perspective
at the restriction HLA locus and at the minor histocompatibility
antigen)

Any HLA-matched/ HLA restriction SLE Controls p*

mHag-matched n (%) n (%)
children

SLCI9A1 DRBI*15:01

None 44 (96) 189 (90)

1 or more 2 4) 20 (10) 0.39
LB-WNKI1 A*02:01

None 73 (77) 384 (87)

1 or more 22 (23) 56 (13) 0.02
HA-3 A*01:01

None 57 (86) 251 (86)

1 or more 9 (14) 41 (14) 1.0
ZAPHIR B*07:02

None 39 (100) 202 (91)

1 or more 0 (0) 21 (9) 0.05
HEATRI1 B*08:01

None 51 (89) 189 (95)

1 or more 6 (11) 11(¢5) 0.22
C190rf48 A*02:01

None 75 (79) 366 (83)

1 or more 20 (21) 74 (17) 0.37

“Fisher’s exact test p value

However, the study was based on a small sample of 16
women who developed RA during this period. Compat-
ibility at HLA Class II has been associated with increased
risk of scleroderma [27]. Among controls, the frequency of
compatibility in our study at DRBI (17%) and DQAI (35%)
was similar to the one reported in the scleroderma study (16
and 34% respectively) [27]. Estimates for cases differ
according to disease, possibly due to relative differences in
pathophysiology. Our findings are in agreement with a
previous study that failed to find evidence of an association
between mother—child histocompatibility at DRBI and SLE
[28].

Compatibility at the minor histocompatibility antigen
ZAPHIR was associated with decreased risk of SLE among
mothers who carried the presenting HLA allele B*07:02
(OR 0.4; 95% CI, 0.2-0.8). Furthermore, we found a similar
association when analyses were restricted to the group of
mothers and children who were both histocompatible at
HLA-B and ZAPHIR (p = 0.05). ZAPHIR was identified in
the context of graft-versus-tumor effect in patients with
renal cell carcinoma [29]. In the case of one patient who
experienced a partial regression of lung metastasis after
stem cell transplantation found that the presence of
ZAPHIR-specific CD8+ T cells resulted in a graft-versus-

SPRINGER NATURE
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tumor effect and prevented against GVHD. In SLE, these
findings merit further investigation due to renal involvement
in more severe disease.

SLE cases were more likely to be compatible at both LB-
WNKI and at its HLA-A restriction site compared to con-
trols (p =0.02). LB-WNKI is encoded by WNKI1 [19].
WNKs are kinases associated with hypertension and
involved in the regulation of sodium and potassium ions
and water status in the nephron [30]. Elevated risk of pre-
eclampsia among SLE pregnancies compared to the general
population, including prior to disease onset [31] supports a
potential biological relevance for the observed association.
WNKI1 deficiency in mice increases conjugation between
T cells and antigen-presenting cells and T cells home less
efficiently to lymph nodes and spleen [32]. WNKI1 has been
found to be involved in the establishment of pregnancy and
regulation of inflammatory cytokines [33]. Functional stu-
dies in SLE and pre-SLE pregnancies are needed to
understand the significance of compatibility in the disease
process.

Minor histocompatibility antigen disparity is immuno-
genic as evident from their involvement in GVHD among
HLA-matched transplant recipients and in the potentially
curative graft-versus-leukemia effect (GVL) [34]. The use
of mismatched mHags as a way to trigger GVL is evidence
that mHags can be manipulated for therapeutic applications
[35]. As more mHags are discovered, their relevance and
function is likely to depend on the context of the interaction.

This study is among the first investigations of mother
—child mHag compatibility and risk of SLE. CD8+ T cells
specific for minor histocompatibility antigens of fetal origin
have been found in mothers up to 22 years after delivery
[36] as have mHag-specific regulatory T cells (T-regs) [37].
Exposure to fetal mHags is likely to come from micro-
chimerism or from particles that are shed from the placenta
and enter the maternal circulation [38]. Minor histo-
compatibility antigens are expressed in placental material
[39]. Placental vesicles of various sizes carry fetal nucleic
acids, proteins and lipids and are hypothesized to have
immunomodulatory effects [40, 41]. It is possible that
antigens from fetal sources mediate the effect of pregnancy
on RA and SLE. The shedding of placental material could
overload the dysfunctional clearance mechanism in SLE
patients, leading to exacerbation of symptoms [42]. Func-
tional studies of maternal immune cell responses to fetal
minor histocompatibility antigens are needed to understand
their biological effect in the context of autoimmunity.

Strengths and limitations
We describe a comprehensive report on mother—child his-
tocompatibility and risk of RA and SLE. We conducted a

case—control study in a well-characterized mother—child

SPRINGER NATURE

study of autoimmunity. The MCIS is a unique resource with
genotype data for case and control families, detailed ques-
tionnaire and medical record abstracted clinical data. Our
exposure definition of histocompatibility at both classical
HLA loci and minor histocompatibility antigens was based
on biology.

Some study limitations must be acknowledged. The use
of SNP2HLA to impute alleles at two-field resolution for
HILA-A, B, C, DPBI, DQAI, DQOBI and DRBI resulted in
different degrees of missing data by locus. This is possibly
due to the use of data derived from different genotyping
platforms. For the most part, missingness was not associated
with case control status with the exception of DQBI. Both
RA and SLE cases were more likely to have a missing value
for histocompatibility at DQBI compared to controls. It is
possible that the SNPs available for imputation of DQOBI
alleles for RA and SLE cases were not sufficient. For this
reason, the association between histocompatibility at DQBI
and RA and SLE requires further investigation. There were
also more missing data for HLA-A histocompatibility and
SLE but the difference between cases and controls was
small (3%) and it is unlikely this difference would sub-
stantially impact results.

Inclusion of controls from pregnancy cohorts at ITTMI
resulted in a significant difference in the age at interview or
EMR data extraction. It is possible that the younger age of
controls could bias our results by including future cases.
However, RA and SLE are both relatively rare in the gen-
eral population and we expect similar rates apply to this
cohort. Moreover, inclusion of future cases is likely to bias
our results towards the null. Differences in data collection
(self-administered questionnaire vs. EMR) could result in
information bias. For our study, the only variable included
in analyses was the number of live births. Studies have
shown a high level of concordance in the number of live
births reported by self-report and medical records (kappa =
1.0) [43, 44], therefore minimizing concern that the method
of collection contributed to the results. The lower number of
live births among controls compared to cases could reduce
the probability of exposure. However, all models are
adjusted for the number of live births.

In conclusion, we found new evidence for mother—child
HLA-mediated effects in RA and SLE. A comprehensive
evaluation of immunogenic peptides, such as minor histo-
compatibility antigens, is needed, as they may help explain
pregnancy-related effects and may be promising therapeutic
targets.

Patients and methods

We conducted a case—control study of 3746 individuals
including 1614 non-Hispanic white mothers and their 2132
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children. All mothers had at least one child who provided
blood or saliva for DNA extraction. Data for mothers and
children were obtained from the University of California
San Francisco (UCSF) Mother—Child Immunogenetic
Study (MCIS) and research studies conducted at the Inova
Translational Medicine Institute (ITMI), Inova Health
System, Falls Church, Virginia. The MCIS enrolled RA and
SLE case mothers who were identified from genetic studies
of autoimmunity at UCSF. Only mothers with at least one
child born prior to diagnosis were included in the study.
Cases were ascertained by the most current American
College of Rheumatology (ACR) criteria available at the
time of enrollment. RA cases met the 1987 revised ACR
criteria [45] and SLE cases met the 1997 revised ACR
criteria [46, 47]. Control mothers with no prior history of
RA or SLE and their children were identified from various
sources. MCIS control mothers were recruited from blood
donors who had participated in the Leukocyte Antibody
Prevalence Study (LAPS) [48] at the Blood Centers of the
Pacific and the Institute for Transfusion Medicine in Pitts-
burgh, PA. Data for mother—child control pairs were also
obtained from the ITMI’s Molecular Study of Preterm Birth
and the First 1000 Days of Life studies. Family trios
composed of a neonate and both parents were recruited at
the Inova Women’s Hospital, Inova Fairfax Medical Center,
Falls Church, Virginia [49]. We included mother—child
pairs from ITMI cohorts if the mother was of European
ancestry and had no prior history of RA or SLE. All par-
ticipants provided written informed consent. The study
protocol is in accordance with the Declaration of Helsinki
and was approved by the UCSF and UC Berkeley Institu-
tional Review Boards (IRB). The Western IRB and the
Inova Health System IRB approved ITMI studies.

Clinical and questionnaire data

For cases, we obtained the date of diagnosis and clinical
characteristics from medical records. The MCIS collected
data from case and control mothers on reproductive history
and potential confounders through a self-administered
questionnaire. For ITMI control mothers, reproductive his-
tory, mother’s and child’s date of birth and mother’s history
of RA and SLE were obtained from electronic medical
records (EMR).

Genotyping

Cases were genotyped for a panel of 2360 SNPs in the
MHC region using the combined MHC Exon-Centric and
Mapping panels from Illumina. Full genome profiling of
MCIS controls and children was conducted using the Illu-
mina 660K SNP array or the Illumina ImmunoChip. QA/
QC criteria were applied to all genotype data resulting in the

exclusion of SNPs that were genotyped in <80% of samples
and/or had a minor allele frequency (MAF)<1%. All
genotyping of MCIS participants was performed at UC
Berkeley. Whole-genome sequencing (WGS) data were
available for ITMI control mother—child duos. ITMI WGS
and QA/QC methods have been previously described [49].
For the Molecular Study of Preterm Birth samples WGS,
assembly and variant calling were performed by Complete
Genomics (CG) (Mountain View, CA) using Complete
Genomics’ Assembly Pipeline versions 2.0.0-2.03. The
1000 Days of Life Study samples were sequenced by Illu-
mina (San Diego, CA) with the Illumina Whole Genome
Sequencing Service Informatics Pipeline version 2.01-02.
In addition, we excluded SNPs that were genotyped in
<90% of samples and/or had an MAF <1%. We verified
familial relationships for all mother—child duos.

HLA allele imputation

We used SNP2HLA [50] to impute HLA alleles using post-
QA/QC genotype and WGS data. After imputation, we
excluded variants with a low measure of imputation accu-
racy (r2 <0.3). As an additional QC measure of imputation
quality, we compared imputation results at the allelic level
to typed two-field DRBI data available for a subset of MCIS
participants (n =2136) using the method described by
Raychaudhuri et al. [51]. The imputation procedure cor-
rectly called 93.1% of alleles. Using a chi-square test and a
significance threshold of a=0.05, we compared allele
accuracy by platform. We did not find statistically sig-
nificant differences by platform for the DRBI alleles
investigated (p = 0.19). The process of imputation and QA/
QC steps resulted in different sample sizes available at each
of the seven classical HLA loci (HLA-A, B, C, DPBI,
DQAI, DOBI, and DRBI) at two-field resolution. We took
a complete case approach in order to facilitate the inter-
pretation of results.

Minor histocompatibility antigens

We identified single nucleotide polymorphisms (SNPs)
correlated with minor histocompatibility antigens (mHags)
from a previously published report [52]. We obtained SNP
data for MCIS SLE cases available from other genetic
studies of autoimmunity at UCSF. ImmunoChip genotype
data were available for SLE cases and their children for
mHags SLC19A1 (rs1051266), LB-WNKI1 (rs12828016),
and ZAPHIR (rs2074071). In order to investigate as many
mHags as possible, we imputed mHag SNPs using
IMPUTE2 and the 1000 genomes (Phase 3) reference panel
[53]. We excluded imputed SNPs with an info score < 0.3.
After QA/QC, we had three additional SNPs for mothers
and at least one child born prior to diagnosis: HA-3
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(rs2061821), HEATRI1 (rs2275687), C190rf48
(rs3745526). For an additional QA/QC measure of impu-
tation accuracy, we compared the results of our imputed
rs2061821 with genotyped data from Illumina’s 550K
platform available for a subset of SLE cases and found
100% concordance. For ITMI controls, WGS data were
available for all six SNPs. RA mothers were not included in
this analysis due to the lack of datasets available to extract
or impute the SNPs correlated with mHags.

Classification of mother—child histocompatibility
profiles

All children were classified into one of two histocompat-
ibility categories at each classical HLA locus (HLA-A, B, C,
DPBI, DQAI, DQOBI, and DRBI) and SNPs for mHags
SLC19A1, LB-WNKI1, ZAPHIR, HA-3, HEATRI1 and
C190rf48. For case mothers, only children born before
diagnosis were included. A child was classified as histo-
compatible from the mother’s perspective if his or her
paternally inherited allele was indistinguishable from either
of the mother’s alleles. Based on this classification, a binary
variable for having any histocompatible children was gen-
erated for each mother at each HLA locus and mHag SNP.

Histocompatibility defined by sequence similarity
matching (SSM) score

In hematopoietic stem cell transplantation an exact match
may be difficult to find. The risk of GVHD increases with
the number of mismatched alleles [54]. In the case of a
mismatch, it may be possible to reduce the risk of GVHD
by estimating the allogeneic potential of the mismatch by
selecting the least structurally different allele [55]. His-
toCheck is a bioinformatics web tool that estimates an SSM
based on amino acid sequence similarity [55]. This quan-
titative approach can be informative in estimating degree of
similarity between the noninherited maternal allele and the
paternal allele carried by the child. We estimated an SSM
score for mother—child pairs who were not HLA-identical
at each locus. Where mother and child did not differ at
either allele, we assigned a score of zero. For each mother,
we created an average SSM score at individual HLA loci.
We categorized average SSM score into four groups
according to values in the control group. Smaller values
indicate increased similarity between mothers and children
and are intended to represent greater degree of
histocompatibility.

Statistical analysis

Analyses for questions pertaining to mother—child histo-
compatibility at classical HLA loci were conducted in a

SPRINGER NATURE

sample of 138 RA, 117 SLE, and 913 control mothers and
their respective children. We included mothers who had
complete histocompatibility data at seven HLA loci (HLA-
A, B, C, DPBI, DQAI, DQBI, DRBI). A total of 206 SLE
cases and 965 controls and 1387 children were available for
mHag-related analyses. Only cases with at least one child
with data born prior to diagnosis were included. We used
logistic regression models to estimate ORs and 95% Cls for
the association between mother’s RA and SLE status and
any histocompatibility at each HLA locus or mHag SNP
and quartiles of average SSM score. We analyzed mHag
compatibility in an HLA-restricted manner, meaning that
only mothers who carried the HLA allele associated with
the mHag were included. In addition, we tested whether
case mothers were more likely to have any HLA-compa-
tible/mHag compatible children compared to controls using
Fisher’s exact test.

We used directed acyclic graphs to identify potential
confounders and proceeded to include number of live births
in our analyses. To correct for multiple testing, we applied a
Bonferroni correction to classical HLA analyses to account
for tests at seven loci [56]. To investigate the probability of
introducing selection bias, we compared the proportion of
missing data at each of the seven HLA loci by disease status
using a chi-square test and considered a p value of
<0.05 significant. We tested for the presence of a linear
trend in our analyses of SSM score quartiles at each locus
and autoimmune disease. Statistical analyses were con-
ducted using Stata 13 (StataCorp, College Station, Texas)
and R [57].

Acknowledgements Funding was provided by the National Institute of
Allergy and Infectious Diseases (NIAID) grants RO1AI059829,
R21AI117879, RO1AI065841, RO1ARO052300 F31AI116064; the
National Institute of Arthritis and Musculoskeletal and Skin Diseases
(NIAMS) grants P60AR053308, RO1AR044804,
NCRR5MO1RR000079; the Alliance for Lupus Research; the Robert
Wood Johnson Foundation Health & Society Scholars Program; and
the Rheumatology Research Foundation’s Health Professional
Research Preceptorship award. The ITMI study was supported by the
Inova Health System, a nonprofit healthcare system in Northern Vir-
ginia. We would like to thank Kim Taylor from UCSF; Ann Guiltinan
and Ed Murphy from Blood Centers of the Pacific; and Ram Kakaiya,
MD and Pam D’Andrea, RN from the Institute for Transfusion Med-
icine, Pittsburgh, PA. We would also like to express our gratitude to
the participating individuals and their families.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note: Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,



Mother—child histocompatibility and risk of rheumatoid arthritis and systemic lupus... 35

adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

11.

12.

13.

14.

. Fernando MM, Stevens CR, Walsh EC, De Jager PL, Goyette P,

Plenge RM, et al. Defining the role of the MHC in autoimmunity:
a review and pooled analysis. PLoS Genet. 2008;4:¢1000024.

. McCombe PA, Greer JM, Mackay IR. Sexual dimorphism in

autoimmune disease. Curr Mol Med. 2009;9:1058-79.

. Cooper GS, Stroehla BC. The epidemiology of autoimmune dis-

eases. Autoimmun Rev. 2003;2:119-25.

. Hench PS. The amelioration effect of pregnancy on chronic

atrophic (infectious) arthritis, fibrosis and intermittten hydrar-
throsis. Mayo Clin Proc. 1938;13:7.

. de Man YA, Dolhain RJ, van de Geijn FE, Willemsen SP, Hazes

JM. Disease activity of rheumatoid arthritis during pregnancy:
results from a nationwide prospective study. Arthritis Rheum.
2008;59:1241-8.

. Doria A, Cutolo M, Ghirardello A, Zampieri S, Vescovi F, Sulli

A, et al. Steroid hormones and disease activity during pregnancy
in systemic lupus erythematosus. Arthritis Rheum. 2002;47:202—
9

. Ruiz-Irastorza G, Lima F, Alves J, Khamashta MA, Simpson J,

Hughes GR, et al. Increased rate of lupus flare during pregnancy
and the puerperium: a prospective study of 78 pregnancies. Br J
Rheumatol. 1996;35:133-8.

. Silman A, Kay A, Brennan P. Timing of pregnancy in relation to

the onset of rheumatoid arthritis. Arthritis Rheum. 1992;35:152-5.

. Orellana C, Wedren S, Kallberg H, Holmqvist M, Karlson EW,

Alfredsson L, et al. Parity and the risk of developing rheumatoid
arthritis: results from the Swedish Epidemiological Investigation
of Rheumatoid Arthritis study. Ann Rheum Dis. 2014;73:752-5.

. Wallenius M, Skomsvoll JF, Irgens LM, Salvesen KA, Kol-

dingsnes W, Mikkelsen K, et al. Postpartum onset of rheumatoid
arthritis and other chronic arthritides: results from a patient reg-
ister linked to a medical birth registry. Ann Rheum Dis.
2010;69:332-6.

Ulff-Moller CJ, Jorgensen KT, Pedersen BV, Nielsen NM, Frisch
M. Reproductive factors and risk of systemic lupus erythemato-
sus: nationwide cohort study in Denmark. J Rheumatol.
2009;36:1903-9.

Nelson JL, Hughes KA, Smith AG, Nisperos BB, Branchaud AM,
Hansen JA. Maternal-fetal disparity in HLA class II alloantigens
and the pregnancy-induced amelioration of rheumatoid arthritis. N
Engl J Med. 1993;329:466-71.

van der Horst-Bruinsma IE, de Vries RR, de Buck PD, van
Schendel PW, Breedveld FC, Schreuder GM, et al. Influence of
HLA-class II incompatibility between mother and fetus on the
development and course of rheumatoid arthritis of the mother.
Ann Rheum Dis. 1998;57:286-90.

Zrour SH, Boumiza R, Sakly N, Mannai R, Korbaa W, Younes M,
et al. The impact of pregnancy on rheumatoid arthritis outcome:
the role of maternofetal HLA class II disparity. Jt, Bone, Spine :
Rev du Rhum. 2010;77:36-40.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Kekow M, Barleben M, Drynda S, Jakubiczka S, Kekow J, Brune
T. Long-term persistence and effects of fetal microchimerisms on
disease onset and status in a cohort of women with rheumatoid
arthritis and systemic lupus erythematosus. BMC Musculoskelet
Disord. 2013;14:325.

Nelson JL. Maternal-fetal immunology and autoimmune disease:
is some autoimmune disease auto-alloimmune or allo-auto-
immune? Arthritis Rheum. 1996;39:191-4.

Petersdorf EW. The major histocompatibility complex: a model
for  understanding  graft-versus-host  disease. = Blood.
2013;122:1863-72.

Spierings E, Kim YH, Hendriks M, Borst E, Sergeant R, Canossi
A, et al. Multicenter analyses demonstrate significant clinical
effects of minor histocompatibility antigens on GVHD and GvL
after HLA-matched related and unrelated hematopoietic stem cell
transplantation. Biol Blood Marrow Transplant. 2013;19:1244—
53.

Griffioen M, van Bergen CA, Falkenburg JH. Autosomal minor
histocompatibility antigens: how genetic variants create diversity
in immune targets. Front Immunol. 2016;7:100.

Valenta LJ, Elias AN. Familial scleroderma in a kindred with high
incidence of autoimmune disease: correlation with HLA-A1/B8
haplotype. Arch Dermatol. 1987;123:1438—-40.

Nelson JL. HLA relationships of pregnancy, microchimerism and
autoimmune disease. J Reprod Immunol. 2001;52:77-84.

van der Woude D, Rantapaa-Dahlqvist S, loan-Facsinay A,
Onnekink C, Schwarte CM, Verpoort KN, et al. Epitope spreading
of the anti-citrullinated protein antibody response occurs before
disease onset and is associated with the disease course of early
arthritis. Ann Rheum Dis. 2010;69:1554-61.

Schumacher A, Wafula PO, Bertoja AZ, Sollwedel A, Thuere C,
Wollenberg I, et al. Mechanisms of action of regulatory T cells
specific for paternal antigens during pregnancy. Obstet Gynecol.
2007;110:1137-45.

Ostensen M, Villiger PM, Forger F. Interaction of pregnancy and
autoimmune rheumatic disease. Autoimmun Rev. 2012;11:A437—
46.

Jara LJ, Medina G, Cruz-Dominguez P, Navarro C, Vera-Lastra
O, Saavedra MA. Risk factors of systemic lupus erythematosus
flares during pregnancy. Immunol Res. 2014;60:184-92.

Kim MY, Guerra MM, Kaplowitz E, Laskin CA, Petri M, Branch
DW, et al. Complement activation predicts adverse pregnancy
outcome in patients with systemic lupus erythematosus and/or
antiphospholipid antibodies. Ann Rheum Dis. 2018;77:549-55.
Nelson JL, Furst DE, Maloney S, Gooley T, Evans PC, Smith A,
et al. Microchimerism and HLA-compatible relationships of
pregnancy in scleroderma. Lancet. 1998;351:559-62.

Bronson PG, Komorowski LK, Ramsay PP, May SL, Noble J,
Lane JA, et al. Analysis of maternal-offspring HLA compatibility,
parent-of-origin effects, and noninherited maternal antigen effects
for HLA-DRB1 in systemic lupus erythematosus. Arthritis
Rheum. 2010;62:1712-7.

Broen K, Levenga H, Vos J, van Bergen K, Fredrix H, Greupink-
Draaisma A, et al. A polymorphism in the splice donor site of
ZNF41 9 results in the novel renal cell carcinoma-associated
minor histocompatibility antigen ZAPHIR. PLoS ONE. 2011;6:
€21699.

Arroyo JP, Gamba G. Advances in WNK signaling of salt and
potassium metabolism: clinical implications. Am J Nephrol.
2012;35:379-86.

Arkema EV, Palmsten K, Sjowall C, Svenungsson E, Salmon JE,
Simard JF. What to expect when expecting with systemic lupus
erythematosus (SLE): a population-based study of maternal and
fetal outcomes in SLE and pre-SLE. Arthritis Care Res.
2016;68:988-94.

SPRINGER NATURE


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

36

G. |. Cruz et al.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Kochl R, Thelen F, Vanes L, Brazao TF, Fountain K, Xie J, et al.
WNKI1 kinase balances T cell adhesion versus migration in vivo.
Nat Immunol. 2016;17:1075-83.

Adams NR, Vasquez YM, Mo Q, Gibbons W, Kovanci E,
DeMayo FJ. WNK lysine deficient protein kinase 1 regulates
human endometrial stromal cell decidualization, proliferation, and
migration in part through mitogen-activated protein kinase 7. Biol
Reprod. 2017;97:400-12.

Goulmy E. Minor histocompatibility antigens: from transplanta-
tion problems to therapy of cancer. Hum Immunol. 2006;67:433—
8.

Akatsuka Y, Morishima Y, Kuzushima K, Kodera Y, Takahashi
T. Minor histocompatibility antigens as targets for immunotherapy
using allogeneic immune reactions. Cancer Sci. 2007;98:1139-46.
Verdijk RM, Kloosterman A, Pool J, van de Keur M, Naipal AM,
van Halteren AG, et al. Pregnancy induces minor histocompat-
ibility antigen-specific cytotoxic T cells: implications for stem cell
transplantation and immunotherapy. Blood. 2004;103:1961-4.
van Halteren AG, Jankowska-Gan E, Joosten A, Blokland E, Pool
J, Brand A, et al. Naturally acquired tolerance and sensitization to
minor histocompatibility antigens in healthy family members.
Blood. 2009;114:2263-72.

Linscheid C, Petroff MG. Minor histocompatibility antigens and
the maternal immune response to the fetus during pregnancy. Am
J Reprod Immunol. 2013;69:304-14.

Holland OJ, Linscheid C, Hodes HC, Nauser TL, Gilliam M,
Stone P, et al. Minor histocompatibility antigens are expressed in
syncytiotrophoblast and trophoblast debris: implications for
maternal alloreactivity to the fetus. Am J Pathol. 2012;180:256—
66.

Tong M, Chamley LW. Placental extracellular vesicles and feto-
maternal communication. Cold Spring Harb Perspect Med.
2015;5:a023028.

Germain SJ, Sacks GP, Sooranna SR, Sargent IL, Redman CW.
Systemic inflammatory priming in normal pregnancy and pre-
eclampsia: the role of circulating syncytiotrophoblast micro-
particles. J Immunol. 2007;178:5949-56.

Mistry P, Kaplan MJ. Cell death in the pathogenesis of systemic
lupus erythematosus and lupus nephritis. Clin Immunol.
2017;185:59-73. https://doi.org/10.1016/j.clim.2016.08.010.
[Epub 2016 Aug 9].

Olson JE, Shu XO, Ross JA, Pendergrass T, Robison LL. Medical
record validation of maternally reported birth characteristics and
pregnancy-related events: a report from the Children's Cancer
Group. Am J Epidemiol. 1997;145:58-67.

Tomeo CA, Rich-Edwards JW, Michels KB, Berkey CS, Hunter
DJ, Frazier AL, et al. Reproducibility and validity of maternal
recall of pregnancy-related events. Epidemiology. 1999;10:774-7.

SPRINGER NATURE

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

Arnett FC, Edworthy SM, Bloch DA, McShane DJ, Fries JF,
Cooper NS, et al. The American Rheumatism Association1987
revised criteria for the classification of rheumatoid arthritis.
Arthritis Rheum. 1988;31:315-24.

Hochberg MC. Updating the American College of Rheumatology
revised criteria for the classification of systemic lupus erythema-
tosus. Arthritis Rheum. 1997;40:1725.

Tan EM, Cohen AS, Fries JF, Masi AT, McShane DJ, Rothfield
NF, et al. The 1982 revised criteria for the classification of sys-
temic lupus erythematosus. Arthritis Rheum. 1982;25:1271-7.
Triulzi DJ, Kleinman S, Kakaiya RM, Busch MP, Norris PJ,
Steele WR, et al. The effect of previous pregnancy and transfusion
on HLA alloimmunization in blood donors: implications for a
transfusion-related acute lung injury risk reduction strategy.
Transfusion. 2009;49:1825-35.

Bodian DL, Klein E, Iyer RK, Wong WS, Kothiyal P, Stauffer D.
Utility of whole-genome sequencing for detection of newborn
screening disorders in a population cohort of 1,696 neonates.
Genet Med. 2016;18:221-30. https://doi.org/10.1038/gim.2015.
111.[Epub 2015 Sep 3].

Jia X, Han B, Onengut-Gumuscu S, Chen WM, Concannon PJ,
Rich SS, et al. Imputing amino acid polymorphisms in human
leukocyte antigens. PLoS ONE. 2013;8:e64683.

Raychaudhuri S, Sandor C, Stahl EA, Freudenberg J, Lee HS, Jia
X, et al. Five amino acids in three HLA proteins explain most of
the association between MHC and seropositive rheumatoid
arthritis. Nat Genet. 2012;44:291-6.

Oostvogels R, Lokhorst HM, Minnema MC, van Elk M, van den
Oudenalder K, Spierings E, et al. Identification of minor histo-
compatibility antigens based on the 1000 Genomes Project.
Haematologica. 2014;99:1854-9.

Howie BN, Donnelly P, Marchini J. A flexible and accurate
genotype imputation method for the next generation of genome-
wide association studies. PLoS Genet. 2009;5:¢1000529.

Lee SJ, Klein J, Haagenson M, Baxter-Lowe LA, Confer DL,
Eapen M, et al. High-resolution donor-recipient HLA matching
contributes to the success of unrelated donor marrow transplan-
tation. Blood. 2007;110:4576-83.

Elsner HA, DeLuca D, Strub J, Blasczyk R. HistoCheck: rating of
HLA class I and IT mismatches by an internet-based software tool.
Bone Marrow Transplant. 2004;33:165-9.

Rothman KJ. No adjustments are needed for multiple compar-
isons. Epidemiology. 1990;1:43—6.

Team RC. R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing: Vienna, Austria;
2015.


https://doi.org/10.1016/j.clim.2016.08.010
https://doi.org/10.1038/gim.2015.111
https://doi.org/10.1038/gim.2015.111

	Mother&#x02212;child histocompatibility and risk of rheumatoid arthritis and systemic lupus erythematosus among mothers
	Abstract
	Introduction
	Results
	Mother&#x02212;child histocompatibility
	Minor histocompatibility antigen compatibility

	Discussion
	Strengths and limitations

	Patients and methods
	Clinical and questionnaire data
	Genotyping
	HLA allele imputation
	Minor histocompatibility antigens
	Classification of mother&#x02212;child histocompatibility profiles
	Histocompatibility defined by sequence similarity matching (SSM) score
	Statistical analysis
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




