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ABSTRACT

Low-dose radiotherapy (LDRT) has been explored as a treatment option for various 
inflammatory diseases; however, its application in the context of rheumatoid arthritis (RA) is 
lacking. This study aimed to elucidate the mechanism underlying LDRT-based treatment for 
RA and standardize it. LDRT reduced the total numbers of immune cells, but increased the 
apoptotic CD4+ T and B220+ B cells, in the draining lymph nodes of collagen induced arthritis 
and K/BxN models. In addition, it significantly reduced the severity of various pathological 
manifestations, including bone destruction, cartilage erosion, and swelling of hind limb 
ankle. Post-LDRT, the proportion of apoptotic CD4+ T and CD19+ B cells increased significantly 
in the PBMCs derived from human patients with RA. LDRT showed a similar effect in 
fibroblast-like synoviocytes as well. In conclusion, we report that LDRT induces apoptosis in 
immune cells and fibro-blast-like synoviocytes, contributing to attenuation of arthritis.

Keywords: Inflammation; Experimenatal arthritis; Rheumatoid arthritis; Radiotherapy; 
Apoptosis; Synoviocytes

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic and systemic autoimmune disease characterized by 
joint synovial hypertrophy and excessive inflammatory response (1,2). Disease-modifying 
anti-rheumatic drugs (DMARDs) are a vital therapy for RA that work by regulating the 
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immune responses. However, a substantial proportion of patients fail to attain a sufficient 
therapeutic response to these, while a significant number fail to sustain such a response, due 
to either treatment-related toxicity or a lack of therapeutic efficacy (3,4).

In a significant proportion of patients for whom DMARDs treatment proves ineffective, surgical 
intervention becomes imperative, to address the functional limitations. However, joint surgery 
as a therapeutic approach for RA also presents inherent drawbacks, including the potential 
for surgical site infections, substantial financial burdens, and challenges in managing the 
daily activities of patients and their postoperative consequences (5,6). Low-dose radiotherapy 
(LDRT) can be considered as one of the treatment options for patients with resistance to 
DMARDs treatment and an alternative to surgical intervention.

In a broad sense, LDRT means a radiation dose of ≤100 mSV or one that is lower than a 
conventional radiotherapy dose (7). The radiobiological effect of LDRT is different from 
that of the high-dose radiotherapy commonly used for malignant tumors (8). High-dose 
radiotherapy can induce simultaneous and irreversible DNA double-strand breaks in genes, 
resulting in anti-proliferative effects in cancer cells and anti-tumor immune responses 
through regulation of inflammation. On the other hand, LDRT induces reversible DNA 
damage that can be repaired and is known to have anti-inflammatory effects that reduce 
existing inflammation.

Several studies have reported the application of LDRT as a therapeutic modality for arthritis 
(9-11). More recently, LDRT has been shown to improve arthritic symptoms by inhibiting the 
expression of cartilage metabolic factors in chondrocytes in an osteoarthritis model (12). 
However, these studies primarily employed intra-articular injection or systemic inflammation 
models, which differ from our experimental design (13-15). In addition, there is insufficient 
evidence on the efficacy of LDRT in the treatment of animal models with autoimmune 
arthritis or patients with RA.

One of the most prominent biological effects that stems from radiation exposure is the 
initiation of apoptosis via intracellular pathways. Notably, LDRT has the ability to trigger 
apoptosis by mediating intracellular ROS signaling and the TGF-β pathway (16,17). Apoptosis 
is a programmed and accurate cell death process that makes up most biological cell death. 
Also, the apoptosis of various immune cells acts as a fundamental modulator of innate and 
adaptive immune responses (18). In contrast, impaired apoptosis of pathological cells such 
as Th1, Th17, and B cells can cause dysregulation of inflammatory cytokines and autoantigen-
recognized Ab production (19). Therefore, overcoming apoptosis resistance inhibits the 
growth of abnormally activated immune cells, leading to the mitigation of inflammatory 
diseases. Meanwhile, other studies have reported upregulated apoptotic immune cells in 
human PBMCs exposed to low-dose radiation in a discontinuous manner (20-22). Although 
it is known that radiotherapy can induce apoptosis in immune cells, there is still insufficient 
research on the use of LDRT for treating inflammatory diseases through this mechanism. 
Specifically, there is a lack of research on RA treatment that can upregulate apoptosis of 
immune cells through LDRT, to improve joint inflammation and bone destruction.

Therefore, in this study, we explored how LDRT alleviates arthritis symptoms using two 
diverse autoimmunity-based arthritis models. The ultimate goal of this research was to assess 
the potential of LDRT as an alternative strategy that can mitigate the resistance to DMARDs 
treatment and overcome the limitations associated with surgical intervention.
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MATERIALS AND METHODS

Procurement of PBMCs and fibroblast-like synoviocytes (FLS) from patients 
with RA
Human RA-PBMCs were provided by Gyeongsang National University Hospital (Jinju, Korea) 
a constituent of the Korea Biobank Network. Informed written consent was obtained from 
all patients or their families prior to participation. The disease activity of RA was assessed 
in terms of the Disease Activity Score-28, which incorporated both clinical and laboratory 
data (23). The human FLS derived from patient with RA employed in this investigation 
were generously supplied by Gyeongsang National University Hospital. This study received 
approval from the Institutional Review Board of Gyeongsang National University Hospital 
(permit No: GNUH-2022-07-008).

Establishment of the collagen-induced arthritis (CIA) mouse model
Male DBA/1 mice aged eight wk were purchased from The Jackson Laboratory (Yokohama, 
Japan) and stabilized by housing for 1 wk. The CIA model was established using stabilized 
8–9-wk-old DBA/1 mice, as described previously (24). After 7 days of secondary immunization, 
the CIA mice were divided into two groups: 1) CIA (control) and 2) LDRT (4 Gy). All animal 
experiments were performed according to the guidelines of the Laboratory Animal Ethics 
Committee of Gyeongsang National University (permit No: GNU-211117-M0100).

Generation of the K/BxN mouse model
K/BxN mice were obtained by crossmating KRN TCR-transgenic mice with a C57BL/6 
background and non-obese diabetic mice. The K/BxN mice were group-housed (up to 5 per 
cage) in a specific pathogen-free barrier facility (with maintained room temperature and 
humidity) under a 12 h/12 h dark/light cycle and fed standard diet. After housing for seven 
wk, the K/BxN mice were divided into two groups: 1) K/BxN (control) and 2) LDRT (2 Gy). All 
animal experiments were performed according to the guidelines of the Laboratory Animal 
Ethics Committee of Gyeongsang National University (permit No: GNU-211117-M0100).

Scoring of inflammatory arthritis and measurement of ankle thickness
The severity of arthritis was observed and the clinical scores of arthritis were assessed every 
2–3 days, for 2 wk. The inflammation level of the hind paw was graded from 0 to 4, as per 
the following scale: 0=no swelling or redness among digits, insteps, and joints; 1=paw with 
swelling or redness in a single site; 2=paw with swelling or redness in two sites; 3=paw with 
swelling or redness in three sites; and 4=severe swelling or redness at all sites and stiffness 
of ankle joint. The clinical scores were measured for 2 wk and scores of the hind paws were 
summed. Hind paw thickness of the K/BxN mice was measured with a caliper placed across 
the ankle-joint (at the widest site) on the day of the sacrifice.

In vivo irradiation treatment of the animal models
Irradiation was performed at room temperature using a 6 MV photon beam from a linear 
accelerator (21EX; Varian, Palo Alto, CA, USA) with a 1-cm bolus. Mice were anesthetized 
with isoflurane before each irradiation. CIA mice received a total radiation dose of 4 Gy 
administered in 8 fractions of 0.5 Gy each, once every three days for two wk, followed by 
treatments every other day for one additional week, totaling 21 days of irradiation exposure. 
On the other hand, K/BxN mice were treated 4 times with 0.5 Gy per fraction, every other day, 
for 7 days, resulting in a total irradiation dose of 2 Gy. Irradiation was confined to the lower 
body below the hip joint on both sides of the mouse.
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Flow cytometry analysis
The list of fluorochrome-conjugated mouse Abs utilized in flow cytometry experiments 
is presented in Table 1. The isolated splenocytes and lymphocytes were incubated with 
Abs, following established protocols (25), for flow cytometric analysis. Assessments were 
conducted using the LSRFortessa™ X-20 Cell Analyzer (657666R1; BD Biosciences, Franklin 
Lakes, NJ, USA). The flow cytometry data were analyzed using FlowJo software version 10 
(Ashland, OR, USA).

Assessment of apoptotic cells
To determine the apoptosis levels of immune cells, isolated cells were labeled using the 
FITC Annexin V Apoptosis Detection Kit I (556547; BD Pharmingen, San Diego, CA, USA), 
according to the manufacturer’s instructions. The samples were analyzed using the BD 
LSRFortessa™ X-20 Cell Analyzer. The flow cytometry data were analyzed using FlowJo 
software version 10.

Cell proliferation assay
To assess the proliferation of immune cells, the isolated cells were stained using the Cell 
Trace™ CFSE Cell Proliferation Kit (C34554; Thermo Fisher Scientific, Waltham, MA, USA). 
CFSE-labeled immune cells were incubated in Roswell Park Memorial Institute medium 
supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin, and anti-mouse 
CD3 (553057) and CD28 (553294) (both from BD Biosciences) for 3 days, at 37ºC, in round-
bottomed 96-well plates. The cultured cells were then analyzed using a LSRFortessa™ X-20 
Cell Analyzer. The flow cytometry data were analyzed using FlowJo software version 10.

Immunoblotting
B220+ B and CD4+ T cells were sorted by negative selection using MACS columns (130-090-544; 
Miltenyi Biotec, Bergisch Gladbach, Germany), and lysed in radioimmunoprecipitation buffer 
(89901; Thermo Fisher Scientific) supplemented with protease inhibitor (535142; Calbiochem, 
Seoul, Korea) to enable the collection of whole protein fractions. The protein fractions obtained 
from B220+ B and CD4+ T cells were utilized immunoblotting assay as described previously (26). 
Details of the Abs utilized for immunoblotting are provided in Table 2.
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Table 1. The information of Abs used for surface and intracellular staining
Ab Company Cat#
PE anti-human CD4 BioLegend 317410
BV605 anti-human CD19 BioLegend 302244
APC anti-mouse CD4 Invitrogen 17-0042-82
PE-cyanine 7 anti-mouse CD44 Invitrogen 25-0441-82
APC anti-mouse IL-17A Invitrogen 17-7177-81
FITC anti-mouse IFN-γ Invitrogen 11-7311-82
PE-Cy7 anti-mouse B220 BD Pharmingen 552772
BV506 Fixable Viability Dye eFlour™ 506 Invitrogen 65-0866-14

Table 2. The specific Abs employed in the immunoblotting assays
Ab Company Cat#
Anti-mouse Bax Santa Cruz Biotechnology SC-7480
Anti-mouse Bak1 Santa Cruz Biotechnology SC-518146
Anti-mouse caspase-3 Cell Signaling Technology 9665S
Anti-mouse cleaved caspase-3 Cell Signaling Technology 9661S
Anti-mouse PARP Cell Signaling Technology 9542S
Anti-mouse cleaved PARP Cell Signaling Technology 9579S
Anti-mouse beta actin Abcam 8226
Bax, Bcl-2-asscociated X protein; Bak1, Bcl-2-antagonist/killer 1; PARP, poly ADP-ribose polymerase.



Micro-computed tomography (micro-CT)
For micro-CT imaging analysis, the Quantum FX (PerkinElmer, Waltham, MA, USA) imaging 
system was used to evaluate the bone destruction in the ankle joints of the K/BxN mice 
hind paws. The joints were scanned at 90 kV, 180 μA for 2 min and reconstructed into a 
3-dimensional structure with a voxel size of 40 μm. The images were analyzed using Analyze 
12.0 system (bone mineral density standard curve: 3.8815× + 1,875.7, threshold: 5,000). The 
detailed information regarding the analysis conditions, methods, and equipment utilized for 
micro-CT imaging can be found in Supplementary Data 1.

Real-time quantitative PCR (qRT-PCR)
Total RNA of B220+ B and CD4+ T cells from the draining lymph nodes (dLNs) were isolated 
and assayed by qRT-PCR, as described previously (24). Relative mRNA expression levels were 
normalized to the expression of GAPDH. The primers sequences used for the qRT-PCR are 
listed in Table 3.

Statistical analysis
All results have been presented as mean±SEM. An unpaired two-tailed Student’s t-test was 
used to compare two experimental groups. For comparison of more than two groups, one-way 
or two-way ANOVA was used. Statistical data was analyzed using GraphPad Prism version 8.0 
software (San Diego, CA, USA). Differences were considered statistically significant at p<0.05.

RESULTS

LDRT induces apoptosis of dLN CD4+ T cells and attenuates inflammatory 
arthritis
We established a CIA model in DBA/1 mice, to investigate the effect of LDRT on inflammatory 
arthritis. After three wk of LDRT, the DBA/1 mice were sacrificed (Fig. 1A). The clinical scores 
of the hind paws were evaluated from the day of the second immunization until the day of 
sacrifice. Since LDRT was administered locally to the hip-joint of the DBA/1 mice, the clinical 
scores of the fore paws were excluded from the assessment. The mice treated with LDRT 
displayed significantly reduced hind paw swelling and clinical scores than the control CIA 
mice (Fig. 1B and C).

Next, we isolated immune cells from the spleen and dLNs of the CIA (control) and LDRT 
groups and assessed their total cell numbers. There was a significant decrease in the total cell 
numbers only in the dLNs of the LDRT group, but not the spleen, as compared to that in the 
CIA group (Fig. 1D). To elucidate the reason for the reduced total cell number, we evaluated 
the proliferation, differentiation, and apoptosis of the dLN-CD4+ T cells. LDRT did not 
affect the proliferation of dLN-CD4+ T cells (Fig. 1E). In addition, the proportions of IFN-γ 
and IL-17A-producing CD4+ T cells were not different in the CIA and LDRT groups (Fig. 1F). 
Interestingly, LDRT treatment resulted in a significant increase in the apoptotic (annexin V+ 
propidium iodide+) CD4+ T cells in the dLNs, as compared to that observed in the CIA group 
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Table 3. The primers sequences used for the qRT-PCR
Gene Forward (5′ to 3′) Reverse (5′ to 3′)
Bax AGACAGGGGCCTTTTTGCTAC GCTCACAGAGGCCGCTTAA
Bak1 CAGCTTGCTCTCATCGGAGAT TTACGGATGCTTGCGAAGTGG
Gapdh ACAACTTTGGTATCGTGGAAGG CTTTGACACCGCACTACCG
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Figure 1. LDRT regulates RA incidence by inducing apoptosis of dLN-CD4+ T cells in CIA mice. 
(A) Experimental scheme for the LDRT-treated CIA model. (B) Representative images of the hind limbs and (C) clinical scores in the CIA (n=5) and LDRT (n=5) groups. 
(D) The number of total immune cells were counted in the spleen and dLNs (n=5 each for the CIA and LDRT groups). (E) Comparison of CD4+ T cell proliferation in the 
CIA (n=3) and LDRT (n=3) groups. dLN cells were stained for (F) intracellular cytokines such as IL-17A or IFN-γ, at 55 days after CIA-immunization, and analyzed by 
means of flow cytometry (n=5 each for the CIA and LDRT groups) and (G) surface markers using propidium iodide and annexin V, to measure the level of apoptosis 
(n=3 each for the CIA and LDRT groups). Data are presented as mean±SEM. An unpaired Student’s t-test was used to compare two groups. 
NS, not significant. 
*p<0.05 and **p<0.01 vs. CIA.



(Fig. 1G). Collectively, these results demonstrate that LDRT induces apoptosis in CD4+ T cells 
in the dLN, thereby suggesting a potential therapeutic strategy for alleviating arthritis.

We then subjected the CIA model to LDRT under various conditions, to determine the 
optimal LDRT parameters for attenuating arthritis severity. Administering LDRT 35 days 
after the initial immunization, which coincided with the peak severity of arthritis, was 
found to be the most appropriate. In addition, the minimum LDRT dose that demonstrated 
a significant reduction in total immune and CD4+ T cell counts was determined to be 2 Gy 
(Supplementary Fig. 1).

LDRT attenuates the pathological manifestations in spontaneous 
experimental arthritis models
To prove that LDRT mitigates autoimmune-based arthritis in diverse RA models, we used 
a second model, a K/BxN mouse model. The K/BxN mice were treated four times (with 
0.5 Gy) for two wk, at seven wk of age, when the arthritis symptoms of the mice were 
most severe (Fig. 2A). Similar to the results obtained in case of the CIA model, LDRT 
decreased the clinical score of the K/BxN mice, indicating an improvement in the arthritis 
symptoms (Fig. 2B). The ankle thickness of the K/BxN mice was also found to be reduced 
upon administration of LDRT (Fig. 2C). Furthermore, micro-CT demonstrated that LDRT 
attenuated the bone destruction of the hind paw (Fig. 2D). To histologically analyze if LDRT 
ameliorates the degree of arthritis in K/BxN mice, the hind paw tissues were stained with 
H&E/safranin-O after sacrifice. Subsequently, the arthritis severity score of the stained 
hind paw tissue was assessed using a suitable protocol for histological analysis (27). H&E 
staining revealed that LDRT caused a reduction in the infiltration of immune cells into the 
articular cavity or bone of the hind paw, as compared to that in the K/BxN mice. In addition, 
safranin-O staining data showed a reduction in the cartilage destruction observed in the 
hind paw bone of K/BxN mice upon LDRT administration (Fig. 2E and F). Moreover, LDRT 
significantly reduced the total number of immune and CD4+ T cells in the dLNs of the K/
BxN mice (Fig. 2G). In congruence with findings observed in the CIA model, the diminished 
population of immune cells following LDRT manifested as a consequence of heightened 
apoptotic cells (Fig. 2H). However, flow cytometry confirmed that LDRT did not regulate 
the levels of proliferation (Supplementary Fig. 2A) and CD44 expression in CD4+ T cells 
(Supplementary Fig. 2B). In addition, LDRT did not affect the secretion of IFN-γ and IL-17A 
in CD4+ T cells (Supplementary Fig. 2C). These results indicated that LDRT did not inhibit 
the division and differentiation of Th cells, but improved the arthritis symptoms of K/BxN 
mice by inducing apoptosis of CD4+ T cells in the dLNs.

LDRT can induce the apoptosis of not only CD4+ T cells, but also B220+ B cells, 
in the dLNs
With the help of flow cytometry, we distinguished the total immune cells of the dLNs into 
three subtypes—CD4+ T, B220+ B, and B220− CD4− cells—to investigate whether LDRT 
induces apoptosis of immune cells other than CD4+ T cells in K/BxN mice. Interestingly, 
LDRT caused a significant increase in the apoptosis of B220+ B and CD4+ T cells, as compared 
to that observed in the K/BxN group. In contrast, LDRT did not affect the apoptosis of B220− 
CD4− cells (Fig. 3A). However, investigation into the impact of LDRT yielded no discernible 
alterations in the apoptotic levels of CD8+ T cells (Supplementary Fig. 3A and B). To verify 
that LDRT induces apoptosis of B220+ B and CD4+ T cells, we additionally investigated factors 
related to the apoptosis signaling pathway in these cells. The protein expression levels 
of Bcl-2-asscociated X protein (Bax), caspase-3, and poly ADP-ribose polymerase (PARP) 
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Figure 2. LDRT attenuates the pathological manifestations in a spontaneous experimental arthritis model. 
(A) Experimental scheme for the LDRT-treated K/BxN model. (B) Hind limb clinical score of the K/BxN (n=7) and LDRT (n=7) groups. (C) Changes in the ankle 
thickness of the K/BxN (n=4) and LDRT (n=3) groups. (D) Representative micro-computed tomography images (left) of the hind paw, quantification (right) of BV 
and TV (n=3 for the K/BxN mice; n=10 for the LDRT group). (E) Representative images and (F) scoring of the histological staining with H&E and safranin-O in the 
inflamed ankle joint tissue from the K/BxN (n=5) and LDRT (n=5) groups. (G) The number of total and CD4+ T cells were counted in the dLNs of the K/BxN (n=18) 
and LDRT (n=11) groups. (H) Apoptosis levels in the CD4+ T cell were evaluated by staining the K/BxN (n=3) and LDRT (n=6) groups with PI and Annexin V. Data are 
presented as mean±SEM. An unpaired Student’s t-test was used to compare two groups. 
BV, bone volume; TV, total volume. 
*p<0.05 and **p<0.01 vs. K/BxN.



were upregulated by LDRT, and in addition, a trend of increased expression levels of Bcl-
2-antagonist/killer 1 (Bak1) and cleaved PARP were observed due to LDRT in B220+ B cells 
(Fig. 3B and D). Similarly, LDRT led to an observed increase in the protein expression levels 
of Bax, Bak1, and cleaved PARP in CD4+ T cells. Further, the protein expression levels of 
caspase-3 and PARP were slightly upregulated by LDRT (Fig. 3C and E). We also analyzed the 
mRNAexpression levels of Bax and Bak1 upon LDRT, which were prominently increased. The qRT-
PCR data shows that the relative mRNA expression levels of Bax and Bak1 were augmented 
in the LDRT group, as compared that in the K/BxN group (Fig. 3F and G). These findings 
indicated that LDRT contributes to the upregulation of the apoptosis signaling pathway of 
B220+ B cells, as well as CD4+ T cells, in dLNs.

LDRT upregulates the apoptotic cells among PBMCs and FLS obtained from 
patients with RA
Next, we investigated the impact of LDRT on the reduction of abnormally proliferated 
immune cells in patients with RA. To determine the LDRT conditions that optimally 
induce apoptosis in immune cells isolated from PBMCs obtained from patients with RA, 
we conducted a preliminary experiment that employed radiation doses of 0.5 and 2 Gy that 
were administered on the 3rd and 5th days following LDRT treatment. In contrast to the 
observation in the mouse model, preliminary in vitro experiments in these cells revealed the 
impracticability of quantifying alterations in apoptosis within PBMCs derived from patients 
with RA, primarily because the majority of cell deaths occurred within the 2 Gy treatment 
group in these cells (data not shown).

Interestingly, upon assessing cells at 3 days following 0.5 Gy treatment, flow cytometric 
analysis revealed that LDRT upregulated apoptosis in CD19+ B and CD4+ T cells within the 
PBMCs (Fig. 4A and B). In addition, we also applied LDRT to the FLS, a cell type recognized 
for its pivotal involvement in the onset, advancement, and inflammatory processes of 
RA pathogenesis, and regarded as a central contributor to joint degeneration (13,28). 
Surprisingly, the FLS displayed a notable increase in apoptotic cells following LDRT 
administration, as compared to that observed in the control group. In contrast, exposure to 
0.5 Gy of LDRT did not produce a discernible effect on apoptosis in the FLS (Fig. 4C). These 
in vitro data suggested that susceptibility to induction of apoptotic cells following LDRT is not 
limited to CD19+ B and CD4+ T cells, but extends to FLS as well in human patients with RA.

DISCUSSION

This study provides insight into the underlying mechanism through which LDRT ameliorates 
arthritis symptoms in both the CIA and K/BxN models. Furthermore, in humans, LDRT 
was observed to elevate the levels of apoptotic CD19+ B, CD4+ T cells, and FLS derived from 
patients with RA. Nevertheless, the precise mechanism underlying the heightened sensitivity 
of B220+ B and CD4+ T cells to LDRT, as compared to that of B220— CD4— cells, remains 
unknown. Furthermore, the apoptosis of CD8+ T cells remained unaltered following exposure 
to LDRT. Additionally, it is essential to substantiate the local vs. systemic anti-inflammatory 
effects of LDRT through rigorous experimental validation. This can be achieved by 
quantifying anti-collagen Ab titers in serum and assessing collagen-specific T cells in spleen 
tissue. These further studies are essential to ensure both the safety and efficacy of LDRT as a 
treatment for patients with RA.
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Figure 3. LDRT can induce the apoptosis of not only CD4+ T cells, but also B220+ B cells, in the dLNs. 
(A) Apoptotic B220+ B, CD4+ T, and B220− CD4− cells in the dLNs of the K/BxN (n=18) and LDRT (n=11) groups were measured by means of flow cytometry. (B, C) 
The proteins involved in the apoptosis signaling pathway in the B220+ B (B) and CD4+ T (C) cells of the K/BxN (n=6) and LDRT (n=6) groups were analyzed by 
means of immunoblotting. (D, E) Quantification of immunoblotting in panels (B) and (C). ImageJ was used to quantify the density of band relative to the loading 
control, beta-actin. (F, G) Comparison of relative mRNA levels of Bax and Bak1 in B220+ B (F) and CD4+ T (G) cells in the K/BxN (n=9) and LDRT (n=9) groups. Data 
are presented as mean±SEM. An unpaired Student’s t-test was used to compare two groups. 
NS, not significant. 
*p<0.05, **p<0.01, ***p<0.001 vs. K/BxN.



Consequently, inducing apoptosis in the immune and stromal cells of patients RA through 
LDRT represents a hopeful therapeutic strategy. This approach addresses the limitations 
of current RA treatments and can potentially alleviate the pain of patients, while reducing 
the necessity for surgical interventions. Additionally, LDRT offers the advantage of local 
administration and a shorter treatment duration, as compared to that observed with the 
medications used for RA. Conclusively, the above advantages and our findings suggest 
that LDRT may emerge as a novel treatment approach, exerting distinct modulation of the 
immune response, unlike the mechanisms employed by existing RA therapies.
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SUPPLEMENTARY MATERIALS

Supplementary Data 1
Micro-CT imaging and quantitative analysis of bone structure

Supplementary Figure 1
Comparison of changes in total cells and CD4+ T cells under various conditions of LDRT in 
CIA mice.
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Figure 4. LDRT upregulates apoptotic cells in the PBMCs and FLS obtained from patients with RA. 
(A, B) Human PBMCs obtained from patients with RA were treated with 0.5 Gy irradiation, and analyzed by means of flow cytometry after three days of 
treatment, for assessment of the proportions of apoptotic CD4+ T (A) and CD19+ B (B) cells (n=6 patients with RA). (C) The apoptotic FLS from human patients 
with RA were evaluated using flow cytometry, after three days of treatment with 0.5 and 2 Gy of LDRT (n=8 patients with RA). An unpaired Student’s t-test was 
used to compare two groups. 
7AAD, 7-aminoactinomycin D. 
*p<0.05, **p<0.01, ****p<0.0001 vs. control.
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Supplementary Figure 2
The impact of LDRT on the proliferation, activation, and differentiation of CD4+ T cells was 
found to be negligible.

Supplementary Figure 3
Comparison of apoptotic CD4+ and CD8+ T cells in the dLNs of the K/BxN mice.
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