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Abstract

Background Juvenile idiopathic arthritis (JIA) is a type of chronic childhood arthritis with complex pathogenesis.
Immunological studies have shown that JIA is an acquired self-inflammatory disease, involving a variety of immune
cells,and it is also affected by genetic and environmental susceptibility. However, the precise causative relationship
between the phenotype of immune cells and JIA remains unclear to date. The objective of our study is to approach
this inquiry from a genetic perspective, employing a method of genetic association analysis to ascertain the causal
relationship between immune phenotypes and the onset of JIA.

Methods In this study, a two-sample Mendelian randomization (MR) analysis was used to select single nucleotide
polymorphisms (SNPs) significantly associated with immune cells as instrumental variables to analyze the bidirec-
tional causal relationship between 731 immune cells and JIA. There were four types of immune features (median
fluorescence intensity (MFI), relative cellular (RC), absolute cellular (AC), and morphological parameters (MP)). Finally,
the heterogeneity and horizontal reproducibility of the results were verified by sensitivity analysis, which ensured
more robust results.

Results We found that CD3 on CM CD8br was causally associated with JIA at the level of 0.05 significant differ-
ence (95% Cl=0.630~0.847, P=333x 107, Pepr =0.024). At the significance level of 0.20, two immunophenotypes
were causally associated with JIA, namely: HLA DR on CD14+ CD16- monocyte (95% Cl=0.633~0.884, P=6.83 X 1 o
Pepr =0.16) and HLA DR on CD14+ monocyte (95% Cl=0.627 ~0.882, P =6.9x 1 0™ Pror =0.16).
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Conclusion Our study assessed the causal effect of immune cells on JIA from a genetic perspective. These findings
emphasize the complex and important role of immune cells in the pathogenesis of JIA and lay a foundation for fur-

ther study of the pathogenesis of JIA.

Keywords Immune cell, Juvenile idiopathic arthritis (JIA), Mendelian randomization, Gene-wide Association,

Causation analysis

Background

Juvenile arthritis (JA) refers to arthritis that occurs before
the age of 16, which has been reclassified as internation-
ally recognized juvenile idiopathic arthritis (JIA) [1] JIA
is the most common chronic rheumatic disease in pedi-
atrics, with a prevalence rate of about 1 million. Char-
acterized primarily by peripheral arthritis, JIA poses a
substantial disability risk in children, potentially affect-
ing multiple body systems [2]. Juvenile-psoriatic arthritis
(JPA), enteritis-related arthritis (ERA), oligo-arthritis,
rheumatoid factor (RF)-negative polyarthritis, RF-pos-
itive polyarthritis, and undifferentiated arthritis are the
seven types recognized under the current classification
of JIA [3]. Its pathogenesis is very complex, involving
not only immune cells, but also various types of paren-
chymal cells. In addition, it will be affected by genetic
and environmental factors. In the past 5 years of clinical
research, substantial progress has been made in various
fields, from disease classification to new treatments [4].
JIA is involved in synovitis and destruction of joint tis-
sue, and no blood tests have been found to diagnose JIA.
Hence, diagnosing JIA becomes challenging for children
initially reporting pain and joint swelling [5]. Given that
JIA patients experience immunosuppression from drug
use, increasing the risk of cardiovascular disease infec-
tion, the condition exhibits elevated morbidity and mor-
tality. Although a comprehensive understanding of JIA’s
pathogenesis remains elusive, some studies have affirmed
the intricate relationship between immune-related fac-
tors and JIA [5, 6].

JIA is recognized as an autoimmune inflammatory
disease where the contribution of the immune system
holds undeniable significance. Within adaptive immu-
nity, several factors are acknowledged to initiate and
perpetuate the persistent and chronic characteristics
of JIA [7]. The intricate nature of the immune system
manifests in the diverse and adaptable immune cell
subsets and their functional phenotypes. This intricacy
implies that the diversity among immune cells may
directly influence the pathogenesis and prognosis of JIA
[8]. Therefore, investigating the relationship between
immune cells and JIA is essential for a deeper under-
standing of the underlying mechanisms of the dis-
ease. The immune pathogenesis of JIA remains largely
unknown, and the disease categories are intricate and

heterogeneous, involving diverse contributions from
immune system participants and effector cells [2, 9].
According to certain research, adaptive immunity plays
a major part in the pathophysiology of JIA and is there-
fore classified as an autoimmune illness [9, 10]. Joint
swelling, inflammation, and tissue deterioration are
the hallmarks of JIA. The pathophysiological mecha-
nism of JIA is linked to the abnormal activation of
immune system components, including T cells, B cells,
natural killer cells, monocytes, dendritic cells, plasma
cells and so on. Additionally, the synthesis and release
of pro-inflammatory mediators such as chemokines,
cytokines, matrix metalloproteinases, and cathepases
contribute to this process. These processes ultimately
result in systemic symptoms as well as the deterioration
of bone and cartilage. JIA is often accompanied by syn-
ovial hypertrophy and pathological angiogenesis, which
is due to excessive synovial cell proliferation, immune
cell infiltration, intra-articular hypoxia, increased blood
flow and other reasons, which will eventually lead to
the migration of pro-inflammatory cells to the joint.
Overall, chondrocytes and osteoclasts are stimulated
by the complex cellular network and the production of
inflammatory mediators in the synovium of JIA, which
results in the erosion of cartilage and bone [11-13].

The identification of genetic variants, particularly
SNPs, that are linked to diseases has been made pos-
sible by genome-wide association studies (GWAS). Our
understanding of the genetic basis of many complicated
features in human diseases has been greatly improved
by this [14]. Mendelian randomization (MR) leverages
genetic variations linked to an exposure as a proxy for
that exposure, enabling the exploration of causal relation-
ships between exposure and outcome [15]. The selected
SNPs, termed instrumental variance (IV), serve as key
components in this approach. Two-sample MR mimics
randomization by employing a random distribution of
genetic variation during gametogenesis, akin to the con-
ceptual framework of a randomized controlled trial [16].
Since these genetic variations are independent of post-
natal lifestyle and environmental factors and precede the
development of disease, MR can reduce the influence of
confounding variables and reverse causality.

In our present study, we utilized a recently acquired
GWAS database to conduct a two-sample MR analysis,
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aiming to elucidate potential causal links between
immune cells and JIA.

Methods

Study design

We carried out a thorough analysis of the causal link
between 731 immune cell profiles classified into seven
categories and JIA. Based on a two-sample MR study,
which uses genetic variation as a stand-in for risk factors,
this assessment was conducted. Within the framework of
causal inference, legitimate IVs need to satisfy three fun-
damental presumptions: (1) genetic variation is a direct
correlate of the exposure; (2) genetic variation does not
impact the outcome via pathways besides the exposure
(3) genetic variation is not connected to potential con-
founders between the exposure and the outcome. Fig-
ure 1 shows the study design procedure.

Exposure data

In order to draw more comprehensive and reliable con-
clusions about the causal relationship between immune
markers and JIA, we chose the largest peripheral blood
immunophenotype GWAS published to date. The
GWAS catalog provides summary statistics of GWAS
with immunological characteristics. The entry num-
bers for these studies range from GCST0001391 to
GCST0002121 [17]. It included 119 absolute cell counts,
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192 relative cell counts, 32 morphological parameters
(MP) and 389 median fluorescence intensity (MFI) repre-
senting surface antigen level. B cells, mature T cell stage,
myeloid cells, monocytes, TBNK (T cells, B cells, natural
killer cells) and Treg panels are specifically included in
MFI, AC and RC features. Panels from TBNK and CDC
make up the MP function.

Three thousand six hundred fifty-seven European peo-
ple’s data, from non-overlapping cohorts, were included
in the initial GWAS on immunological characteristics.
A reference panel based on the Sardinian sequence was
used to impute 21 million SNPs that were genotyped
using high-density arrays [18]. Following covariate
adjustments for age, sex, and age squared, associations
were examined.

Outcome data

JIA GWAS summary data were obtained from FinnGen
biobank (finn-b-JUVEN_ARTHR). The study performed
a GWAS on 173,622 European individuals (Ncase =788,
Ncontrol =172,834), with approximately 16,380,296 vari-
ants analyzed after quality control and imputation.

Instrumental variable

The selection criteria are as follows: considering the lim-
ited number of SNP available, we use SNP under the con-
dition of p < 1e-05, which is widely used when the number
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Data Preparation L i
I.P<1x10-5 | ! Confounders :
2.R2<0.001, clumping window : | i
=10000kb I 1 !

|
3.Remove weak Ivs(F<10) : IVs Exposure Outcome I
| _SNPs | /| Immune Cell JIA :
I
\ I

l
\
~

MR Analysis
1.MR Egger(ME)
2.Weighted median(WM)
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Fig. 1 Overview of present MR analyses and study design. MR, Mendelian randomization; GWAS, Genome-wide association studies; JIA, juvenile
idiopathic arthritis; IV, Instrumental Variance; SNP, Single Nucleotide Polymorphism



Chen et al. Pediatric Rheumatology (2024) 22:35

of SNP available is limited [19, 20]. Based on the sample
data of 1000 European Genome Project samples as ref-
erence data, we gathered the SNP in 10,000kb under the
threshold of linkage disequilibrium (LD) R?<0.001, and
only the SNP with the lowest P value was retained. At the
same time, we also calculate the F statistics of each SNP
to quantify the statistical strength, and discard the SNP
with F<10. After harmonization, we aligned the effect
alleles of exposure and outcome SNPs, excluding those
with incompatible alleles (e.g., A/C paired with A/G) or
exhibiting a palindromic pattern with intermediate allele
frequency.

Statistical analysis

Causal relationships between immune cells and JIA were
analyzed by MR. When an MR analysis results in P <0.05,
it suggests that there is a causal relationship between
immune cells and JIA. In this study, we used five causal
detection methods: inverse variance weighting (IVW),
weighted median estimation, MR-Egger regression, sim-
ple mode, and weighted mode [21]. These methods of
causal reasoning have their own modeling construction.
In the absence of horizontal pleiotropy, the IVW method
is the primary method to analyze causality in MR analy-
sis [22]. The application of the weighted median method
assumes that less than 50% of the IVs show horizontal
multiplicity. When heterogeneity occurs and there is
no horizontal pleiotropy, the weighted median method
can be considered [23]. MR-Egger regression assumes
that more than 50% of IVs may be affected by horizon-
tal pleiotropy. The simple mode represents an estimation
approach based on the effects of individual genetic vari-
ations, which is suitable when data exhibit heterogeneity
but lack consistent bias. Weighted mode, like the simple
model, assigns weights to each effect estimate. When
most research results carry similar weights, the weighted
model becomes a viable option.

We used Cochran’s Q test to assess the heterogeneity
of the I'Vs. If heterogeneity was detected (P <0.05), a ran-
dom effects IVW model could provide a more conserva-
tive estimate [24]. The MR-Egger and MR Pleiotropy
RESidual Sum and Outlier (MR-PRESSO) tests were used
to test horizontal multiplicity and outliers. MR-Egger is
specifically used to initially determine the existence of
horizontal multiplicity. If P >0.05, it indicates that there
is no significant horizontal pleiotropy. Subsequently, the
leave-one-out sensitivity analysis was used to test the
outliers and the stability of the results. Detailed results
and original data are shown in Supplementary Tables S1/
S2/S3/S4/S5/S6/S7 and File S1.

For p-value correction to address potential false posi-
tives, the FDR (Benjamini-Hochberg) method was
applied.
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All the above analyses are based on the R program
(version 4.3.1) loading “VariantAnnotation” package,
“mrcieu/gwasglue” package, “mrcieu/ieugwasr” pack-
age and “MRCIEU/TwoSampleMR” package. (The
related R language script has been uploaded to the sup-
plementary file).

Result

Effect of genetically predicted immune cell phenotypes
onlJIA

In order to explore the causal effect of immunopheno-
type on JIA, two-sample MR analysis was carried out,
and five detection methods were used, of which IVW
method was the main analysis basis, and the results
were shown in Fig. 2. In order to avoid the occurrence
of false positive results, we use FDR method for mul-
tiple tests. From the statistical results of Fig. 2 and
Table 1, We found that only CD3 on CM CD8br was
causally associated with JIA at the level of 0.05 signifi-
cant difference (95% CI=0.630~0.847, P =3.33x 107>,
Pppr =0.024).

At the significance level of 0.20, two immunopheno-
types were causally associated with JIA. They are: HLA
DR on CD14+ CDI16- monocyte (95% CI=0.633~0.88,
P=6.83x10"% Pypr=0.16) and HLA DR on CDI4+
monocyte (95% CI=0.627~0.882, P=6.9%x10-4,
Prpr=0.16). However, we found that the heterogene-
ity test results of HLADRonCD14 + CD16-monocyte and
HLADRonCD14 + monocyte were both less than 0.05,
indicating that there may be heterogeneity in tool vari-
ables from different analysis platforms, or from differ-
ent experiments, or between different populations. The
weighted median method may also be considered when
only heterogeneity is present, without horizontal plei-
otropy. According to Fig. 3, it is evident that their MR
analysis results with JIA show P<0.05 for both IVW and
weighted median methods. After FDR correction, the val-
ues become P<0.2 for IVW and P <0.05 for the weighted
median method. Therefore, we still consider HLA DR on
CD14+ CD16-monocyte and HLA DR on CDI14+ mono-
cyte as the positive results. It is worth mentioning that
both CD3 on CM CD8br, HLA DR on CDI14+ CDI6-
monocyte and HLA DR on CDI14+ monocyte were caus-
ally associated with JIA. The test results of horizontal
pleiotropy and heterogeneity are shown in Table 1.

SNPs are strong IVs. The causal effect of each genetic
variation on JIA is shown in Fig. 4. As shown in Fig. 5,
Leave-one-out sensitivity analysis. We systematically
repeated the MR analysis for the remaining SNPs after
removing one SNP at a time, and the combined effect size
was unaffected, indicating that the calculation of all SNPs
made the causal relationship significant.
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Fig.2 MR Analysis Circle Diagram of Immune Cells and JIA. The outermost circle indicates the name of the immune cell. The five circles
in the center represent the corresponding MR assays for each immune cell, and the five circles represent five MR assays

Effect of genetically predicted JIA on immune cell
phenotypes

Reverse two-sample MR analysis was performed with
IVW as the primary detection method in order to
investigate the causal relationship between JIA and
immunophenotype. There was no correlation between
JIA and immunophenotype (Pppr>0.2) when multiple
tests were taken into account using the FDR technique.

The statistical results can be found in the supplemen-
tary Table S5. Reverse MR analysis result.

Discussion

Leveraging extensive genetic data from published
sources, we investigated the causal connection between
731 immune cell traits and JIA. This may be the first
time to use MR analysis to study the causal relationship
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Outcome Exposure Method Snp , OR(95%CI)

JIA CD3 on CM CD8br :
Inverse variance weighted 18 ) 0.731(0.631,0.848)
MR Egger 18 —— 0.658(0.488,0.887)
Weighted median 18 —.— 0.703(0.567,0.872)
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Fig. 3 Forest plot of MR analysis results of immune cells and JIA. JIA, juvenile idiopathic arthritis; SNP, Single Nucleotide Polymorphism; OR, odds
ratio; Cl, confidence interval; FDR, false negative discovery rate, Benjamini-Hochberg method was used for adjustment
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between multiple immunophenotypes and JIA. Notably,
we observed a significant causal impact of CD3 on CM
CD8br on JIA (Pppg <0.05) in this study. And, the higher
the number of CD3 on CM CD8br, the better the progno-
sis for JIA. HLA DR on CD14+ CD16-monocyte and HLA
DR on CDI4+ monocyte also were causally associated
with JIA (Pgpgr <0.2). Therefore, our study suggests that
CD3 on CM CD8br, HLA DR on CDI14+ CDI16-mono-
cyte, and HLA DR on CDI4+ monocyte may be a kind
of phenotype that has a palliative effect on JIA. In order
to ensure the reliability and robustness of the research
results, we also carried out a sensitivity test of the MR
results. As shown in Fig. 5 and Table 1, there is no hori-
zontal multiplicity in the MR results, and the sensitivity
test of the Leave-one-out method also indicates that the
effect values of all SNP are stable.

The pathogenesis of JIA is intricate, involving diverse
immune cells and cytokines. Research indicates a correla-
tion between the dysregulation of T lymphocyte subsets
and the occurrence of both local inflammation and sys-
temic immune responses in arthritis [25]. Disruption of
the dynamic balance and activation of the immune sys-
tem elevate susceptibility to autoimmune diseases. The
equilibrium between CD3 and CD8+ cells is intricately
linked to the onset and progression of autoimmune dis-
eases, a relationship influenced by disease activity [26].
Differentiation antigen 3 (CD3) is a crucial leukocyte
differentiation antigen present on nearly all T cells. In
arthritis, CD3 expression was observed in lymphocytes
within synovial tissue, with staining detected on the cell
membrane and/or cytoplasm, yielding a total lympho-
cyte positivity rate of 72%. Rheumatoid arthritis exhibits
high CD3 expression, whereas osteoarthritis shows lower
levels. This suggests a potential association between
CD3+T lymphocyte count and the pathogenesis and
course of rheumatoid arthritis and osteoarthritis [27].
Functioning as a T lymphocyte coreceptor, CD8 antigen
comprises CD8 a and CD8 B chain subtypes encoded by
CD8a and CD8b, respectively. CD8b influences osteoly-
sis and the immune response in osteoarthritis, impact-
ing osteoclast formation [28]. Differentiation antigen 8
(CD8)+T cells possess cytotoxic effects and can modu-
late cellular and humoral immunity [29, 30]. CD8+
lymphocytes disperse and infiltrate into synovial tissue
diffusely [31]. Similar to CD3+, they show low expres-
sion in osteoarthritis. It was also found that the number
of CD3 + CD8+ cell subsets decreased significantly in JIA
[32], and CD8 cells proliferated significantly after metho-
trexate treatment [33]. These studies demonstrate a close
association between the equilibrium of CD3+ and CD8+
cells and the onset and progression of JIA. It is note-
worthy that these studies revealed significant distinc-
tions between osteoarthritis and rheumatoid arthritis,
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providing valuable insights for distinguishing JIA from
other forms of arthritis. In addition to their relevance to
arthritis, CD3 and CD8+ are also specifically expressed
in the context of tumor immune responses. In the study
of colon cancer, Galon et al [34] thought that the high
density of CD3 or CD8 positive immune cells predicted
better survival rate. It is also found that compared with
other biomarkers, CD3 seems to have the strongest prog-
nostic value. In another study, the low density of CD3 and
CD8 immune cells indicated a poor prognosis, but they
were still equally strong prognostic markers [35]. This is
similar to our results. Our study shows that the higher
the count density of CD3 and CD8 immune cell subsets
in JIA, the better the prognosis. Generally speaking, the
specific effects of CD3 and CD8 on JIA may be affected
by a variety of factors, including immune system regula-
tion, inflammatory response and so on. In-depth research
and clinical observation will help to better understand
their role in JIA.

At the significant level of Pppr<0.2, there was a causal
relationship between HLA DR on CDI14+ CD16- mono-
cytes, HLADR on CD14+ monocytes and JIA. The results
of MR analysis show that both of them have heteroge-
neity, which may be related to the analysis platform,
research population and other factors. Because there is
only heterogeneity and no multiplicity in this study, we
can comprehensively consider the results of IVW method
and weighted median method. Therefore, HLADR on
CD14+ CD16- monocytes and HLADR on CD14+ mono-
cytes were also identified as positive indicators. HLA-
DR (Human Leukocyte Antigen - DR isotype) is a major
histocompatibility complex class II molecule that plays
a crucial role in presenting antigens to T cells, initiating
immune responses [36]. In the context of monocytes, the
expression of HLA-DR is commonly utilized as a marker
to assess the activation or maturation status of these
cells. CD14+CD16- monocytes, also referred to as clas-
sical monocytes, express CD14 but not CD16. Classical
monocytes are typically associated with pro-inflamma-
tory responses [37]. CD14+ monocytes may encompass
a broader category of monocytes. The CD14++/CD16-
subset constitutes 80% of circulating monocytes, dem-
onstrating heightened cytokine production (IL1, IL6,
TNF-a) and robust phagocytic activity [38]. CD14, capa-
ble of binding to Lipopolysaccharide (LPS) and viruses on
the cell surface, serves not only as a transporter but also as
an amplifier of Toll-like receptor responses. CD16 mono-
cytes, known for TNF « production upon LPS stimula-
tion, may undergo expansion during acute inflammation
and infectious diseases, yet their precise function remains
elusive [39]. The proportion of CD14++/CD16+ mono-
nuclear cells increases in resting samples from JIA. During
the eruption and resting phases of JIA, CD16 expression
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on CD14+/CD16+ monocytes is found to increase [40].
Even during the quiescent phase of JIA, elevated CD16
expression in CD144/CD16+4+ monocytes suggests an
inherent characteristic of JIA monocytes, potentially
contributing to the maintenance of a pro-inflammatory
environment in the absence of clinical manifestations.
This increased CD16 expression may also play a role in
the pro-inflammatory environment maintenance. An
upsurge in circulating monocyte levels and an augmenta-
tion of CD16 surface levels on CD16+ monocyte subsets
are observed in inflammatory responses [41, 42]. Another
noteworthy observation related to monocytes is the
enhanced expression of CD14 on the surface of CD14++/
CD16- monocytes in systemic JIA and polyarticular JIA.
This increased CD14 expression is associated with resist-
ance to apoptosis, suggesting that apoptosis dysregula-
tion may contribute to monocyte accumulation during
JIA attacks [43]. Based on the above studies, alterations in
the expression profiles of monocyte subsets, particularly
CD14++/CD16- and CD14+/CD16+ monocytes, have
been observed in patients with JIA. These changes are
likely associated with the regulation of immune responses
and the inflammatory microenvironment. The height-
ened expression of CD16 appears to be present during
both the active and quiescent phases of JIA, suggesting
its potential role in sustaining the inflammatory milieu.
Additionally, the increased expression of CD14 on spe-
cific monocyte subsets is associated with anti-apoptotic
effects, potentially contributing to the abnormal accumu-
lation of monocytes during JIA flares. The correlation of
HLADR with CD14+CD16- and CD14+ monocytes fur-
ther underscores its close association with the immune
response in JIA. While our study reinforces these relation-
ships, further validation through biological experiments is
essential to confirm these findings.

This work also has some limitations. First of all,
although it satisfies the MR hypothesis, it still cannot
guarantee that there is no weak tool bias, which is a com-
mon phenomenon in this kind of research. Second, the
study was limited to people of European origin. Although
this helps to reduce the potential deviation from popula-
tion structure, it limits the universality of MR results to
other populations. In the future research, our goal is to
expand the sample size as much as possible, to explore
the relationship between immune cells and JIA at the bio-
molecular level, and to provide more theoretical support
for understanding the mechanism of immune cells-JIA.

Conclusion

We have proved the causal relationship between immu-
nophenotype and JIA through comprehensive two-way
MR analysis, but reverse MR analysis did not find that
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JIA has an effect on immunophenotype. Our study can
only show the one-way effect of the immune system on
JIA. Furthermore, our study has notably mitigated the
impact of inherent confounding variables, reverse causal-
ity, and other factors, offering researchers a novel avenue
to delve into the immunological mechanisms of JIA.
The findings from our study not only extend the current
knowledge base in JIA immunology but also furnish valu-
able insights for the prevention and immune intervention
strategies related to JIA.
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