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Abstract

Background Recent evidence suggests that clonally expanded cytotoxic T cells play a role in various autoimmune
diseases. Late-onset rheumatoid arthritis (LORA) exhibits unique characteristics compared to other RA forms, suggest-
ing distinct immunological mechanisms. This study aimed to examine the involvement of cytotoxic T cells in LORA.

Methods Fresh peripheral blood samples were collected from 78 treatment-naive active RA patients, 12

with difficult-to-treat RA, and 16 healthy controls. Flow cytometry was employed to measure the proportions

of CX3CR1*cytotoxic CD4" and CD8* T cells in these samples. Additionally, immunohistochemical staining was per-
formed on lymphoid node and synovial biopsy samples from patients with RA.

Results CX3CR1*cytotoxic CD4™ T cells were specifically increased in untreated, active patients with LORA, displaying
features of CXCR3™ age-associated T helper cells known as“ThA”. CX3CR1*CD4* T cells were identified as a cytotoxic
ThA subset, as nearly all of these cells specifically expressed granzyme B. These cells were observed in enlarged lymph
nodes and were found to infiltrate synovial tissues from patients with LORA. The proportions of CX3CR17CD4™ T cells
positively correlated with arthritis activity in LORA. The number of cells decreased after treatment with methotrexate,
tumor necrosis factor inhibitors, and interleukin-6 inhibitors, whereas T-cell activation modulators did not affect them.
Moreover, PD-1tCD38"CX3CR17CD4™ T cells were identified as a treatment-resistant T cell subset that was character-
istically increased in difficult-to-treat RA. CX3CR1*CD8™ T cells showed no significant difference between RA patients
and healthy individuals, and no correlation with disease activity was observed. However, a correlation with age

was observed in RA patients.

Conclusions Our findings suggest that the immunopathogenesis of RA differs by age of onset, with CX3CR1" age-
associated cytotoxic CD4* T cells playing a significant role in LORA. Additionally, the presence of a specific CX3CR1*T
cell subset may be linked to treatment resistance.
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Background

Rheumatoid arthritis (RA), which affects approximately
1% of the population, is an autoimmune disease char-
acterized by the erosion of articular cartilage and bone,
culminating in physical disability, persistent pain, and
diminished quality of life [1-4]. Despite the transforma-
tive impact of biologics in RA treatment, a significant
proportion of patients, ranging from 30 to 40%, fail to
respond adequately, underscoring the urgent need for
innovative therapeutic targets [5]. The involvement of
CD4" T cells in the pathogenesis of RA is highlighted
by their genetic association with HLA-DRBI [6, 7]. Vari-
ous CD4* T cell subsets, including T peripheral helper
(Tph) cells with B-cell helper ability, have been identified
within the synovial tissues and blood of patients with RA
[8, 9]. Furthermore, recent studies using single-cell RNA
sequencing have revealed the clonal expansion of CD4*"
T cells exhibiting cytotoxic features in the blood and syn-
ovial fluid of patients with RA [10, 11]. This suggests that
cytotoxic CD4" T cells may contribute to the pathogen-
esis of RA.

In recent years, with the aging population, an increas-
ing frequency of autoimmune diseases has emerged in
elderly individuals. There are noticeable clinical differ-
ences between those who develop RA later in life and
those who manifest it at younger ages. Patients with late-
onset RA (LORA) tend to progress more acutely, with
more frequent seronegativity and higher levels of serum
inflammatory markers than patients with non-LORA
[12]. Therefore, distinct immunological mechanisms may
exist between LORA and non-LORA, although these dif-
ferences have not been fully elucidated.

Here, we demonstrate that patients with untreated,
active LORA exhibit an increase in CX3CR1" cytotoxic
CD4% T cells, showing characteristics of CXCR3™¢
age-associated T helper cells known as ThA. These cells
were observed in enlarged lymph nodes and were found
to infiltrate synovial tissues from patients with LORA.
They correlated with disease activity and diminished
with treatment with methotrexate, tumor necrosis factor
inhibitors (TNFi), and interleukin-6 inhibitors (IL-6i), yet
remained unaffected by T-cell activation modulators. Of
note, despite multidrug therapy, PD-1"CD38"CX3CR1"
cytotoxic CD4" T cell subset was persistently elevated in
patients with difficult-to-treat RA (D2T RA), a recently
recognized treatment-resistant phenotype. Thus, our
findings suggest that CX3CR1" cytotoxic CD4" T cells
could be potential targets for the management of LORA.

Materials and methods

Patients and controls

The study included 78 treatment-naive patients with
RA with active disease, 12 patients with D2T RA, and

Page 2 of 13

16 healthy controls. Supplementary Table 1 illustrates
the characteristics of the patients and healthy con-
trols. All patients with RA met the 1987 American Col-
lege of Rheumatology [13] or 2010 American College
of Rheumatology/European League Against Rheuma-
tism (EULAR) classification criteria [14]. Patients with
an age of onset of 60 years or older were classified as
LORA according to the previous studies [15]. D2T RA
was defined according to EULAR criteria as patients who
failed to respond to treatment with two or more bio-
logic/targeted synthetic disease-modifying antirheumatic
drugs with different modes of action [16]. Characteristics
of D2T RA patients are shown in Supplementary Table 2.
Non-D2T RA was defined as not meeting the criteria for
D2T RA and achieving low disease activity or remission
by clinical disease activity index (CDAI) 24 weeks after
treatment initiation. Approval for the study was granted
by the Ethics Committee of Keio University School of
Medicine (Approval number: 20140335). The study was
conducted in accordance with the principles outlined in
the Declaration of Helsinki. Written informed consent
was obtained from all the participants.

Flow cytometric analysis

Flow cytometric analysis was conducted using whole
blood samples freshly obtained from patients and healthy
controls, following the protocols recommended by the
manufacturers. The antibodies used in this study are
listed in Supplementary Table 3. A 30-min incubation
of 50 pL of whole blood sample was conducted at room
temperature with fluorescence-labeled antibodies. Sub-
sequently, the cells were lysed and fixed using Lyse/Fix
Buffer (BD Biosciences, San Jose, CA, USA). For intra-
cellular staining of granzyme B (GZMB), or phosphoryl-
ated signal transducer and activator of transcription 1
(STAT1), cells were permeabilized and fixed using rea-
gents from the BD Pharmingen” Transcription Factor
Buffer Set, followed by a 30-min incubation with anti-
bodies. Cells were then washed and analyzed using the
MACSQuant Analyzer (Miltenyi Biotec, Bergisch Glad-
bach, Germany) or BD LSRFortessa’" (BD Biosciences,
San Jose, CA, USA). Data were analyzed using the FlowJo
software v10 (Tree Star, Stanford University, CA, USA).
Single-cell mapping was conducted using a t-distributed
Stochastic Neighbor Embedding (tSNE) algorithm [17].

Immunohistochemistry

Immunohistochemistry was performed on paraffin-
embedded synovial and lymph node tissue sections
obtained from patients with RA. Deparaffinization,
antigen retrieval (20 min in citrate buffer, pH 6.0), pri-
mary antibody incubation (30 min), peroxide blocking
(5 min), DAB staining (two rounds of 5 min each), and
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hematoxylin staining (5 min) were performed using an
automated BOND immunostaining system. The primary
antibody used was a CX3CR1 polyclonal antibody (Pro-
teintech Group, Inc., #13,885—1-AP), applied at a dilution
of 1:50.

Statistical analysis

Data were analyzed using the GraphPad Prism soft-
ware (v7; GraphPad Software, La Jolla, CA, USA). For
comparisons between two groups of unpaired samples,
the Mann—Whitney U test or ¢-test was used based on
whether the distribution of data was non-parametric or
parametric. For paired samples, the Wilcoxon matched-
pairs signed rank test or paired ¢-test was used based on
the non-parametric or parametric distribution of data.
To compare more than two groups, a one-way ANOVA
followed by Tukey’s multiple comparison test was con-
ducted. Fisher’s exact test was used for categorical anal-
yses. Spearman’s rank correlation coefficient was used
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for the correlation analysis. Statistical significance was
defined as a two-sided p-value of less than 0.05.

Results

Peripheral blood CX3CR1" cytotoxic T cells are increased in
LORA

In a previous study, we reported that CX3CR1" T cells
specifically express GZMB and perforin, indicating a
cytotoxic T cell subset [18]. We found that the pro-
portion of CX3CR1TCD4" T cells was elevated in the
peripheral blood of 78 patients with active, treatment-
naive RA compared with that in healthy controls (Fig. 1a,
b). However, there was no difference in the proportion
of CX3CR1*CD8" T cells between patients with RA
and healthy controls (Fig. 1b). Subsequently, we inves-
tigated the relationship between the clinical features of
RA and the elevated proportion of CX3CR1* T cells.
We found that in patients with active, treatment-naive
LORA, the proportions of both CX3CR1tCD4" T cells
and CX3CR1TCD8" T cells were significantly increased
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Fig. 1 Peripheral blood CX3CR1* T cells are increased in LORA. a Gating strategy for identifying CX3CR1* T cells by flow cytometry. b Comparison
of peripheral blood CX3CR1* T cells between treatment-naive, active RA, and HC. Mann-Whitney U test. ¢ Comparative analysis of peripheral blood
CX3CR1* T cells among clinical characteristics of RA (LORA, seropositivity, and sex difference). Seropositivity for autoantibodies refers to the presence
of either RF, anti-CCP antibodies, or both. Mann-Whitney U test. d Intracellular GZMB expression in CX3CR1*CD4" T cells. The area within the black

bold frame represents CX3CR1*GZMB*CD4™ T cells
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compared to those in patients with non-LORA (Fig. 1c).
As shown in supplementary Table 4, LORA patients
had significantly higher levels of inflammatory markers,
including erythrocyte sedimentation rate and C-reactive
protein, and exhibited higher disease activity compared
to non-LORA patients. Autoantibodies, including rheu-
matoid factor and/or anti-cyclic citrullinated peptide
antibodies, which are observed in approximately 70%
of patients with RA [19], were also observed in the RA
cohort included in our study (Supplementary Table 1).
We performed a comparative analysis based on the pres-
ence of autoantibodies or sex of the patients but found
no association between these factors and the proportion
of CX3CR1" T cells (Fig. 1c). We further performed a
comparative analysis of CX3CR1" T cells based on the
presence or absence of autoantibodies in both the LORA
and non-LORA groups. As a result, no differences were
observed in the proportion of CX3CR1" T cells between
autoantibody-positive and autoantibody-negative
patients in either group (Supplementary Fig. 1). Next,
to investigate whether CX3CR1*CD4" T cells in LORA
patients possess cytotoxic function, we examined the
expression of GZMB in these cells. We found that nearly
all CX3CR1'CD4" T cells in LORA patients expressed
GZMB (Fig. 1d). Overall, these findings suggest a char-
acteristic increase in the proportion of peripheral blood
CX3CR1" cytotoxic CD4™ T cells in patients with LORA.

CX3CR1™ T cells in LORA exhibit molecular characteristics
with age-associated T cells

Given the discovery of an increased proportion of
CX3CR1™ T cells in patients with LORA, we conducted
an analysis to determine any correlation between age
and the proportion of CX3CR1* T cells in patients with
active, treatment-naive RA (n=78). The proportions
of CX3CR1'CD4" T cells and CX3CR1'CD8" T cells
exhibited a mild but significant positive correlation with
age (Fig. 2a, p=0.3 and 0.31, respectively). On the other
hand, there was no correlation between the proportion of
CX3CR1™ T cells and age in healthy controls. Reportedly,
age-associated T cells exhibit molecular characteristics
such as decreased expression of CD27, CD28, and CD96,
and increased expression of CD57 [20-22]. We exam-
ined whether CX3CR1* T cells exhibited the molecu-
lar characteristics of age-associated T cells using seven
blood samples from patients with active, treatment-naive
LORA. CX3CR1*CD4" T cells and CX3CR1*CD8" T
cells were found to have low expression of CD27, CD28,
and CD9 and high expression of CD57, indicating
the molecular characteristics of age-associated T cells
(Fig. 2b). In addition, we found that CX3CR1tCD4* T
cells and CX3CR17CD8* T cells exhibit a "mid" level of

Page 4 of 13

expression of CD95, which is associated with apoptosis
[23] (Fig. 2¢).

CX3CR1* T cells in LORA exhibit characteristics of CXCR3™
age-associated chemokine receptor expression

To investigate whether CX3CR1" T cells in LORA dif-
fered from classical Thl, Th2, Th17, Treg, and Tth cells
[24], we conducted a thorough analysis of chemokine
receptor expression using an unbiased single-cell map-
ping approach with blood samples from four patients
diagnosed with active, treatment-naive LORA. CX3CR1*
T cells did not express CCR4 (Th2 or Treg marker),
CCR6 (Th17 marker), or CXCR5 (Tfh marker), indicat-
ing an independent T cell subset (Fig. 3a). We also con-
firmed in the two-dimensional plots that CX3CR1" T
cells do not express the respective chemokine receptors
(Supplementary Fig. 2). Furthermore, we investigated the
expression of CD25 as an alternative Treg marker, but
CX3CRI'CD4" T cells derived from LORA patients did
not express CD25 (Supplementary Fig. 3). We examined
the expression of PD-1 in CX3CR1*CD4" T cells derived
from LORA patients, and our results showed that these
cells did not express PD-1 (Fig. 3b). This finding indicates
that CX3CR1'CD4" T cells are distinct from Tph cells,
which are known to exhibit high PD-1 expression [8].
Thus, the cells observed in our study are not part of the
Tph cell population.

A recent report indicated that a population of cells
with “mid” expression of CXCR3 (Thl marker) repre-
sents age-associated helper T cells, known as “ThA”
[25]. We discovered that all CX3CR1TCD4% T cells
were CXCR3™¢ (Fig. 3c). On the other hand, only a sub-
set of CXCR3™4 T cells (ThA) were CX3CR1" (Fig. 3c).
Considering that CX3CR1*CD4" T cells specifically
express GZMB (Fig. 1d), CX3CR17CD4" T cells rep-
resent a cytotoxic ThA subset. Additionally, we newly
identified that CX3CR1*CD8" T cells also exhibit
CXCR3™ expression (Fig. 3c). Examination of the phe-
notypic differences between CX3CR17CD4* T cells and
CX3CR1TCD8" T cells revealed that CX3CR1TCD4" T
cells are CCR7™CD45RA™effector memory (EM) cells,
whereas CX3CR17CD8* T cells are terminally differen-
tiated effector memory T cells re-expressing CD45RA
(TEMRA) (Fig. 3d). Importantly, neither CX3CR1TCD4*
T cells nor CX3CR1TCDS8* T cells expressed CCR7, sug-
gesting the possibility that both cell populations might
have migrated from the lymph nodes to the peripheral
blood (Fig. 3a, Supplementary Fig. 2).

CX3CR1*T cells in LORA differentiate in lymph nodes and
contribute to inflammation in the inflamed synovial lesions
To explore the possibility that CX3CR1" T cells in
patients with LORA might undergo differentiation in
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Fig.2 CX3CR17T cells exhibit characteristics of age-associated T cells. a Correlation analysis between the proportion of CX3CR1* T cells and age
in patients with RA (n=78). Spearman’s correlation test. b Flow cytometry analysis of the expression of age-associated molecules (CD27, CD28,
CD96, CD57) in CX3CR1* T cells from peripheral blood of LORA patients (n=7). Paired t-test. ¢ Analysis of CD95 expression in CX3CR1* T cells
from peripheral blood of LORA

the lymph nodes and subsequently migrate into the and CX3CR1TCDS8' T cells both inside and outside the
peripheral blood and synovial tissues, we investigated lymphoid follicles (Fig. 4d). In addition, infiltration of
whether lymphadenopathy could be observed in patients CX3CR17CD4* T cells and CX3CR1TCD8* T cells was
with LORA. The proportion of patients with lymphad-  detected at the synovial inflammation site in patients
enopathy was significantly higher in the LORA group  with LORA (Fig. 4e).

than in the non-LORA group (Fig. 4a, b). The major-

ity of the lymphadenopathy regions were located in the

axillary or mediastinal lymph nodes (Fig. 4c). Further-
more, immunohistochemical staining of enlarged lymph

CX3CR1*CD4™ T cells correlate with disease activity in LORA
Disease activity score 28-joint count (DAS28), CDAI,

nodes showed the presence of CX3CR1*CD4* T cells and simplified disease activity index (SDAI) are disease

activity indices used to assess arthritis severity [26, 27].
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or TEMRA). Paired t-test

These indices are critical for evaluating disease activ-
ity and treatment responses in patients with RA. We
analyzed the correlation between CX3CR1* T cells and
disease activity indices in patients with active, treatment-
naive RA (n=78). The proportion of CX3CR1"CD4* T
cells was positively correlated with arthritis activity and
inflammatory marker levels (Fig. 5a). This was consist-
ent even in the subgroup analysis that focused on 52

patients with active, treatment-naive LORA (Fig. 5a).
We note a stronger association of CX3CR1TCD4* T
cells with age than with disease activity, with correla-
tion coefficients of 0.30, 0.22, and 0.16 for age, DAS28-
ESR, and CDAI respectively. In contrast, the proportion
of CX3CR1TCD8* T cells did not correlate with dis-
ease activity (Fig. 5a). Subsequently, the dynamics of
CX3CR1" T cells following the initiation of treatment
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Non-LORA

Fig. 4 Identification of CX3CR1* T cells in enlarged lymph nodes and synovial inflammatory sites. a, b Comparative analysis of the proportion
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with methotrexate or biologics were tracked over time
in 30 patients with LORA. Along with an improvement
in arthritis activity, the proportion of CX3CR1*CD4*"
T cells decreased 24 weeks after treatment initiation
(Fig. 5b). In contrast, there was no significant change
in the proportion of CX3CR1*CD8" T cells (Fig. 5b).
In the analysis based on treatment types, methotrexate,
IL-6i (tocilizumab, TCZ), and TNFi groups showed a

decreased proportion of CX3CR1*CD4™" T cells, whereas
the group treated with a T-cell activation modulator
(abatacept, ABT) showed an increased proportion of
CX3CR17CD4" T cells (Fig. 5¢). Of the two cases treated
with abatacept, one showed improvement in arthritis dis-
ease activity, while the other still had persistent arthritis
activity. A similar trend was observed in the proportion
of CX3CR1*CD8™ T cells (Fig. 5c).
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PD-17CD38*CX3CR17CD4* T cell is a treatment-resistant T
cell subset

Finally, we investigated the role of CX3CR1" T cells in
D2T RA, a recently recognized treatment-resistant phe-
notype [16]. We obtained fresh blood samples from 12
patients with D2T RA and 19 patients with non-D2T RA
and compared them with samples from 16 healthy con-
trols. As shown in Supplementary Table 2, approximately
50% of the D2T RA patients were LORA, while the
remaining 50% were non-LORA. Both CX3CR1TCD4* T
and CX3CR17CD8" T cells were elevated in the periph-
eral blood of patients with D2T RA, with CX3CR1TCD4*
T cells particularly elevated compared with those in
patients with non-D2T RA (Fig. 6a). CX3CR1tCD4* T
cells were found to be positively correlated with arthri-
tis activity and age in patients with D2T RA (Fig. 6b).
Notably, CX3CR1T"CDS8" T cells were not associated with
arthritis activity in untreated RA overall or in untreated
LORA (Fig. 5a) but were correlated with arthritis activ-
ity in the D2T RA population (Fig. 6b). Furthermore, we

extensively investigated the activation state of CX3CR1"
T cells using blood samples from six additional patients
with D2T RA. The increased CX3CR1* T cells in the
D2T RA group did not show significant activation of
the JAK-STAT pathway, nor did they exhibit changes
in the expression levels of CD25 or HLA-DR compared
with those in non-D2T RA group (Fig. 6¢). However, the
expression levels of PD-1 and CD38 were significantly
elevated in CX3CR17CD4" T cells in the D2T RA group
compared with non-D2T RA group (Fig. 6¢), suggest-
ing these molecules as treatment-resistant T cell subset
markers. These cells accounted for an average of 45%
(range: 16.6%-62.7%) of CX3CR1'CD4" T cells in D2T
RA.

Discussion

The involvement of CX3CR1" T cells in the pathogen-
esis of RA was reported in a past study, but how they
contribute to the disease pathology was unclear [28].
In the present study, we found that CX3CR1T"CD4T T
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cells contribute to synovitis in LORA. CX3CR1*CD4*
T cells were identified as a cytotoxic ThA subset. These
cells were suggested to differentiate in enlarged lymph
nodes, migrate into peripheral blood, and subsequently
infiltrate synovial tissue. The number of these cells
decreased after treatment with methotrexate, TNFi,
and IL-6i, but not with T-cell activation modulators.

phenotype.

Moreover, in patients with D2T RA, the number of
CX3CR1* T cells persistently increased and PD-
1TCD38"CX3CR1" T cells were identified as a treat-
ment-resistant T cell subset. These findings advance the
understanding of the pathophysiology of age-associated
autoimmune arthritis and treatment-resistant clinical
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In age-associated T cells, the expression levels of
the co-stimulatory molecules CD27, CD28, and CD96
are decreased, while the expression levels of NK cell-
related molecules such as CD57 and the adapter mol-
ecule CD95 (FAS) are increased [20—23]. We confirmed
that CX3CR1*T cells have low expression levels of
CD27, CD28, and CD96 and high expression levels of
CD57, leading us to consider them age-associated T
cells. Consistent with these age-associated molecu-
lar changes, a positive correlation between age and
increased number of CX3CR1" T cells in patients with
RA were observed. Intriguingly, we discovered that
the expression level of CD95 on CX3CR1" age-asso-
ciated T cells is not high but “mid” Past studies have
reported that age-associated T cells exhibit resistance
to Fas-mediated apoptosis [23]; this may be related to
our observation that the expression level of CD95 is not
high but “mid”

As mentioned above, CX3CR1TCD4" T cells and
CX3CR17CD8" T cells share common molecular features
with age-associated T cells. However, CX3CR1TCD4"
T cells and CX3CR1TCD8" T cells were not at the same
differentiation stage. Specifically, we identified a novel
difference; CX3CR1TCD4" T cells were identified EM,
whereas CX3CR1TCDS8" T cells were identified TEMRA.
T cells undergo terminal differentiation through various
stages, from naive T cells to central memory, EM, and
TEMRA cells, where the proliferative capacity decreases
and cytotoxic function increases [21]. Considering that
TEMRA is the more advanced stage of differentiation,
the susceptibility of human CD4" and CD8" T cells to
undergo age-associated changes may vary, with CD8* T
cells developing an age-associated phenotype more rap-
idly than the CD4* T cell population [29, 30]. Further
research is necessary to understand the reason for differ-
ent differentiation stages of CX3CR17CD4" T cells and
CX3CR17CD8" T cells within the same individual, along
with the physiological significance of these findings.

In humans, specific cell surface markers for age-associ-
ated T cells have not yet been identified. In this study, we
identified distinctive expression patterns of cell-surface
chemokine receptors in CX3CR1" age-associated T cells.
Specifically, CX3CR1* age-associated T cells exhibited
reduced expression of CCR7, which is necessary for hom-
ing to lymphoid tissues and for their retention there [31],
while they expressed CX3CR1, which is involved in the
migration to peripheral inflammatory tissues. Notably,
CX3CR1" age-associated T cells did not express markers
of other T cell subsets, such as Thl, Th2, Th17, Tth, and
Treg, and were found to be CXCR3™9, consistent with
recently reported characteristics of age-associated T cells
[25]. These findings suggest that CX3CR1 may serve as a
human-specific marker of age-associated T cells.
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Thymus, which is a site of T cell differentiation, under-
goes involution with age [32]. However, in this study, we
observed an increase in the number of CX3CR1" age-
associated T cells with age, suggesting that these cells
may have differentiated outside of the thymus. In our
study, we discovered that LORA patients exhibited pri-
marily mediastinal or axillary lymph node enlargement
more frequently than non-LORA patients and confirmed
the presence of CX3CR1" age-associated T cells in
enlarged lymph nodes. These results suggest a novel per-
spective that the lymph nodes, rather than the thymus,
may serve as the site of differentiation and development
of CX3CR1" age-associated T cells.

In patients with RA, an increase in CX3CR1* age-
associated T cells was not associated with autoantibody
production or sex but was associated with LORA. Spe-
cifically, among CX3CR1" age-associated T cells, an
increase in CD4" T cells reflects the activity of arthritis
and the degree of inflammatory markers. On the other
hand, CX3CR1TCD8" T cells were associated with
aging in RA patients but were not increased compared
to healthy individuals and showed no correlation with
disease activity. Furthermore, post-treatment analysis of
RA showed a decrease in CX3CR1TCD4* T cells along
with an improvement in arthritis, whereas no significant
changes were observed in CX3CR1tCD8" T cells. There-
fore, CX3CR1TCDA4* T cells but not CX3CR1*CD8" T
cells may be associated with disease severity, particularly
in patients with LORA. Consistent with our findings, a
recent study reported the clonal expansion of cytotoxic
CD4" T cells at disease flare compared with that in the
remission state, suggesting that cytotoxic CD4* T cells
are pathogenic [10]. Cytotoxic CD4" T cells have been
reported to undergo chronic antigen-driven expan-
sion [33]; therefore, identifying the causative antigens in
LORA can contribute to a deeper understanding of its
pathogenesis.

In treatment-specific analyses, a decrease in
CX3CR17CD4" T cells was observed in the majority
of patients treated with TNFi or IL-6i, but not in those
treated with the T-cell activation modulator, abatacept.
Abatacept targets CD28, which may have a limited effect
on CX3CR1*CD4" T cells that do not express CD28. In
contrast, a decrease in CD28 CD4" T cells following
TNFi treatment has been previously reported [34-36],
which is consistent with our findings. There are still lim-
ited studies examining differences in the effectiveness of
each biological disease-modifying antirheumatic drug
for LORA, with only two observational studies avail-
able. Both observational studies found that the retention
rates of other biological disease-modifying antirheumatic
drugs were higher compared to abatacept [37, 38]. There-
fore, TNFi or IL-6i may be more effective than abatacept
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in treating LORA. Future clinical studies are needed to
determine which biologics are the most effective for the
treatment of patients with LORA.

In D2T RA, several drugs with different modes of
action are insufficient to control arthritis, which pre-
sents a clinically significant challenge [16, 39]. Therefore,
improving our understanding of its pathophysiology is
essential for the development of new therapeutic strate-
gies. Prior to the current study, the pathogenesis of D2T
RA was completely unclear owing to the lack of reported
findings. We found that arthritis activity in the D2T RA
group correlated with the proportion of CX3CR1*CD4"
T cells. Furthermore, PD1TCD38"CX3CR17CD4*"
T cells were identified as a treatment-resistant T cell
subset. PD1*CD38"CX3CR17CD4" T cells are likely
a subset of CX3CR1*CD4" T cells that have under-
gone additional activation and possibly further dif-
ferentiation in response to chronic inflammatory
conditions, as both PD-1 and CD38 are known mark-
ers of chronic activation [40, 41]. Notably, half of the
D2T RA cases in this study were non-LORA, suggest-
ing that factors independent of aging contribute to the
differentiation of PD1*CD38tCX3CR1'CD4" T cells.
Previous studies suggest that type I interferon may
serve as a differentiation-inducing factor for these cells
[42, 43]. Therefore, these cells may evade the effects of
TNF-a and IL-6 inhibition because their function is not
solely driven by TNF-a or IL-6 signaling, but also by
other pathways, including the type I interferon signal-
ing. PD-1"CD38'CX3CR1'CD4" T cells resemble the
recently reported Tph2 cells and are known to produce
not only cytotoxic molecules but also cytokines such as
interferon-y and chemokines such as CCL3 and CCL4
[44]. Future large-scale prospective studies are war-
ranted to determine whether the presence of increased
PD1*CD38TCX3CR1TCD4™ T cells before treatment ini-
tiation can serve as a predictive marker for future treat-
ment resistance.

Specific optimal treatment strategies for LORA and
D2T RA are not currently established. E6011, a novel
cell trafficking inhibitor targeting the human fractalkine-
CX3CR1 interaction, demonstrated significant thera-
peutic effects at week 24, although it did not achieve the
primary endpoint at week 12 in RA [45, 46]. Consider-
ing the involvement of CX3CR1 in the pathogenesis of
LORA and D2T RA, future clinical studies are needed to
determine the therapeutic efficacy of E6011, specifically
in LORA and D2T RA.

Conclusions

Patients with LORA present distinct immuno-
logical characteristics, including increased num-
bers of CX3CR1" cytotoxic CD4" T cells displaying
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age-associated features. These cells may originate in the
enlarged lymph nodes, and infiltrate the synovial tissues.
Furthermore, we identified PD1*CD38TCX3CR17CD4"
T cells as a treatment-resistant T cell subset. Our find-
ings provide insights into age-associated autoimmune
arthritis and potential therapeutic targets.
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