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Background: Rheumatoid arthritis (RA) is an autoimmune disease characterized by joint inflammation and bone destruction, leading 
to severe complications. Previous research has suggested that high humidity conditions may exacerbate RA, however, the underlying 
mechanisms remain unclear. Furthermore, there is a lack of evidence linking humidity to the worsening of RA symptoms in animal 
models.
Methods: The Collagen-induced arthritis (CIA) mouse model was established using C57BL/6 mice. The arthritis status of the mice 
was evaluated under two distinct humidity conditions (50% and 80%). The aim of the present study was to investigate the impact of 
elevated humidity levels on the types of splenic cells present using mass spectrometry flow. Additionally, the study utilized MDSCs, 
which are significantly upregulated by high humidity, to assess the levels of oxidative stress and conducted mRNA sequencing of 
sorted MDSCs to investigate their impact on arthritis in CIA mice.
Results: Compared to normal humidity, high humidity exacerbated arthritis incidence in mice, resulting in increased arthritis scores, 
swelling, serum autoantibodies (anti-COII and anti-CCP), and upregulation of pro-inflammatory cytokines. Significant variations were 
observed in the spleen index under high humidity condition, accompanied by noticeable inflammatory alterations. Moreover, elevated 
humidity levels induced a substantial modulation in MDSCs population in the spleen of CIA mice, along with alterations in oxidative 
stress markers such as heightened serum ROS levels, and increased expression of COX, SOD, and Nrf2 mRNA. Following successful 
sorting of MDSCs, mRNA sequencing revealed a decrease in the expression of Rap1 signaling pathway under high humidity 
environment, which may contribute to the increase of MDSCs cells and aggravate the progression of RA disease.
Conclusion: A comprehensive analysis of the available data reveals a detrimental impact of high humidity on MDSCs numbers 
within spleen tissue, with potential implications for the development of RA.
Keywords: rheumatoid arthritis, high humidity environment, myeloid-derived suppressor cells, Rap1 signaling pathway

Background
Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease of unknown etiology, characterized by inflammation 
that affects joints and extra-articular structures. This condition typically leads to inflammation and bone destruction in 
multiple joints, resulting in long-term disability and significantly impacting patients’ the quality of life.1–3 RA affects 
approximately 0.5–1% of the global population, making it a prevalent cause of severe disability.4,5 The exact cause of RA 
remains unclear, but it is believed to involve genetic,6 autoimmune,7 and environmental factors.8 Environmental factors 
such as cigarette smoke,9 gut microbiota,10 diet,11 and weather fluctuations have been shown to influence the develop
ment and progression of RA.12–15 However, the impact of humidity on RA is not well-studied.
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Myeloid-derived suppressor cells (MDSCs) are heterogeneous immature myeloid cells with immunosuppressive 
functions that regulate immune responses.16 They accumulate at sites of inflammation in autoimmune diseases like 
RA and are thought to play a role in disease pathogenesis.17 MDSCs have been shown to have both anti-inflammatory 
and pro-inflammatory effects in RA and animal models of RA.18,19 However, the specific mechanism by which MDSCs 
contribute to RA, particularly in high humidity environments remain unknown.

Our study sought to explore the impact of high humidity on the functionality of MDSCs in mice and elucidate the 
mechanism through which it exacerbates RA. By unraveling this mechanism, we aim to provide new insights into the 
pathogenesis of RA and potentially unveil novel strategies for immunotherapy in RA.

Materials and Methods
Animals
This study utilized male C57BL/6 mice procured from Slac in Shanghai (4 weeks old with a body weight of 13±2g). 
Upon arrival, all mice were housed in our animal facility for one week to acclimate to their new environment. 
Subsequently, the mice were randomly allocated to various groups within the SPF environment of the Experimental 
Animal Research Center at Zhejiang Chinese Medical University.

The process for organizing the mice into experimental groups based on weight and randomization is as follows: 
Initially, all mice were numbered according to their body weight, with the sequence corresponding to the order of their 
weights. A computer-generated random number table was then used to create a random number sequence equal in length 
to the total number of mice, which was sorted in ascending order. The sorted random numbers were matched with the 
mouse numbers to allocate them to four experimental groups, ensuring that the distribution was even. Finally, the mice 
were randomly divided into four groups as follows: (1) CT group: blank group with 50%±5% humidity; (2) CTCIA 
group: CIA model group exposed to 50%±5% humidity; (3) HT group: blank group exposed to 80%±5% humidity; (4) 
HTCIA group: CIA model group exposed to 80%±5% humidity. To achieve the desired humidity levels, humidity 
chambers were utilized to create the appropriate conditions (Supplementary Figure 1).

The mice were housed in a climatic chamber (Ningbo Jiangnan Instrument Factory, China) that maintained 
a controlled temperature of 25±1°C, relative humidity of 50±5% or 80%±5%, and a light/dark cycle of 12 hours. 
Throughout the study, the mice had free access to food and water in the climatic chamber. A one-week acclimatisation 
period was required prior to the commencement of the experiment to ensure that the mice were able to adapt to the 
feeding conditions.

Following the induction of anesthesia with 4% isoflurane, retroorbital blood samples were obtained. Subsequently, the 
mice were euthanized via CO2 inhalation. All experimental procedures were conducted in accordance with the guidelines 
of the China Council on Animal Care and Use (CCAC).

Collagen-Induced Arthritis (CIA) Model
On Day 0 of the CIA model, 10 mg of chicken type II collagen (Chondrex, USA) was completely dissolved in 2.5 mL of 
0.05 Macetic acid. This solution was then emulsified with an equal volume of complete Freund’s adjuvant (CFA; 
Chondrex, USA). Mice were then subcutaneously injected with 0.1 mL of the chicken type II collagen emulsion, with 
0.05 mL administered on each side. On Day 21, mice were underwent a rechallenge process. They were intradermally 
injected with 0.1 mL of chicken type II collagen emulsion, which was emulsified with incomplete Freund’s adjuvant 
(IFA; Chondrex, USA).20 Similar to the initial injection, 0.05 mL was administered on each side.

Assessment of Symptoms of Arthritis
Symptoms of arthritis were evaluated based on joint pain and ankle joint swelling. A scoring system was employed, 
which encompassed various levels ranging from 0 to 4. The scoring criteria were as follows: 0 points indicated the 
absence of local redness or swelling, 1 point indicated the presence of finger joint swelling, 2 points indicated mild 
swelling of ankle or wrist joints, 3 points indicated severe swelling affecting the entire foot and toes, and 4 points 
indicated stiffness or deformation of the toes. To quantify ankle swelling, claw volume was measured using the YSC-7C 
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claw volume meter (Shandong Medical Academy, Jinan, China). This instrument allowed for an objective assessment of 
the extent of swelling in the ankles.

Measurement of Serum Autoantibodies and Pro-Inflammatory Cytokines
On day 60 of the experiment, C57BL/6 mice were euthanized. The collected blood samples were allowed to clot at room 
temperature for 1 hour. After clotting, the serum was separated by centrifugation at 1200g for 15 minutes and stored at 
−80°C for further analysis.

To assess the levels of inflammatory cytokines in the serum, ELISA assay kits for various markers were utilized, such 
as mouse serum anti-COII, anti-CCP, IL-6, IL-17, IL-1β, etc. These ELISA assay kits were obtained from CUSABIO 
(Wuhan, China). The analysis involved measuring the absorbance at 450nm, which allowed for the quantification of the 
respective cytokines in the serum samples.

Detection of Spleen Index
After euthanasia, the spleens of C57BL/6 mice were carefully dissected and weighed. The splenic index was calculated 
by dividing the spleen weight (in milligrams) by the body weight (in grams), resulting in the ratio expressed as mg/g.21

Hematoxylin Eosin Staining
The spleen was fixed in solution containing 4% paraformaldehyde. After fixation, the spleen samples underwent a series 
of steps including dehydration, transparentization, embedding, and sectioning. The resulting sections had a thickness of 
approximately 4 μm. To prepare the sections for staining, the samples were incubated in a 60°C oven for 2 hours. 
Subsequently, the sections were deparaffinized using xylene, with each step lasting for 15 minutes. Then, different 
concentrations of ethanol (absolute ethanol, 95% ethanol, 90% ethanol, 80% ethanol, 70% ethanol) were used for 
hydration, with each concentration being applied for 2 minutes.

The sections were then stained with hematoxylin for 5 minutes, followed by a water wash for 1 minute. To 
differentiate the staining, the sections were immersed in 1% hydrochloric acid ethanol for 20 seconds and rinsed with 
water for 1 minute. Counterstaining was performed using eosin for 3 minutes. After counterstaining, the sections 
underwent dehydration and transparentization using different concentrations of ethanol (95% ethanol, absolute ethanol) 
and xylene. Finally, the sections were incubated in a 60°C oven for approximately 10 minutes.

Regarding the paws of the euthanized mice, they were fixed in 10% neutral buffered formalin. Subsequently, 
decalcification was performed using a 10% EDTA solution for a period of one month. After decalcification, the same 
procedures as mentioned above for spleen H&E staining were carried out on the paw samples.

Measurement of Arginase Activity
Arginase activity was measured at 1×10^6 using a L-arginase activity detection kit (Sigma-Aldrich) as per the 
manufacturer’s instructions to quantify cellular activity.

Isolation of RNA and Real-Time Quantitative PCR Analysis
Real-time PCR analysis was performed to detect the expression of oxidative stress response indicators and inflammatory 
cytokine indicators. Total RNA was isolated using Trizol reagent (Accurate Biology, Hunan, China) and reverse-transcribed 
into cDNA using the Prime Script RT Kit (Accurate Biology, Hunan, China) according to the manufacturer’s instructions. 
For real-time PCR, SYBR Premix Ex TaqTM reagent (Accurate Biology, Hunan, China) was used with a final reaction 
volume of 20 μL containing 1x SuperMix, cDNA, and 0.5 mm forward and reverse primers. All experiments were 
conducted in triplicate and repeated three times. The primers for real-time fluorescence quantitative PCR are listed in 
Supplementary Table 1. The expression levels and results of target genes were normalized to β-actin expression.

Immunohistochemistry
The spleen tissue fixed in a 4% formaldehyde solution was dehydrated, clarified, and embedded in paraffin. After 
preheating, dewaxing, hydration, antigen retrieval, and sealing, the sections were incubated and then incubated with 
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streptavidin-peroxidase solution. DAB chromogenic solution was added, and the slices were washed with tap water to 
stop the coloration. After counterstaining with hematoxylin for 5 minutes, the slices were washed with tap water again, 
followed by recovery of the blue color with PBS solution, dehydration, air-drying, and mounting. The Image-pro Plus 
software was used to calculate the IOD and the mean optical density value (mean density) of the anode portion, 
represented as IOD/area.

Immunofluorescence
Following the collection of spleen tissue, the samples were fixed, dehydrated, and embedded, with the deparaffinization 
step performed similarly to the HE staining procedure. The specimens were then incubated with rat anti-CD11b and 
rabbit anti-Ly6G overnight at 4°C. The following day, the samples were reheated for 20 minutes at 37°C, washed three 
times with phosphate-buffered saline, and subsequently incubated at 37°C for 40 minutes with secondary antibodies 
conjugated with PE fluorescent dye. After three washes with phosphate-buffered saline, the specimens were incubated at 
37°C for 40 minutes with secondary antibodies conjugated with FITC fluorescent dye. Following three washes with 
phosphate-buffered saline, the samples were observed under a fluorescence microscope.

Flow Cytometry
The spleen was dissected, rinsed with buffer, a small piece of spleen tissue was aseptically cut, placed in a filter, and 
1 mL of RPMI-1640 medium was added. The tissue was minced rapidly with a 5 mL syringe, and the prepared cell 
suspension was transferred to a centrifuge tube, centrifuged at 350×g for 5 min, the supernatant was discarded, 1 mL of 
red blood cell lysis buffer was added, and left at room temperature for 1 min. Then, 3 mL of PBS was added, centrifuged 
at 350×g for 5 min, the supernatant was discarded, the buffer was resuspended in 100 μL, and the cell density was 
adjusted to 1×10^6 cells/100 μL. Each sample tube was added with 0.5 μL of flow cytometry antibodies (CD11b, Gr-1, 
Ly6G and Ly6C), incubated in the dark at 4 °C for 30 min, washed with 1 mL of buffer after incubation, centrifuged at 
350×g for 5 min, the supernatant was discarded, and resuspended in 500 μL of phosphate buffer, filtered, and analyzed on 
the flow cytometer.

Mass Cytometry (Cytometry by Time of Flight [CyTOF])
Following the aforementioned procedure, splenic cells were isolated using flow cytometry. The CyTOF analysis was 
performed by Zhejiang Purling Health Technology Co. Ltd. (Hangzhou, China).

To ensure accurate identification and analysis of each sample, a dual gating strategy with unique quality-tagged 
barcodes was utilized for debarcoding the data.22,23 Each FCS file was normalized using bead normalization 
method.24 FlowJo software was employed for manual gating of the data, enabling the selection of viable individual 
immune cells while excluding dead cells and debris. This step ensured the retention of relevant cells for further 
analysis. To group cells based on the expression levels of biomarkers, the X-shift clustering algorithm was used.25 

Subsequently, the t-SNE algorithm, developed by van der Maaten and Hinton, was employed for dimensionality 
reduction and visualization of high-dimensional data in two dimensions.26 This visualization method helped reveal the 
distribution of clusters, expression patterns of labels, and differences among various groups or different types of 
samples.

Isolation of MDSCs
Single-cell suspensions were prepared from the spleen by mechanical dissociation, followed by resuspending the cells in 
a buffer (Miltenyi Biotec). The cell suspension was then incubated with FcR blocking reagent for 10 minutes, followed 
by incubation with biotinylated anti-Ly-6G antibody (MDSCs-Kit) for another 10 minutes. After centrifugation at 300×g 
for 10 minutes at 4°C, the cells were washed and resuspended in buffer. Biotin microbeads were added, and the cells 
were incubated at 4°C for 15 minutes, followed by washing with 10–20 mL of buffer and centrifugation at 300×g for 
10 minutes. The purified Gr1 cells with a purity of >95% were obtained through LS column magnetic separation, and 
their purity was further evaluated by FACS analysis.
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RNA-Seq Method
Samples were ground under liquid nitrogen in a mortar and pestle, and the resulting powder dissolved in TRIzol™ 
Reagent (Invitrogen, Carlsbad, CA, USA), then extracted total RNA. The quality and purity of RNA were examined by 
a NanoDrop™ One/OneC spectrophotometer (Thermo Scientific, Waltham, MA, USA) and Life InvitrogennQubit RNA 
BR (Broad-Range) Assay Kit. RNA integrity was analyzed using Agilent 4200 TapeStation system (Agilent, Santa Clara, 
CA, USA). The second step is the preparation of mRNA sequencing library. 0.1–1 μg of total RNA per sample was 
prepared for library preparation. The NEBNext® Poly(A) mRNA Magnetic Isolation Module and NEBNext® Ultra™ II 
mRNA Library Prep Kit for Illumina® were used for mRNA isolation and library construction following the manufac
turers’ protocols. As for the quality control of library, Qubit dsDNA HS Assay Kit was used to measure the concentration 
of library, then Agilent 4200 was used to examine the distribution of segments in library. Finally, library molar 
concentration was determined using the KAPA Library Quant kit (illumina) universal qPCR Mix. High-throughput 
transcriptome sequencing was performed on an Illumina NovaSeq 6000 platform according to the manufacturer’s 
instructions.

Statistical Analysis
Statistical analysis was conducted using GraphPad Prism 8.0. Normally distributed quantitative data were expressed as 
SEM ± mean, and comparisons between multiple groups were analyzed using one-way analysis of variance. Pairwise 
comparisons between groups were conducted using the least significant difference method. Significance levels were 
indicated as follows: * denoting p < 0.05, ** denoting p < 0.01, *** denoting p < 0.001, **** denoting p < 0.0001 and ns 
indicating no significant difference.

Heatmap was plotted by https://www.bioinformatics.com.cn (last accessed on 20 June 2024), an online platform for 
data analysis and visualization.27

Result
High Humidity Aggravated Arthritis Symptoms in the CIA Model Mice
To investigate the impact of humidity on inflammatory arthritis in vivo, a CIA model was established in C57BL/6 mice under 
normal (50±5%) or high humidity (80±5%) conditions. Mice began to show symptoms of arthritis 30 days following the first 
immunization. In conditions of elevated humidity, the prevalence of CIA exhibited a notable increase, reaching 91.6%. 
Conversely, under typical humidity levels, the incidence was observed to be 54.5% (Figure 1A). Following the booster 
immunization, the degree of arthritis was evaluated and the extent of paw swelling was quantified. The influence of humidity 
on the arthritis score and paw volume was determined, and data were represented in (Figure 1B and C). When compared with 
CTCIA, the CIA model in high humidity environment, demonstrated a significantly increased arthritis index and ankle 
swelling from day 26 to day 60. Additionally, the hind paw of mice in the HTCIA group were severely swollen and deformed 
(Figure 1D). Assessment of arthropathology and cartilage destruction by H&E staining showed that the ankle joints of HTCIA 
mice showed a significant increase in increased infiltration of inflammatory cells and narrowing of the joint space compared to 
CTCIA group (Figure 1E). Levels of two types of autoantibodies in CIA model, anti-COII IgG and anti-CCP, were also 
significantly increased by high humidity (Figure 1F and G).

Next, we measured the inflammatory cytokines associated with CIA model. Compared with the CTCIA group, the sera 
levels of proinflammatory cytokines IL-17A, IL-6 and IL-1β were significantly increased in the HTCIA group (Figure 1H–J).

Increased Humidity Induces More Severe Inflammation in the Spleen of CIA Model 
Mice
As illustrated in Figure 2, the HTCIA group exhibited a remarkable decrease in the body weight (Figure 2A) and increment in 
the spleen index (Figure 2B and C). This raised the question of whether severe inflammatory lesions were occurring in the 
spleen under high humidity conditions. H&E staining demonstrated that in the CT and HT groups, the red and white medulla 
of the spleen exhibited a distinct structural integrity, characterised by discernible boundaries and uniform distribution. In the 
CTCIA group, although the structural integrity of the red and white medulla could still be discerned, the boundaries were no 
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Figure 1 High humidity exacerbates the severity of collagen-induced arthritis. (A) variation in the incidence of RA under different humidity levels. (B) Swelling of the left ankle was 
measured weekly. (C) Joint scoring was conducted every three days on mice. (D) Representative images of the ankle joint. (E) Representative histological images of the ankle joint H&E 
staining. (F) Serum anti-CII IgG levels were detected through ELISA. (G) Serum anti-CCP levels were detected through ELISA. (H–J) Serum inflammatory factor levels were measured via 
ELISA. Values are expressed as SEM ± mean. “*” represents p < 0.05; “**” represents p < 0.01; “***” represents p < 0.001; “****” represents p < 0.0001; “ns” represents p ≥ 0.05. 
Abbreviations: CT, control group; CTCIA, collagen-induced arthritis group induced at 50% humidity; HT, blank group at 80% humidity; HTCIA, collagen-induced arthritis 
group induced at 80% humidity.
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Figure 2 Increased humidity induces more severe inflammation in the spleen of CIA model mice. (A) weight. (B) Representative images of spleen. (C) Spleen index. (D) 
Representative histological image of spleen with H&E staining. (E) Representative immunohistochemical image of IL-6 in spleen. (F) IOD/area of IL-6 immunohistochemistry 
in spleen. (G–I) mRNA expression in spleen. Values are expressed as SEM ± mean. “*” represents p < 0.05; “**” represents p < 0.01; “***” represents p < 0.001; “****” 
represents p < 0.0001; “ns” represents p ≥ 0.05. The red arrow indicates splenic white marrow, while the black arrow indicates the splenic red marrow. 
Abbreviations: CT, control group; CTCIA, collagen-induced arthritis group induced at 50% humidity; HT, blank group at 80% humidity; HTCIA, collagen-induced arthritis 
group induced at 80% humidity.
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longer apparent, and the white medulla exhibited a lighter chromatin. In the HTCIA group, the pathological structure was so 
disorganised that it was challenging to differentiate between the cortex and the medulla (Figure 2D).

To determine whether there was an inflammatory response, the impact of the experimental procedure on IL-6 levels within 
the spleen was evaluated through immunohistochemical analysis. The intensity of IL-6-positive in the HTCIA group was 
significantly increased compared with that in the CTCIA group. CT and HT groups rarely showed the presence of IL-6 in 
spleen (Figure 2E and F). Furthermore, we also measured inflammatory cytokines in the spleen using qPCR and found that IL- 
6, IL-17 and GM-CSF were significantly increased in the HTCIA group (Figure 2G–I, Supplementary Figure 2).These 
findings suggest that a more severe inflammatory response occurs in the spleen under high humidity conditions.

High Humidity Upregulated the Accumulation of MDSCs in the Spleens of CIA Mice
To gain further insight into the alterations occurring in the spleen under high humidity conditions, CyTOF was conducted to 
classify the immune cells present. The Analysis of each group of samples identified 33 clusters using 41 immune markers 
(Figure 3A). The t-distributed stochastic neighbor embedding (TSNE) method was utilized for two-dimensional visualization 
of high-dimensional data. Based on the expression of characteristic markers, specific known cell types were identified within 
the clusters (Figure 3B). Compared to the CT group, the proportion of spleen immune cell subpopulations was significantly 
altered in the HT group, and differences were also observed in the HTCIA model compared to the HTCIA group (Figure 3C).

The figures illustrate changes in MDSCs, macrophages, monocytes, ILCs, DCs, and other cell types. In the CTCIA and 
HTCIA groups, there was an overall increasing trend in MDSCs (p < 0.05), macrophages (p > 0.05), monocytes (p > 0.05), and 
ILCs (p > 0.05), with MDSCs being the only cell type to demonstrate a pronounced difference under high humidity conditions. 
Furthermore, a decreasing trend was observed in DCs (p > 0.05) (Figure 4A). A comparison of the CT group with the CTCIA 
group revealed a significant increase in MDSCs (p < 0.05), macrophages (p < 0.05), monocytes (p < 0.05), and ILCs (p < 0.05), 
indicating a notable elevation of bone marrow-derived cells and innate lymphoid cells in the splenic tissue of mice under normal 
humidity conditions (Figure 4A). DCs demonstrated a notable decline. When contrasting the HT group with the HTCIA group, 
MDSCs and ILCs exhibited a considerable increase, whereas DCs displayed a significant reduction. Overall, MDSCs exhibited 
a statistically significant increase in all three comparisons, indicating a consistent upward trend (Figure 4A).

In terms of MDSC markers, such as Ly6G, Ly6C, and CD11b, an increasing trend was observed under different 
humidity conditions (Figure 4B and C). However, only a difference in Ly6C expression was observed between the 
CTCIA and HTCIA groups (Figure 4D). These results, along with the observed trends in MDSCs, further support the 
notion that a high-humidity environment increases the expression of MDSCs in the spleens of mice in the model.

It has been well documented that MDSCs inhibit T cell proliferation.28 Our findings, obtained through CyTOF, corroborate 
this, showing that CD4T and CD8T exhibited an inhibitory trend when MDSCs were significantly elevated (Figure 4E).

To further investigate the impact of high humidity on MDSCs, a flow cytometry analysis was conducted, confirming 
that high humidity does indeed affect the quantity of MDSCs (Figure 5A). As previously indicated, the results of flow 
cytometry were consistent with the aforementioned observations, with MDSC levels exhibiting a notable elevation under 
conditions of the CIA model in a high-humidity environment (Figure 5B). The immunofluorescence results demonstrated 
that the co-expression of CD11b and Ly6G was most significantly elevated in the spleen of the HTCIA group, followed 
by the CTCIA group (Figure 5C and D), Supplementary Figure 3.

In conclusion, it can be confirmed that in a high-humidity environment, MDSCs in the spleen tissue of CIA mice do 
indeed increase. The severity of the disease in CIA mice is increased in a high humidity environment, accompanied by 
elevated levels of MDSCs and inflammatory factors in the spleen, including IL-6, which is closely associated with 
MDSCs. These findings provide evidence that, in this context, MDSCs play a pro-inflammatory role in CIA mice.

High Humidity Affects the Oxidative Stress Levels of MDSCs in the Spleens of CIA Mice
A literature review indicates a close association between MDSCs and oxidative stress.29,30 To investigate whether 
oxidative stress is altered in the context of high humidity inflammation, a research study was conducted.

Initially, the levels of ROS in the serum were quantified. Compared to CTCIA, the serum ROS levels in HTCIA were 
significantly elevated (Figure 6A). Additionally, in the splenic homogenates, there was a clear upward trend under high humidity 
conditions, although the difference was not statistically significant under normal humidity conditions (Figure 6B). Interestingly, 
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Figure 3 Classification of immune cell clusters in spleen tissue based on marker expression levels. (A) Heatmap of standardized immune cell marker expression for 33 
immune cell clusters. (B) Distribution of 33 clusters and differences between groups. (C) Distribution of 33 clusters and differences between four groups. 
Abbreviations: CT, control group; CTCIA, collagen-induced arthritis group induced at 50% humidity; HT, blank group at 80% humidity; HTCIA, collagen-induced arthritis 
group induced at 80% humidity.
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there was no significant difference in NO levels under high humidity conditions (Figure 6C). MDA, a product of membrane lipid 
peroxidation, was measured in splenic homogenates. The MDA levels in HTCIA were significantly higher than in mice exposed to 
high humidity without inflammation (HT), but there was no significant difference between CTCIA and HTCIA (Figure 6D). 
Additionally, the levels of Arg-1, an enzyme associated with MDSCs, were significantly higher in the splenic homogenates of 

Figure 4 The impact of high humidity on the surface markers of immune cells in the spleen tissue of CIA mice is shown. (A) Bar graphs illustrating differences in immune 
cells among the four groups of spleen tissue. (B–D) Differential expression of surface markers across the four groups. (E) Heatmap showing changes in T cell content. Values 
are expressed as SEM ± mean. “*” represents p < 0.05; “**” represents p < 0.01; “***” represents p < 0.001; “****” represents p < 0.0001; “ns” represents p ≥ 0.05. 
Abbreviations: CT, control group; CTCIA, collagen-induced arthritis group induced at 50% humidity; HT, blank group at 80% humidity; HTCIA, collagen-induced arthritis 
group induced at 80% humidity.
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Figure 5 The impact of high humidity on the expression of surface markers of immune cells in the spleen tissue of CIA mice. (A) Flow cytometry detection results. (B) Bar 
graph showing the quantity of MDSCs based on flow cytometry analysis. (C) Immunofluorescence image depicting the co-expression of CD11b and Ly6G in the spleen 
tissues. (D) Immunofluorescence image measuring the IOD/area ratio of Ly6G and CD11b. Values are expressed as SEM ± mean. “*” represents p < 0.05; “**” represents 
p < 0.01; “***” represents p < 0.001. 
Abbreviations: CT, control group; CTCIA, collagen-induced arthritis group induced at 50% humidity; HT, blank group at 80% humidity; HTCIA, collagen-induced arthritis 
group induced at 80% humidity.

Journal of Inflammation Research 2024:17                                                                                          https://doi.org/10.2147/JIR.S490860                                                                                                                                                                                                                       

DovePress                                                                                                                       
9815

Dovepress                                                                                                                                                            Wang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


HTCIA compared to CTCIA (Figure 6E). These results suggest that mice with CIA may experience increased levels of oxidative 
stress under high humidity conditions.

The human body and mice require an appropriate level of ROS, NO, and other molecules to maintain normal 
physiological functions. Excess free radicals can be neutralized by the antioxidant system, which includes antioxidant 
enzymes and non-enzyme antioxidant molecules.31 MDSCs are capable of scavenging excessive ROS through certain 
transcription factors, such as Nrf2 and HO-1.32 To further demonstrate the occurrence of oxidative stress in the CIA 
model under high humidity conditions, this study investigates relevant factors.

Figure 6 Oxidative stress results. (A) Serum ROS levels. (B) Spleen homogenate ROS levels. (C) Spleen homogenate NO levels. (D)Spleen homogenate MDA levels. (E) 
Spleen homogenate Arg-1 levels. (F) Spleen homogenate GSH levels. (G) Spleen homogenate GSH-PX levels. (H) Spleen homogenate SOD levels. (I–N) mRNA levels of 
corresponding oxidative stress indicators in spleen tissue. Values are expressed as SEM ± mean. “*” represents p < 0.05; “**” represents p < 0.01; “***” represents p < 
0.001; “****” represents p < 0.0001; “ns” represents p ≥ 0.05. 
Abbreviations: CT, control group; CTCIA, collagen-induced arthritis group induced at 50% humidity; HT, blank group at 80% humidity; HTCIA, collagen-induced arthritis 
group induced at 80% humidity.
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High humidity significantly alter the level of GSH in the serum and splenic homogenate. HTCIA showed an increase in serum 
GSH levels (Figure 6F) as well as increased levels of GSH-PX and SOD in splenic homogenates (Figure 6G–I). PCR analysis 
revealed increased expression of Nrf2, Arg1, GPX-1, GPX-2, HO-1 mRNA (Figure 6J–N), which are oxidative stress-related 
indicators, in the spleen of CIA mice under high humidity conditions. These findings suggest that the high humidity environment 
can increase oxidative stress levels in the spleens of CIA mice, potentially through its association with MDSCs.

MDSCs Affect the Development of RA Through the Rap1 Signaling Pathway
Subsequently, we investigate the molecular mechanisms of MDSCs in spleen tissues under high humidity conditions. Initially, we 
performed bulk mRNA-seq analysis to assess changes in gene expression profiles. Three mice were randomly selected from each 
of the four groups mentioned above, and MDSCs were isolated from their spleens (Figure 7A and B) for mRNA sequencing.

Figure 7 MDSC has a pro-inflammatory effect and increases oxidative stress levels under high humidity.(A) Flow diagram of splenic tissue before sorting. (B) Flow diagram 
of splenic tissue after sorting. (C) Differential expression of pro-inflammatory markers in MDSC. (D and F) mRNA levels of corresponding oxidative stress indicators in 
MDSC. Values are expressed as SEM ± mean. “*” represents p < 0.05; “**” represents p < 0.01; “ns” represents p ≥ 0.05. 
Abbreviations: CT, control group; CTCIA, collagen-induced arthritis group induced at 50% humidity; HT, blank group at 80% humidity; HTCIA, collagen-induced arthritis 
group induced at 80% humidity.
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We found that MDSCs from HTCIA group showed increased expression of inflammatory chemokines, cytokines 
(Figure 7C). The date showed that MDSCs may have a predominantly pro-inflammatory role in the disease of RA.

Following the sorting of the cells, a flow analysis of ROS was conducted, which revealed a notable elevation in ROS 
levels within the HTCIA group. This finding was corroborated by PCR, which demonstrated that MDSC in the spleens of 
CIA mice subjected to a high-humidity environment exhibited a considerable degree of oxidative stress (Figure 7D–F).

A Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was 
conducted on the mRNA sequencing data. EdgeR analysis was employed to identify differentially expressed transcripts 
between the CIA and HTCIA groups, using a filtering criteria of |log2FC| ≥ 1 and p < 0.05. The results were presented in 
the form of volcano plots (Figure 8A). In mice with CIA, exposure to high humidity conditions appeared to modulate 
6403 genes with differential expression, comprising 2720 down-regulated genes and 3683 up-regulated genes. In 
addition, a cluster heatmap was generated to visualize the differentially expressed transcripts in each group 

Figure 8 Transcriptomic results of MDSCs after sorting. (A) Volcano maps of differentially expressed genes in MDSCs cells of HTCIA vs CTCIA group. (B) Clustering heat 
map of differential transcripts. (C) GO pathway enrichment analysis of differentially expressed genes in MDSCs cells of HTCIA vs CTCIA group. (D) KEGG pathway 
enrichment analysis of differentially expressed genes in MDSCs cells of HTCIA vs CTCIA group. (E) mRNA levels. Values are expressed as SEM ± mean. “*” represents p < 
0.05; “**” represents p < 0.01; “ns” represents p ≥ 0.05. 
Abbreviations: CT, control group; CTCIA, collagen-induced arthritis group induced at 50% humidity; HT, blank group at 80% humidity; HTCIA, collagen-induced arthritis 
group induced at 80% humidity.
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(Figure 8B), demonstrating that the high humidity treatment group could be distinguished from the control group through 
hierarchical clustering of differentially expressed genes.

Subsequently, we conducted GO enrichment analysis. The top 10 entries for BP, CC and MF were visualized (Figure 8C). 
The major changes in the biological processes they are involved in are mainly focused on BP, metabolic processes, molecular 
functions, etc. The main changes in differentially expressed genes in CC are located in the cell membrane, nucleus, and cell 
membrane. In the MF analysis, the changes in gene expression levels manifest various functions, primarily including binding, 
catalytic activity, etc.33 Analysis of the figures reveals alterations in Ras protein signal transduction and small GTPase 
mediated signal transduction. Furthermore, KEGG pathway enrichment analysis was performed on 241 differentially 
expressed transcripts, visualizing the top 15 KEGG pathways as shown in (Figure 8D). The results indicate that high humidity 
primarily regulates pathways such as Rap1 signaling pathway, Wnt signaling pathway, Lipoic acid metabolism, Folate 
biosynthesis, and Galactose metabolism. Genes such as Ctnnd1, Magi1, Mras and Src exhibit upregulated expression, enriched 
in the Rap1 signaling pathway. Literature review suggests that members of the RAS family appear to play significant roles in 
the pathogenesis of several autoimmune diseases (RA, SLE, MS, and T1D).34 Compared with the control group, activation of 
the RAS pathway is enhanced in RA patients.35 Moreover, it is worth investigating the impact of high humidity conditions on 
the Rap1 signaling pathway, and selecting relevant genes within the Rap1 signaling pathway for experimental validation. 
Through PCR testing, we were able to confirm if the genes associated with the Rap1 pathway that were upregulated were 
indeed upregulated. The data indicated that the three genes of Ctnnd1, Magi1, and Mras were considerably higher in HTCIA 
when compared to the CTCIA group, while the Src gene was not statistically significant but did exhibit an increasing tendency 
(Figure 8E). In the CIA model, we also suspected that elevated humidity caused changes to the Rap1 signaling pathway.

Discussion
In recent years, there has been a growing interest in the impact of environmental factors on health and disease 
progression. Alteration in the external environment, such as humidity, play a significant role in influencing health, 
particularly in relation to the immune system.36,37 The spleen, being the largest immune organ in the body, was a focal 
point in our study. Our research revealed a notable increase in spleen inflammation and the presence of MDSCs in the 
CIA model. Interesting, exposure to 80% relative humidity did not exhibit a notable elevation in MDSC within their 
spleens. However, when combined with CIA modeling, exposure to 80% relative humidity was found to markedly 
exacerbate splenic inflammation and enhance the content of MDSCs in the spleen. These observations suggest that 80% 
relative humidity exacerbates the severity of the CIA model.

MDSCs constitute a diverse population of myeloid cells with regulatory functions in the immune system, primarily 
inhibiting T cell activity through various mechanisms.16,38 These cells are recognized as key mediators of immunosup
pression, capable of inducing tolerance to immune responses mediated by effector T cells, NK cells, and other immune 
cells.29 The immunosuppressive effects of MDSCs are largely attributed to the secretion of active substances such as 
Arg-1, NO and ROS, which inhibit the activation, proliferation and migration of T cells.39 Peroxynitrite, a product of 
ROS and NO interaction, contributes to the inhibition of effector T cells.39 Our study employed CyTOF analysis of 
spleen immune cells to investigate the impact of relative humidity on spleen MDSC content. At 80% relative humidity, 
an increase in spleen MDSC content was observed, concomitant with a significant reduction in CD4+ and CD8+ T cells. 
Additionally, levels of Arg-1, NO, and ROS in the spleen were significantly elevated in the high-humidity CIA models, 
indicating a more pronounced immunosuppressive effect of spleen MDSCs and a substantial decrease in T cell numbers.

The role of MDSCs in the pathogenesis of RA remains a topic of debate. Some studies suggest a positive correlation 
between MDSCs and pro-inflammatory Th17 cells, implying a pro-inflammatory role for MDSCs.28 As precursors to 
osteoclasts, MDSCs can differentiate into osteoclasts via the IL-1α-induced activation of the NF-κB pathway, leading to 
joint destruction.40 Conversely, it has been proposed that MDSCs may ameliorate RA by expanding Treg cells through 
IL-10 action, exerting anti-inflammatory effects.19 These findings suggest that MDSCs may play a complex role in the 
pathogenesis of RA. Consequently, we proceeded to sort splenic MDSCs and subsequently conducted a mRNA-seq 
analysis. Furthermore, CIA modelling revealed a notable elevation in inflammatory factors and chemokines at 80% 
humidity, including IL-12b, IL-17c, CCR2, CCR7, and others. It was therefore surmised that MDSCs would exhibit 
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a greater propensity for pro-inflammatory activity in a high humidity environment. This ultimately resulted in the onset 
of RA.

As mentioned above, MDSCs are also capable of secreting NO, ROS and other substances. These substances not only 
have the potential to inhibit effector T cells, but also contribute to oxidative stress. Oxidative stress can be defined as 
a phenomenon caused by an imbalance between the production and accumulation of oxygen-reactive substances, ROS, in 
cells and tissues, and the ability of biological systems to detoxify these reaction products.41,42 Simultaneously, MDSCs 
are often found in oxidative stress-prone environments, such as inflammation.29 At the same time, a variety of 
inflammatory and pathological conditions are associated with the overproduction of ROS molecules.43 Therefore, it is 
very interesting to study the relationship between MDSC and ROS. According to the results of our study, ROS in 
peripheral blood and spleen increased significantly and appeared unbalanced in the 80% humidity environment. 
Therefore, we hypothesised that after CIA modelling in a high-humidity environment, the number of MDSCs increased 
significantly, resulting in excessive ROS secretion and destroying the original balance. Additionally, we observed 
a notable elevation in the activity of certain antioxidant enzymes, including superoxide dismutase and glutathione 
peroxidase, in the 80% humidity CIA model. This finding corroborates our initial hypothesis regarding the heightened 
oxidative stress in the system. To further confirm whether the increase in ROS was a direct consequence of the presence 
of MDSCs, we also measured the corresponding oxidative stress indices of MDSC after sorting, which also confirmed 
our previous hypothesis.

The results demonstrated that the Rap1 pathway was markedly elevated in the HTCIA group following splenic 
MDSC mRNA-seq analysis. Rap1 is a member of the Ras guanosine triphosphatase superfamily.44 Despite the significant 
amino acid sequence identity of Ras and Rap proteins, Ras signal transduction is primarily involved in regulating growth, 
differentiation, and apoptosis, whereas Rap signal transduction is responsible for controlling cell adhesion to the 
extracellular matrix and the formation and potential stabilisation of intercellular connections.45 Furthermore, the 
dysregulation of Rap1 ubiquitination has been demonstrated to induce the production of ROS.46 Furthermore, research 
has revealed that in RA, the dysregulation of Ras and Rap1 signalling pathways plays a pivotal role in the development 
of oxidative stress and subsequent alterations in T cell functionality.47 It can be observed that Rap1 is also closely 
associated with oxidative stress.

Despite the insights gained from this study, several limitations should be acknowledged: (1) the lack of validation 
using human samples and the need for further verification of pathway mechanisms, (2) the small sample size (n=3) in the 
mass spectrometry flow cytometry experiment, (3) the use of a humidity chamber for humidity control and the necessity 
for alternative humidity control methods in future studies, and (4) the preliminary nature of the mRNA sequencing 
results, warranting deeper exploration. Our team plans to delve into these mechanisms further in upcoming research 
endeavors. This study, while shedding light on the impact of humidity on RA, underscores the need for continued 
investigation into this complex relationship.

Conclusion
In conclusion, the data demonstrate that elevated humidity (80±5%) is associated with an increase in the number of 
MDSC cells within the spleen tissue, which may have implications for the development of rheumatoid arthritis.
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