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Purpose: Low-dose interleukin-2 (ld-IL-2) has been shown to regulate the balance between effector T and regulatory T (Treg) cells
and has been used in several clinical trials to treat autoimmune diseases including rheumatoid arthritis (RA). In this study, we
investigated the effects of ld-IL-2 on collagen-induced arthritis (CIA) in mice.
Methods: Arthritis severity in CIA mice was measured using the arthritis index (AI), radiographs, and hematoxylin and eosin
staining. Cytokines were detected using enzyme-linked immunosorbent assay. Gut microbiota alterations and short-chain fatty acid
production were analyzed through 16S rRNA sequencing and gas chromatography.
Results: The AI scores of CIA mice treated with ld-IL-2 were significantly lower compared to the model group, which significantly
reduced the severity of arthritis. Ld-IL-2 also altered the gut microbiota in CIA mice. The diversity, composition, and dominant species
of gut microbiota were altered by ld-IL-2 treatment. Ld-IL-2 also increased short-chain fatty acid levels. There was a strong correlation
between ld-IL-2 treatment and improved gut microbiota.
Conclusion: Ld-IL-2 significantly ameliorated joint inflammation and bone damage and improved gut microbial dysbiosis in CIA,
indicating that it may be a promising therapy for RA patients.
Keywords: low-dose IL-2, CIA, gut microbiota, SCFA, 16sRNA

Introduction
Rheumatoid arthritis (RA), a chronic inflammatory autoimmune disease that affects approximately 1% of the population
worldwide, is characterized by synovial inflammation, and cartilage and bone destruction.1–3 At present, immunosup-
pression is the main treatment strategy, but has some disadvantages including risk of infections and malignant tumors,
difficulties in long-term disease suppression, and serious side effects.4–7 Therefore, rheumatism research has focused on
new treatment strategies.

TH cells can enhance the influx of inflammatory cells (eg, neutrophils), which leads to a systemic inflammatory
response and stimulates specific B lymphocytes to produce autoantibodies that can promote an autoimmune response.
Regulatory T (Treg) cells, a well-studied CD4+ T-cell subset with an immunomodulatory function, play a key role in self-
tolerance and the suppression of deleterious immune responses.8,9 The imbalance between Th and Treg cells causes
immune tolerance defects and eventually leads to autoimmune diseases. In our previous study, systemic lupus erythe-
matosus (SLE) and Sjogren’s syndrome (SS) patients had significantly lower mean Treg cell numbers in peripheral blood
than did healthy controls (HC).10,11 Decreased numbers and function of Treg cells are implicated in the pathogenesis of
RA.12 A novel strategy involves increasing the number of Treg cells, and their function, to restore immune tolerance and
manage disease progression in RA patients.

High expression of interleukin-2 receptor alpha protein (IL-2Rα)13 triggers IL-2 signaling, which induces the
differentiation and proliferation of FOXP3+ Treg cells.14,15 Animal experiments have demonstrated a significant decrease
in the numbers and proportions of Treg cells in mice with IL-2 or IL-2Rα deletion.16,17 Low-dose (ld) IL-2 has potential
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as a new therapeutic to restore Treg cell proportions in autoimmune diseases.18,19 He et al reported that human
recombinant ld-IL-2 selectively modulated the quantities of Treg cells, follicular helper T (TFH) cells and IL-17-
producing helper T (TH17) cells, but not TH1 or TH2 cells, accompanied by markedly reduced disease activity in
SLE patients.20 Notably, ld-IL-2 restores CD4+ Treg cell numbers and the Th17/Treg ratio, which help control the
disease.11

The mucosal origins hypothesis suggests that the most important event in the preclinical development of RA is not
loss of self-tolerance, but loss of the mucosal barrier function21 .Bennike et al identified 21 citrullinated peptides in the
colonic tissues of both RA patients and controls, which had previously been found in lung tissues and synovial fluids of
RA patients. Three of these citrullinated proteins (citrullinated vimentin, fibrinogen-alpha, and actin) are targets of anti-
citrullinated protein autoantibodies (ACPAs). This supports the hypothesis that colon mucosa is a potential target site to
break immune tolerance to citrullinated epitopes.22 Citrullinated vimentin was found in the colons of these patients, but
not in controls, indicating that the initial RA trigger point was not limited to the joints.23

The gut is an important component of the immune system. It has the highest microbial density and diversity in the
body, and is essential for immune system development.24,25 Several mechanisms by which gut dysbiosis can promote RA
progression have been proposed, including autoantigen modification, molecular mimicry between microbial and host
epitopes, immune system activation and polarization toward proinflammatory phenotypes, and intestinal permeability.26

The composition of the gut microbiota plays a pivotal role in the balance between inflammatory TH cells and suppressive
Treg cells, which is important to maintain immune tolerance under healthy conditions.27 An excessive intestinal mucosal
immune response, activation of antigen-presenting cells, alterations in the permeability of the intestinal mucosa, an
imbalance between Treg and TH cells, and impaired immune tolerance contribute to RA development.23 Lactobacillus
and Bifidobacterium infantis exert anti-inflammatory effects by inducing Treg cells. Bacteroides fragilis polysaccharide
A acts as an immunomodulator, and stimulates Treg cells through an IL-2-dependent mechanism to produce IL-10.27

Differences in the gut microbiome between RA patients and HCs have been demonstrated recently. The RA group
reportedly had a lower Bacteroidetes: Firmicutes ratio than did the OA group. Lactobacillus and Prevotella spp.,
particularly Prevotella copri, were more abundant in the RA group than in the OA group. The relative abundances of
Bacteroides and Bifidobacterium were lower in the RA group.28 Abnormal bacterial communities, associated with altered
lymphocyte subpopulations and cytokine levels, might be involved in the pathogenesis of RA.29

Studies have demonstrated that dysbiotic microbiome were partially restored by treatment with methotrexate (MTX)
and hydroxychloroquine.30 IL-2 is a pleiotropic cytokine that promotes the inflammatory response and maintains immune
tolerance. In this study, we aimed to understand the anti-arthritic action of ld-IL-2, by investigating its effects on arthritic
inflammation; gut microbiota composition, α and β diversity, and function; and short-chain fatty acids (SCFAs) in mice
with collagen-induced arthritis (CIA).

Materials and Methods
Mice
Male DBA/1 mice (weight: 18–22 g; age: 8 weeks) were provided by GemPharmatech Co., Ltd. (Nanjing, China). The
animals were placed in an SPF-grade holding house with ad libitum access to autoclaved water and sterilized food, under
controlled conditions (temperature, 22 ± 2 °C; humidity, 40 ± 5%) with a 12/12 h light/dark cycle. All animals acclimated
for at least 1 week before the experiments. The animal experiments were approved by the Ethics Committee of the
Shanxi Medical University (reference number 2016LL151). Mice were included in the analysis if they ate normally;
defecated; had no abdominal pain, diarrhea, or fever; and did not die during the experiment. The remaining mice were
excluded from analysis.

Treatment Groups
Upon arrival from GemPharmatech Co., Ltd., all animals were assigned a group designation and were weighed. In total,
25 animals were randomly divided into five groups (n = 5 per group). Each animal was assigned a temporary random
number, generated using SPSS Statistics software v.25.0, within the weight range group. On the basis of their position on
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the rack, cages were given a numerical designation. For each group, a cage was selected randomly from the pool. One
animal was removed from each weight range group and given a permanent numerical designation in the cages. The cages
were then randomized within the exposure group. The experimenters were blinded to the treatments administered to the
animals; they were also blinded to the biochemical, histological, and statistical analyses.

Group I - Controls [non-induced + normal saline];
Group II - Model [treated with type II collagen (CII) for induction of RA + normal saline];
Group III - Model + MTX (0.25 mg/kg oral gavage feeding once per week after arthritis induction);
Ld-IL-2 was administered in two doses (IL-2-a and IL-2-b).
Group IV - Model + IL-2-a [IL-2: 600,000 IU/kg intraperitoneal (i.p.) injection on alternate days for 28 days after

arthritis induction];
Group V - Model + IL-2-b (IL-2: 1,200,000 IU/kg intraperitoneal (i.p.) injection on alternate days for 28 days after

arthritis induction).
The induction and treatment protocols are shown in Figure 1A.
The dosage of IL-2 for the treatment of autoimmune diseases has not been conclusively determined. Only ld-IL-2 led

to an increase in circulating Tregs; other immune cells exhibited almost no activation. We administer 1000000 IU of ld-
IL-2 subcutaneously to patients with autoimmune diseases. Based on the dose conversion between experimental animals
and humans, two doses of IL-2 were used in this study.1,11,20,31–33 There is currently no unified standard for the
therapeutic dose of methotrexate in CIA model mice; thus, we referred to the literature and considered the dose of
methotrexate administered to patients in our department (7.5–10 mg once weekly). Accordingly, the dose of methotrexate
administered to mice in the experiment was converted from the dose of methotrexate administered to experimental
animals and humans.

Collagen-Induced Arthritis (CIA) and Assessment of Arthritis Severity
Arthritis was induced in the mice by subcutaneously injecting 100 μL of an emulsion containing bovine CII (Chondrex-
20022; Chondrex Inc., Redmond, WA, USA) and complete Freund’s adjuvant (CFA; Chondrex-7001) in a 1:1 ratio
on day 0. This was followed by subcutaneous injection of 100 μL of an emulsion containing CII and incomplete Freund’s
adjuvant (IFA; Chondrex-7002) in a 1:1 ratio on day 21.34

The arthritis index (AI)35,36 for disease severity was determined based on the method in a previous report. The mice
were examined three times per week. A 16-point scale was used to assess the severity of erythema and swelling in
different parts of the four limbs:

0 - no signs of inflammation or erythema;
1 - slight erythema and mild swelling on the paw;
2 - mild erythema and swelling across the entire paw;
3 - severe swelling and erythema from the ankle to digits;
4 - maximal swelling and erythema, or obvious joint destruction.
The scoring was performed independently by two observers.

Radiography
The mice were anesthetized with 3% chloral hydrate at 28 and 56 days after the first immunization, and the UltraFocus
veterinary X-ray machine (Faxitron, Tucson, AZ, USA) was used to acquire X-ray images.37

Enzyme-Linked Immunosorbent Assay (ELISA)
On day 56, peripheral blood was collected from the mice by the orbital blood sampling method and centrifuged in EDTA
anticoagulant tubes at 2000–3000 RPM for 20 min to prepare serum samples. After serum preparation, cytokine levels
(IL-2, IL-6, IL-17, IL-21, IL-10, and TNF-α) were quantified using commercial ELISA kits (Signalway Antibody Co.,
College Park, MD, USA), in accordance with the manufacturer’s instructions. Serum samples were added to 96-well
plates coated with purified primary polyclonal antibodies against IL-2, IL-6, IL-17, IL-21, IL-10 and TNF-α, followed by
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Figure 1 Continue.

Figure 1 Low-dose interleukin-2 ameliorated collagen-induced arthritis in mice. (A) Workflow for the treatment of collagen-induced arthritis in mice. The mice were
primarily immunized by injecting (s.c.) an emulsion containing CII and CFA on day 0; they were secondarily immunized with an emulsion containing CII and IFA on day 21.
Mice were treated with the drug from day 28 to day 56. (Group I - Controls [non-induced + normal saline]; Group II - Model [treated with type II collagen (CII) for induction
of RA + normal saline]; Group III - Model + MTX (0.25 mg/kg oral gavage feeding once per week after arthritis induction; Ld-IL-2 was administered in two doses (IL-2-a and
IL-2-b); Group IV - Model + IL-2-a [IL-2: 600,000 IU/kg intraperitoneal (i.p.) injection on alternate days for 28 days after arthritis induction]; Group V - Model + IL-2-b [IL-2:
1,200,000 IU/kg i.p.on alternate days for 28 days after arthritis induction]). (B) Arthritis index scores from day 22 to day 56. Mice treated with MTX and IL-2 showed
significantly lower AI scores than did the model group. (C) Representative images of paws from each group on day 56. (D) Radiographs of paws from each group on day 56.
(E) Histological analysis of hind paw sections from each group, stained with hematoxylin and eosin (H&E), and assessed via light microscopy. (F) The concentrations of IL-2,
IL-6, IL-17, IL-10, IL-21 and TNF-α in serum samples from each group at day 56 were evaluated using ELISA. Data are representative of three or more samples. Independent
experiments with ≥4 mice per group. Data are the mean ± SEM. a. p<0.05 compared to control, b. p<0.05 compared to model.
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washing and incubation. The absorbance at 450 nm was recorded using a microplate reader (Tecan Sunrise; Tecan,
Männedorf, Switzerland), and the concentrations are expressed as pg/mL.38,39

Histopathology
On day 56, the mice were euthanized; their joints were fixed, embedded, and stained with hematoxylin and eosin.39,40

Gut Microbial Analysis
On day 56, mouse feces were collected and stored in a stool collection tube with a stable solution at −80°C, in accordance
with the manufacturer’s instructions (E.Z.N.A.® soil RNA kit; Omega Bio-Tek, Norcross, GA, USA). RNA concentra-
tions and purity were determined using the NanoDrop 2000 UV-Vis spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA), and RNA quality was checked by 1% agarose gel electrophoresis. The V3–V4 hypervariable
regions of the bacterial 16S rRNA gene were amplified with primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and
806R (5’-GGACTACHVGGGTWTCTAAT-3’) using the thermocycler PCR system (GeneAmp 9700; Thermo Fisher
Scientific, Waltham, MA, USA). The PCR reactions were conducted using the following programs: 3 min of denaturation
at 95°C; 27 cycles (30 s each) at 95°C; annealing for 30s at 55°C; elongation for 45s at 72°C; and a final extension at
72°C for 10 min. PCR reactions were performed in triplicate 20-μL mixtures containing 4 μL of 5 × FastPfu Buffer, 2 μL
of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of FastPfu Polymerase and 10 ng of template RNA. The PCR
products were extracted using 2% agarose gel and further purified using the AxyPrep RNA Gel Extraction kit (Axygen
Biosciences, Inc., Union City, CA, USA). They were then quantified using QuantiFluor™-ST (Promega, Madison, WI,
USA), in accordance with the manufacturer’s instructions.

Purified amplicons were pooled equimolar, and paired-end sequenced (2 × 300) on the Illumina MiSeq platform
(Illumina, San Diego, CA, USA), in accordance with standard protocols.

Fecal Metabolomics Analysis
On day 56, mouse feces were collected and stored in a stool collection tube with a stable solution at −80°C. The fecal
concentrations of SCFAs were determined by gas chromatography (GC) as described previously.41 Then, 100 µL of
aliquot was added into a 2-mL glass centrifuge tube, and mixed with 50 μL of 15% phosphoric acid and 150 µL of 5 µg/
mL 4-methyl valeric acid (IS). We used 1 μL of the supernatant for gas chromatography-mass spectrometry (GC-MS)
analysis using the Model 7890A/5975C GC-MS system (Agilent, Santa Clara, CA, USA). To quantify SCFAs,
a calibration curve for the concentration range of 0.1–100 ug/mL was constructed. The IS was used to correct for
injection variability between samples and minor changes in the instrument responses.42,43

Statistical Analysis
All values are expressed as mean ± standard error of the mean (SEM). The data were analyzed using GraphPad Prism 7.0
software (GraphPad Software Inc., San Diego, CA, USA). The cytokine concentration and SCFA assay data were
analyzed using one-way analysis of variance (ANOVA). Nonparametric tests were used when the data were not normally
distributed. Statistical significance was assessed at p < 0.05, < 0.01, and < 0.001.

16S rRNA Gene Sequencing Analysis and Bioinformatics
Demultiplexed sequences from each sample were quality filtered and trimmed, then de-noised and merged. Chimeric
sequences were then identified and removed using the QIIME2 dada2 plugin to obtain the amplicon sequence variant
feature table. The QIIME2 feature-classifier plugin was used to align amplicon sequence variant sequences to a pre-
trained GREENGENES 13–8 99% database (trimmed to the V3–V4 region bound by the 338F/806R primer pair) to
generate the taxonomy table. Appropriate methods (eg, ANCOM, ANOVA, Kruskal–Wallis, LEfSe, and DESeq2) were
employed to identify the bacteria with different abundances within the samples and groups. Diversity metrics were
calculated using the core-diversity plugin within QIIME2. Feature-level alpha diversity indices (eg, observed OTUs,
Chao1 richness estimator, Shannon diversity index, and simpson diversity index) were calculated to estimate the
microbial diversity within an individual sample. Beta diversity distance measurements (eg, Bray-Curtis, unweighted
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UniFrac, and weighted UniFrac) were performed to investigate the structural variation of microbial communities across
samples; the results were visualized using principal coordinate analysis (PCoA) and nonmetric multidimensional scaling
(NMDS). Partial least squares discriminant analysis (PLS-DA) was introduced as a supervised model to identify
microbiota variations among groups, using the “plsda” function in the R package “mixOmics.” Redundancy analysis
(RDA) was performed to investigate the associations of microbial communities with environmental factors based on their
relative abundances at different taxa levels, using the R package “vegan.” Co-occurrence analysis was performed by
calculating Spearman’s rank correlations between predominant taxa; network plots were used to display associations
among taxa. In addition, the potential KEGG Orthology (KO) functional profiles of microbial communities were
predicted using PICRUSt.

Results
Ld-IL-2 Administration Alleviated CIA
The details of the CIA model and ld-IL-2 treatment are presented in Figure 1A. The sample included 25 animals that
completed the 56-day experiment (n = 25). All mice, except those in the control group, were immunized on days 0 and
21. Treatments were initiated in mice with AI scores ≥ 4 on day 28 after primary immunization. The AI scores of the
control group remained as 0 throughout the experiment. The mice treated with MTX and IL-2 showed significantly lower
AI scores compared to the model group (Figure 1B). The hind paws of the model group mice showed obvious joint
swelling and ulnar deviation. On the other hand, the mice in the MTX group showed no joint or soft tissue swelling,
while those in the IL-2-a and IL-2-b groups had slight swelling but no ulnar deviation (Figure 1C). The control group had
clear articular surfaces, intact bone cortices, and normal joint spaces, while the model group had blurred articular
surfaces, obvious bone defects, joint subluxations and stiffness, and narrow joint spaces. The MTX, IL-2-a, and IL-
2-b groups showed joint osteoporosis and slight narrowing of the joint spaces, but no bone destruction (Figure 1D). We
observed severe lymphocyte infiltration, cartilage erosion, bone destruction, and narrowing of the joint space in the
hematoxylin and eosin-stained pathological sections of the model group, which were significantly alleviated in both the
IL-2-a and IL-2-b groups (Figure 1E).

We also examined the serum levels of cytokines by ELISA (Figure 1F). Interestingly, the concentration of IL-2 in the
model group was lower than in the control group (p < 0.05). After IL-2 and MTX treatments, the IL-2 levels in the model
mice increased significantly, especially in the IL-2-b group, but did not reach the levels of the control group. The levels of
pro-inflammatory cytokines (IL-6, IL-17, IL-10, IL-21, and TNF-α) in the model group were higher than in the control group,
but could be decreased to the same or lower levels than the control group after IL-2 and MTX treatments (p < 0.05).

These findings demonstrated that ld-IL-2 was as effective as MTX in alleviating CIA.

Ld-IL-2 Treatment Altered Gut Microbiota Composition
Effects of Ld-IL-2 on Gut Microbiota in CIA Mice
We assessed the microbiota community structure of mouse fecal samples from each group based on 16S rRNA (V3–V4
region) sequencing. A total of 1,027,436 16S rRNA tags were obtained from the samples, with an average of 41,097 tags per
mice; 1009 amplicon sequence variants were defined. The number of operational taxonomic units (OTUs) in the model group
was lower than in the other groups; the number in the MTX group was similar to that of the control group; and the numbers in
the IL-2-a and IL-2-b groups were significantly higher than in the model group (Supplementary Figure 1A). The rarefaction
curves tended to be close to saturated, indicating that the number of samples was adequate. Shannon curves (Supplementary
Figure 1B) indicated that the amount of sequencing data was sufficient to reflect most of the microbial species in the sample.
The OTUs in each sample were annotated with the species (Supplementary Figure 1C).

To determine alpha diversity (Figure 2A–C), Chao1 (A) was used to calculate microbiota richness. Shannon and
Simpson indices (B, C) were used to evaluate microbiota diversity. As shown by the Chao1 estimator, microbiota
richness in the model group was significantly decreased (p < 0.05). No significant differences were found among the
MTX, IL-2-a and IL-2-b groups. The Shannon and Simpson index results showed significant differences in microbial
diversity between the model group and other groups (p < 0.05 and p < 0.01, respectively).
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The beta diversity among groups was evaluated by calculating the Bray-Curtis distance, weighted UniFrac
distance, and unweighted UniFrac distance according to the OTUs. The colors in the heatmap (Figure 2D) represent
the difference coefficient between the two samples; colors closer to orange indicate larger differences. The model
group exhibited a more orange color, indicating a considerable difference from the other groups. However, the
MTX, IL-2-a, IL-2-b, and control groups exhibited more green colors, indicating minimal differences in microbiota
composition among the groups.

PCoA analysis was used to reveal the evolutionary similarities and differences of microorganisms within the
samples.44,45 Similar results were found in the PCoA of 3D images (Figure 2E). Furthermore, PCoA of 3D images
showed that the distribution of the model group (represented by the red dots) was more clustered far from the control,
MTX, IL-2-a, and IL-2-b groups. However, the control, MTX, IL-2-a, and IL-2-b groups were clustered together.
Permutational multivariate analysis of variance (PERMANOVA) and analysis of similarity (ANOSIM) were used to
compare differences in microbiota composition among the groups (Supplementary Figure 2).44,45 There were significant
differences in microbiota composition between the model and control groups, but there were no obvious differences
among the MTX, IL-2-a, IL-2-b, and control groups. All of the measurements showed that microbiota richness, diversity
and composition in mice feces treated with ld-IL-2 were similar to the control group.

Phylum and Genus Composition of Gut Microbiota
In general, control group mice had the most species at seven levels (kingdom, phylum, class, order, family, genus, and
species), while the model group had the lowest number of species. To analyze community structure, the 20 most
abundant species at the phylum and genus levels were evaluated.

Figure 2 Effects of ld-IL-2 on gut microbiota in CIA mice. (A) Chao1 calculates the microbiota richness. Microbiota richness in the model group was significantly decreased
(*p < 0.05). No significant differences were found among the MTX, IL-2-a, and IL-2-b groups. (B and C) Shannon and Simpson evaluate microbiota diversity. There were
significant differences in microbial diversity between the model group and the MTX, IL-2-a, and IL-2-b groups. (*P < 0.05 and **P < 0.01, respectively). (D) Beta diversity
heatmap. The color in the heatmap represents the difference coefficient between samples; colors closer to Orange indicate larger differences, while colors closer to green
indicate smaller differences. From top to bottom, the heat maps represent Bray-Curtis, weighted UniFrac, and unweighted UniFrac, respectively. The model group exhibited
a more Orange color, indicating a considerable difference from the other groups. There were no significant differences in microbiome composition among the MTX, IL-2-a,
IL-2-b, and control groups. (E) Bray-Curtis-PCoA-3D. The distance between points indicates the degree of difference between samples. A smaller distance between two
points indicates greater microbial community structure similarity between the two samples.
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At the phylum level (Figure 3A), Firmicutes, Bacteroidetes, and Proteobacteria were the major species found in all
five groups. In the model group Firmicutes showed the highest abundance (88%), followed by Bacteroidetes (11%). After
ld-IL-2 treatment, the microbiota imbalance recovered slightly; the Firmicutes proportions decreased (72% and 63% in
the IL-2-a and IL-2-b groups, respectively), those of Bacteroidetes increased (23% and 34% in the IL-2-a and IL-
2-b groups, respectively). After MTX treatment, the Firmicutes proportion decreased (57%), while the Bacteroidetes
proportion increased (39%). The numbers of species in the MTX, IL-2-a, and IL-2-b groups were similar to the control
group. Kruskal–Wallis ANOVAwas used to test the significance of differences in abundance among multiple groups; this
non-parametric test has no distribution requirements and is generally suitable for bacterial community analysis.46

Kruskal–Wallis ANOVA showed significant differences in species among the five groups (p < 0.01).
At the genus level (Figure 3B), the microbiota in the model group was mainly composed of Lactobacillus (83.5%)

and Unspecified_S24_7 (8.47%); all other gut microbiota constituents were remarkably decreased, indicating an
imbalance in the gut microbiota. After MTX treatment, the Lactobacillus proportion decreased (15.6%). After ld-IL-2
treatment, the Lactobacillus proportions decreased (46% and 31% in the IL-2-a and IL-2-b groups, respectively), but the
abundance of microbiota was still higher compared to the control group; the other gut microbiota constituents were
significantly increased. Kruskal–Wallis ANOVA showed significant differences in species among the five groups
(p < 0.01).

We used DESeq2 for multiple comparisons to identify microorganisms with significantly different abundances
between the two groups.47 At the phylum level, taking Firmicutes as an example, the model group showed significant
differences to the control (p = 0.04), MTX (p = 0.00007), IL-2-a (p = 0.071), and IL-2-b (p = 0.055) groups, indicating
that ld-IL-2 treatment altered Firmicutes abundance.

Figure 3 Ld-IL-2 treatment altered gut microbiota composition. (A) Relative abundances of gut microbiota at the phylum level. After ld-IL-2 treatment, the abundances of
Firmicutes decreased (72% and 63% in the IL-2-a and IL-2-b groups, respectively), while the abundances of Bacteroidetes increased (23% and 34% in the IL-2-a and IL-
2-b groups, respectively). (B) At the genus level, the Lactobacillus abundances decreased after ld-IL-2 treatment (46% and 31% in the IL-2-a and IL-2-b groups, respectively).
(C) Distribution histograms of LEfSe analysis (LDA scores > 4). Each transverse cylinder represents a species; the length of the cylinder corresponds to the LDA value.
A higher LDA value indicates a greater difference. The control group had the most obvious altered OTUs. In the model group, five OTUs showed significant differences. The
eight most obviously altered OTUs were in the MTX group. There were one and two altered OTUs in the IL-2-a and IL-2-b groups, respectively. (D) Taxonomic cladogram
of LEfSe analysis. The diagram shows different taxonomic levels from inside to outside; each connection represents a lineage relationship. Each circle node represents
a species. A yellow node indicates no significant difference between groups. A non-yellow node indicates that the species is the characteristic microorganism of the
corresponding color group.
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Linear discriminant analysis effect size (LEfSe) analysis was performed to identify statistically significant biomarkers
of gut microbiota in the different groups. The linear discriminant analysis (LDA) score histogram (based on LDA scores
> 4) and cladograms are shown (Figure 3C and D). In the control group, the most obviously altered OTUs were
p_Bacteroidetes, c_Bacteroidia, o_Bacteroidales, f_Prevotellaceae, and g_Prevotella, followed by g_Bacteroides,
f_Bacteroidaceae, g_Carnobacterium, o_Bacillales, and f__Staphylococcaceae. In the model group, five OTUs showed
significant differences, namely p_Firmicutes, c_Bacilli, o_Lactobacillales, g_Lactobacillus, and f_Lactobacillaceae. The
eight most obviously altered OTUs in the MTX group included g_Streptococcus, f_Ruminococcaceae, o_Clostridiales,
and c_Clostridia. There were one and two altered OTUs in the IL-2-a and IL-2-b groups, respectively. o_Actinomycetales
in the IL-2-a group was found to be abundant and markedly altered. f_Odoribacteraceae and g_Odoribacter were found to
be substantially altered in the IL-2-b group.

Functional Predictions of Microbiota
PICRUSt2 is a computational approach to predict the functional composition of a metagenome using marker gene data
and a database of reference genomes. PICRUSt2 compared the 16S rRNA gene sequencing data with the microbial
reference genome database, using known metabolic functions to predict changes in microbial functions. Metagenomic
analysis confirmed 19,789 knockouts and a total of 288 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.
Figure 4A shows the top 20 KEGG pathways for KEGG level 3. ANOVA, Duncan, and Dunn tests were used to analyze
differences in microbial community predicted functions among groups. There were significant differences in functional
pathways between the model and control groups. After the MTX and ld-IL-2 treatments, the differences between the
model and control groups were reduced. The main differences were in fatty acid, histidine, glutathione, porphyrin,
chlorophyll, purine, and cytochrome P450-mediated drug and xenobiotic metabolism, among other metabolic pathways.
The functional differences involved multiple body functions including metabolism, cellular processes, environmental
information processing, genetic information processing, human diseases, and organ systems (Figure 4B–E and

Figure 4 Ld-IL-2 may partially restore intestinal biological function. (A) Top 20 KEGG pathways for KEGG level 3. (B–E) ANOVA + Duncan analysis showed significant
differences in predicted microbial community function between groups. In each channel, different colors are used to represent different groups. The letters a, b, c are
arranged from high to low. Similar letters above two groups indicate a non-significant difference; different letters indicate a significant difference. For example, if one of the
letters a and a, b is the same, there is no difference, and a and b are different. (B) Organismal systems. (C) Cellular processes. (D) Environmental information processing. (E)
Human diseases.
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Supplementary Figure 3). Regarding the KEGG pathway results, CIA model mice showed differences in intestinal
microbiota composition, which led to significant differences in intestinal microbial functions. There were no significant
differences in intestinal microbial functions between the ld-IL-2-treated mice and controls, indicating that ld-IL-2 may
partially restore intestinal biological function (Figure 4B–E and Supplementary Figure 3).

Impact of IL-2 Treatment on Fecal SCFA Concentrations
In this study, the SCFAs in the mouse-feces samples were analyzed, and found to consist mainly of acetic, propionic, and
butyric acids, along with isobutyric, isovaleric, valeric, and hexanoic acids (Figure 5A). The control group was used as
a reference to measure increases and decreases in SCFAs. The total SCFA content of the model group was lower
compared to the control group, but increased with MTX and ld-IL-2 treatments. The IL-2-a group had the highest SCFA
levels. All SCFAs increased after the ld-IL-2 and MTX treatments, except hexanoic acid. The increase in acetic,
propionic, isobutyric, butyric, and isovaleric acids was greater in the IL-2-a and IL-2-b groups compared to the MTX
group. ANOVA showed significant differences in isovaleric acid among the five groups (p < 0.05). The contents of acetic
acid, isobutyric acid, and total SCFAs differed among the five groups (P = 0.05, P = 0.05, and P = 0.08, respectively).
Butyric acid content in the model and MTX groups was higher than the valeric acid content (Figure 5B–I). These results

Figure 5 Ld-IL-2 treatment can improve the SCFA-related metabolic disorders caused by CIA. (A) The SCFA composition after treatment in each group was mainly acetic
acid, propionic acid, and butyric acid. SCFA content was the lowest in the model group; it increased after ld-IL-2 treatment. (B–I) SCFA contents in each group after
treatment. The IL-2-a group had the highest SCFA contents. There was a significant difference in isovaleric acid content among the five groups (P < 0.05). *P < 0.05, ***P <
0.001. (B) Total SCFA content. (C) Acetic acid. (D) Propionic acid. (E) Butyric acid. (F) Valeric acid. (G) Hexanoic acid. (H) Isobutyric acid. (I) Isovaleric acid.
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suggested that ld-IL-2 treatment can improve the SCFA-related metabolic disorders caused by CIA. An interesting
finding was that MTX treatment had little impact on SCFA metabolism.

Relations of Gut Microbial Genera with Cytokines and SCFAs
Based on the fecal microbiome and metabonomic data, we performed redundancy analysis (RDA) to determine the relation-
ships among gut microbiota, metabolites and cytokines. In the RDA (Figure 6A), the arrow represents SCFA and cytokines,
the dot represents the microbiota, and the length of the arrow represents the strength of the correlation between SCFAs or
cytokines and the microbiota; a longer arrow indicates a stronger correlation. The angle between the arrow and the sorting axis
represents the strength of the correlation for a particular environmental factor; a smaller angle indicates a stronger correlation.
Acute and obtuse angles reflect positive and negative correlations, respectively. IL-2 had the strongest correlation with the
microbiota, followed by TNF-α, IL-21, IL-10, and IL-6. The correlation between SCFAs and the microbiota was weak.

A heatmap of the Spearman correlation coefficients showed that IL-2 was positively correlated with Bacteroides (p <
0.001), Gemella, Allobaculum, Bifidobacterium, and Prevotella (p < 0.05) and negatively correlated with Lactobacillus
(p < 0.05). TNF-α was positively correlated with Lactobacillus (p < 0.001), and negatively correlated with Prevotella (p <
0.001), Bacteroides, Coprococcus (p<0.01), Gemella, Dehalobacterium, Anaerotruncus, Allobaculum, Bifidobacterium,
Candidatus Arthromitus (p < 0.05). IL-10 was positively correlated with Lactobacillus (p < 0.05), and negatively
correlated with Candidatus Arthromitus, Coprococcus (p < 0.01), Clostridium, Dehalobacterium, Prevotella, and
Coprobacillus (p < 0.05). IL-6 was positively correlated with Lactobacillus and Mucispirillum (p < 0.05), and negatively
correlated with Candidatus Arthromitus, Coprococcus, Lactococcus, and Prevotella (p < 0.05). IL-21 was positively
correlated with Lactobacillus (p < 0.05), and negatively correlated with Carnobacterium (p < 0.01), Gemella, Desemzia,
Desulfovibrio, Jeotgalicoccus, Lactococcus, Corynebacterium and Dehalobacterium (p < 0.05). IL-17 was negatively
correlated with Dehalobacterium and Adlercreutzia (p < 0.05). SCFAs were positively correlated with most of the
microbiota. Hexanoic acid was positively correlated with Prevotella and Lactobacillus (p<0.05), and negatively corre-
lated with Anaerotruncus (p<0.01) and Dehalobacterium (p<0.05).There was a negative correlation between isovaleric

Figure 6 Correlations among gut microbiota, metabolites, and cytokines. (A) RDA of phylum level; IL-2 had the strongest correlation with the microbiota composition.
SCFA: acetic, propionic, and butyric acids, along with isobutyric, isovaleric, valeric, and hexanoic acids. Cytokines: IL-2, IL-6, IL-17, IL-10, IL-21, and TNF-α. (B) Heatmap of
Spearman correlation coefficients. IL-2 was positively correlated with Bacteroides abundance (P < 0.001). Positive correlations are shown using red color, while negative
correlations are shown using blue color. Significance is indicated as: *P < 0.05, **P < 0.01, ***P < 0.001.
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acid and Staphylococcus (p < 0.05), and between valeric acid and Gemella (p < 0.01) and Jeotgalicoccus (p < 0.05).
These results suggested that IL-2 may influence the microbiota and SCFAs (Figure 6B).

Discussion
Breakdown of immune tolerance is an important cause of RA. Restoration of immune tolerance may be an effective
strategy for RA remission.48,49 Ld-IL-2 regulates the Th17/Treg ratio, exerts anti-inflammatory effects, and maintains
immune tolerance in RA patients. Th17/Treg regulation by ld-IL-2 has been widely reported, but the relationship between
ld-IL-2 and the gut microbiota is not clear and requires further study.18,50

Since CIA animal models share immunological and pathological features with human RA, they have been used
extensively to study the pathogenesis of, and test therapeutics for RA.51 We used CIA mice in this study to assess gut
microbiota alterations during the pathogenesis of RA. Because this was a preliminary study concerning the relationship
between ld-IL-2 and the gut microbiota, we used a smaller sample size. MTX which is the first-line treatment for RA,
was used as a positive control to evaluate the therapeutic effect of ld-IL-2 on joint inflammation.4,6

Our study demonstrated that both ld-IL-2 and MTX can relieve arthritis symptoms in CIA mice. Compared to the
model group, they significantly reduced arthritis symptoms, as reflected in the AI score, histopathology, foot swelling,
and radiographic findings (Figure 1A–E). During the experiment, ld-IL-2 and MTX also exhibited regulatory effects on
the gut microbiota and metabolites.

Furthermore, ld-IL-2 inhibited the production of pro-inflammatory serum cytokines (IL-6, IL-17, IL-21, and TNF-α),
and there were no significant differences between the IL-2-a and IL-2-b groups. In addition, MTX treatment inhibited
pro-inflammatory cytokines, and there were no significant differences between the IL-2 and MTX groups. These results
indicate that abnormal bacterial communities are associated with the altered lymphocyte subpopulations and cytokine
levels, which may play a role in RA pathogenesis (Figure 1F).

There is general agreement that microflora composition changes in RA patients.52,53 Du reported that 13 phyla, including
Firmicutes and Bacteroidetes (30.2% and 23.8%, respectively) were the dominant salivary microbes in RA patients.54 Liu
reported that the lactic acid content of feces from RA patients was significantly higher compared to controls.55 Our results
demonstrated significant differences in species diversity and microbial community composition between the model and
control groups. At the phylum level, Firmicutes and Bacteroidetes accounted for 99% of the microbes in the model group,
while at genus level, Lactobacillus accounted for 83.5% of the microbes, resulting in a serious imbalance (Figure 3A–D). The
imbalance in diversity and abundance of gut microbiota may play an important role in RA pathogenesis.

Interestingly, both the ld-IL-2 and MTX treatments increased gut microbiota richness and diversity in CIA mice.
After ld-IL-2 treatment, the proportions of Firmicutes and Lactobacillus decreased in CIA mice feces. We also analyzed
the biomarkers of microbiota in all groups. After ld-IL-2 treatment, microbiota markers changed in CIA mice, which may
be important in the control of arthritis symptoms. It was also found that fecal Bacteroides abundance decreased in model
mice, and Lactobacilli became the main component of CIA mouse microbiota. Ld-IL-2 had a negative correlation with
Lactobacillus, and a positive correlation with Bacteroides.56 The mechanisms of action for drugs that alleviate rheuma-
toid symptoms are reportedly related to Treg-cell regulation and improvements in gut microbiota. Furthermore, there
have been reports concerning the complex interactions between immune cells and gut microbiota. Ld-IL-2 regulation
may have a two-way regulatory effect on gut microflora. IL-2 regulation in gut microbiota may be related to immune
regulation, but this speculation merits further investigation.23,57,58

SCFAs, the end products of the fermentation of dietary fibers by the anaerobic intestinal microbiota, have multiple
beneficial effects on energy metabolism and the mammalian immune system. There have been few reports concerning
normal SCFA levels in mice; the findings in these reports have been inconsistent. Therefore, the control group was used
as the normal control in this study to observe changes in SCFA levels after ld-IL-2 administration. In a study by Shan,59

the concentrations of all SCFAs in CIA rats, especially acetic, propionic, butyric and valeric acids, were lower compared
to controls, indicating that RA affected the SCFA content of mouse feces. Butyric acid exerts anti-inflammatory effects
by activating mTOR and Blimp-1 in intestinal CD4+ T cells.60,61 Valerate also strongly induces IL-10 expression in
T cells and regulatory B cells by increasing mTOR complex activity, promoting glucose oxidation, and producing
additional acetyl-CoA.62 It was reported that the severity of type II CIA decreased after oral administration of acetate,
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propionate, or butyrate, which indicated a significant role of SCFAs in the regulation of inflammation.63 These findings
were confirmed in our experiment, where butyric and valeric acid levels increased in the IL-2 group (Figure 5A–I). This
is presumably because an increase in SCFAs regulates T cells and increase the number of Treg cells.64 This could inhibit
excessive immune responses, maintain immune tolerance, and ultimately control arthritis.

Conclusion
In conclusion, ld-IL-2 can relieve the joint symptoms of RA in CIA mice. Furthermore, we found changes in the diversity
and composition of gut microbiota, as well as their metabolite (SCFA) in CIA mice. Changes in the dominant species and
SCFA could contribute to the regulation of immune tolerance, offering a potential novel mechanism for ld-IL-2
treatment. This mechanism requires further exploration.
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