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Background: Increased intestinal permeability and altered intestinal microbiota
may influence cytokine regulatory immunity in systemic lupus erythematosus
(SLE). This study aimed to elucidate the relationship between intestinal flora alters
and follicular helper T cells (Tfh), regulatory T cells (Treg) cells, and cytokines
in SLE.

Methods: In total, 23 patients with active SLE (SLE-A group), 18 patients with
stable SLE (SLE-nA group), and 24 healthy controls (HC group) were enrolled. Tfh,
follicular T regulatory (Tfr), and Treg cells were measured by flow cytometry, and
fecal samples were analyzed using 16S rRNA gene sequencing. The relationship
between the gut microbiome and the SLE disease activity index (SLEDAI-2k),
zonulin (an indicator of intestinal permeability), IL-2, IL-6, and IL-21 levels
was analyzed.

Results: Decreased Treg cells and imbalanced Tfh/Tfr were associated with
elevated disease activity in SLE-A group. The increase in zonulin levels in SLE-A
group indicated worsened intestinal mucosal barrier damage, potentially linked
with the increase in the dominant microflora Escherichia-Shigella. Furthermore,
the increase in zonulin was correlated with a severe imbalance in Tfh/Tfr.
Moreover, decreased IL-2 levels were associated with a decrease in
Ruminococcus and may modulate the reduction in Treg cells during disease
progression. Zonulin also exhibited a negative correlation with IL-2.

Conclusion: Zonulin may be involved in the Tfh/Tfr immune imbalance in
patients with SLE, and Faecalibacterium and Ruminococcus may contribute to
disease development by regulating Treg cells and Tfh/Tfr imbalance. Taken
together, these findings may provide new insights into the role of cytokines in
the treatment of SLE.
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Introduction

Systemic lupus erythematosus (SLE) exhibits a wide variety of
clinical manifestations, and its etiology remains unclear (Li et al.,
2019). SLE is a complex disease caused by multiple factors and
affects nearly every organ system (Yao et al., 2022). The
mechanisms underlying SLE may be influenced by complex
genetic, defects in the hormonal, infectious, immune, and
environmental factors. Increasing evidence suggests that intestinal
barrier caused by an imbalance of intestinal flora may contribute to
disease development (Fasano, 2020). Moreover, disease progression
has been linked to a “leaky gut” caused by persistent damage to the
intestinal barrier. Similarly, it has been demonstrated that patients
with SLE exhibit prominent gut microbiota dysbiosis, which
primarily manifests as decreased bacterial diversity and altered
community composition, especially in patients with active SLE (Li
et al., 2019). However, the relationship between changes in
intestinal flora and autoimmune activity in SLE remains unclear.

The expansion of detrimental bacterial populations as well as
increases in inflammation are what drives”leaky gut” (Di Vincenzo
et al., 2024).Consequently, a large quantity of foreign antigens,
microorganisms, and their products enter the internal environment
of the host through this “leaky gut,” leading to immune activation
and inflammation, which promotes the development of SLE (Ma
and Morel, 2022). The overexpression and imbalance of T and B
cells disrupt adaptive immunity, leading to a disruption in host
immune tolerance, which is a core mechanism in SLE progression
(Shan et al., 2020). Accordingly, zonulin (the only known
physiological regulator of cell-cell tight junctions) has been
employed to assess intestinal permeability in various diseases
(Gudi et al, 2022). Additionally, its pathogenicity has been
implicated or confirmed in chronic inflammatory diseases (Li
et al., 2023). Enhanced intestinal permeability has been reported
in patients with SLE (Ma and Morel, 2022; Bowes et al., 2024).
However, the relationship between intestinal permeability levels,
disease activity, and immune cells in SLE remains unexplored.

The gut microbiome has been demonstrated to regulate
immune function by influencing the differentiation of lymphocyte
subpopulations and their cytokines (Wang et al., 2022). However,
the mechanism through which changes in the abundance and
diversity of gut microbes cause SLE and how these changes affect
disease activity remain unexplored. Therefore, to explore the
connection between intestinal flora and disease progression, we
aimed to investigate the relationship between intestinal flora and
immune cells and cytokines in SLE.

Materials and methods
Participants and sample collection

Between September 2022 and July 2024, 41 patients with
primary SLE were enrolled from the Department of Immunology
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and Rheumatology at Qingdao Municipal Hospital, based on the
1997 American College of Rheumatology (ACR) categorization
criteria. Additionally, we recruited 24 healthy individuals from
the physical examination center as healthy controls (HC). Given
that the morbidity of SLE is much higher in females than in males,
all patients in this study were female. The participants were from
various regions of Shandong Province. The systemic lupus
erythematosus disease activity index (SLEDAI-2k) was used to
categorize the patients as having either mild or stable SLE (SLE-
nA group; SLEDAI<7) or moderate to severe SLE (SLE-A group;
SLEDAI>7). The clinical information of the participants is
summarized in Table 1. The exclusion criteria were as follows:
pregnant or nursing patients, patients with other autoimmune
diseases, hypertension, diabetes, severe mental illness,
inflammatory bowel disease, other inflammatory diseases, and
tumors. Additionally, participants that had received high-dose
hormones, oral probiotics, and antibiotics for 8 weeks were
excluded. This study was approved by the ethics committee of
Qingdao Municipal Hospital, Qingdao University, and each
participant voluntarily provided informed written consent to
participate in the study. Peripheral blood and fecal samples were
collected from each participant.

Whole blood mixed with anticoagulant was stored at 4 °C and
centrifuged at 2400 rpm for 10 min. The supernatant was removed
and transferred to an Eppendorf tube. Hemolytic serum samples
were excluded from our study. Fecal samples were collected in
sterile tubes, and all samples were stored in a -80 °C freezer.

DNA extraction from fecal specimens

Fecal samples were collected using TGuide S96 Magnetic Soil/
Stool DNA Kit, according to the supplier instructions. Bacterial
DNA was isolated with the TGuide S96 Magnetic Soil/Stool DNA
Kit following the manufacturer’s protocol and the V3-V4
hypervariable regions of the 16 S rRNA gene were amplified by
paired-end DNA sequencing. What’s more, the primers used for the
PCR reactions were 388F (5'-ACTCCTACGGGAGGCAGCA-3)
and 806R (5'-GGACTACHVGGGTWTCTAAT-3").

PCR amplification and sequencing

PCR amplification was performed in a mixture containing 50 ng
+-20% genomic DNA, 0.3 uL VnF (10 mM), 0.3 uL VnR (10 uM), 5
UL KOD FX Neo Buffer, 2 uL ANTP (2 mM), 0.2 uL. KOD FX Neo,
and H20.The reactions were hot-started at 95°C for 5 min, and 95°
C for 30s, 50°C for 30s and 72°C for 60s, followed by 10 cycles at 98°
Cfor 10s, 65°C for 30s, 72°C for 5min and72°C for 5 min. The
products were purified and recovered by the OMEGA DNA Gel
Extraction Kit and the Monarch DNA Gel Recovery Kit, sequenced
by Ilumina Novaseq 6000. Sequence reads were filtered to remove
low-quality reads by Trimmomatic (version 0.33). The tag with 97%
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TABLE 1 Characteristics of the subjects.

10.3389/fcimb.2025.1565416

SLE-nA(n=18) SLE-A(n=23) HC(n=24)
Age,years 18.28 + 12.82 22.96 + 16.46 20.96 £ 11.71 0.565
ESR,mm/h 26.78 + 15.66 59.04 + 27.55 6.87 + 4.85 0.000
CRP,mg/L 9.36 + 15.42 19.13 + 37.27 2.61 + 1.60 0.063
ds-DNA,IU/ml 3327 £2271 69.12 + 52.27 1.97 £ 1.19 0.000
24-hour urinary protein quantity,g/24H 0.43 +0.20 0.75 £ 0.14 0.11 £ 0.07 0.000
GFR,ml/min-1.73cm’ 105.67 + 20.72 91.39 + 20.63 102.54 £ 9.89 0.024
TG,mmol/L 1.04 + 0.58 1.30 + 0.58 0.93 +0.44 0.073
Cholesterol 4.69 + 0.98 4.44 + 091 3.92 + 0.56 0.021
AST,U/L 22.88 £ 10.71 22.06 + 11.94 29.09 + 6.56 0.037
ALT,U/L 24.03 £ 13.96 2220 +25.35 23.10 £ 10.28 0.949
WBC,*10°/L 517 £2.17 3.39 £ 0.87 6.05 +1.28 0.000
HB,g/L 124.11 £ 9.63 98.70 + 25.05 119.96 + 13.71 0.001
PLT,*10°/L 208 +92.16 89.26 + 23.02 228.96 + 62.95 0.011
C3,g/L 0.75 + 0.23 0.38 +0.18 1.05 £ 0.19 0.000
C4,g/L 0.18 + 0.99 0.16 + 0.07 0.28 + 0.08 0.000
IgG,g/L 14.83 £ 5.75 22.98 £7.90 11.35 + 2.24 0.000
IgM,g/L 0.89 + 0.51 0.83 +0.70 1.22 £ 1.54 0.208

ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; GFR, glomerular filtration rate; TG, triacylglycerol; AST, aspartate transaminase; ALT, alanine aminotransaminase; WBC,
leukocyte; RBC, erythrocyte; Hb, hemoglobin; PLT, platelet; C3, complement 3; C4, complement 4; Ig G, immunoglobulin G; Ig M, immunoglobulin M; Ig A, immunoglobulin A.

sequence identity were grouped as operational taxonomical units
(OTUs). The taxonomic information of the feature sequences was
obtained by comparing against the SILVA database (Release 138.1,
http://www.arb-silva.de), using a simple Bayesian classifier (Yao
et al., 2022). Alpha and Beta diversity indices were analyzed by
QIIME2 and results are displayed using R software. Linear
discriminant analysis (LDA) effect size (LEfSe) was used to
determine the characteristics of each category.

Measure of Tfh, Treg, and Tfr cells by flow
cytometry

A 100 puL sample of whole blood mixed with anticoagulant was
added to a test tube, and 5 PL of each of the following target
antibodies was added: CD4 FITC (Immunotech S.A.S.), CD185
(CXCR5) PE (Immunotech S.A.S.), CD278 (ICOS) PE-Cy
ANINE5.5 (Immunotech S.A.S.), CD25 PC7 (Immunotech
S.AS.), and CD127 APC (Immunotech S.A.S.). After mixing, the
mixture was incubated at 4°C in the dark for 45-60 min.
Subsequently, 2 mL of red blood cell lysate was added to the
mixture, mixed thoroughly, incubated in the dark at 20-25 °C for
10 min, centrifuged at 1000 rpm for 5 min, and the supernatant was
discarded. Following this, 3 mL of PBS (containing 0.1% NaN3)
buffer was added, the cells were washed, centrifuged at 1000 rpm for
5 min, and the supernatant was discarded. Finally, 300 UL of fixative
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was added, and the suspended cells were analyzed using Dx FLEX
flow cytometry (Beckman Coulter Ltd., USA) with Cyt
Expert software.

Determination of zonulin and cytokine
levels by ELISA

As mentioned in the previous section, serum samples were
collected from participants in the SLE-nA, SLE-A, and HC groups.
ELISA kits were used to measure zonulin, IL-2, IL-6, and IL-21
levels, according to the manufacturer’s instructions.

Statistical analysis

Statistical analysis was performed using SPSS version 23.0. Data
with a normal distribution were presented using the mean +
standard deviation. Continuous variables were analyzed using
variance analysis. Owing to the small sample size, differences in
sequencing data were assessed using R language, followed by alpha
and beta diversity analysis. The correlation and differences between
the data were evaluated using hierarchical clustering, principal
coordinate analysis (PCoA), LEfSe analysis, and Spearman
correlation analysis.
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Results

Reduced gut microflora diversity in SLE-A
group

Overall, 3570 OTUs in the SLE-A group, 3429 OTUs in the
SLE-nA group, and 3805 OTUs in the HC group were identified by
analyzing fecal samples from the three groups. The alpha diversity
indices were as follows in Figure 1: ACE (t=0.357, p=0.727), Chaol
(t=0.437, p=0.665), Shannon (t=0.641, p=0.525), and Simpson
(t=1.315, p=0.196). Additionally, there were no significant
differences in the indices in the SLE-nA with HC and SLE-A
groups. However, the ACE (t=2.236, p=0.03) and Chaol (t=2.339,
p=0.024) indices indicated that the fecal microbial abundance of
patients in the SLE-A group was substantially lower than that in the
HC group. These findings provide a basis for further analysis of the
gut microbiota species.

Altered microbiota composition among
groups

At the phylum level, the dominant bacteria in the SLE-A, SLE-
nA, and HC groups were Bacillota(known as Firmicutes
previously), Bacteroidota, and Pseudomonodota(known as
Proteobacteria previously). However, the abundance of Bacillota
in the SLE-A group was significantly lower than that in the HC
group, while that of Pseudomonodota was significantly higher
(Figure 2E). The microbial composition at the phylum level was
compared between the three groups using the Spearman test, which
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FIGURE 1
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revealed that, compared with the SLE-A group, Bacillota (x> =
11.73, p<0.01; Figure 2A), Pseudomonodota (x* = 6.729, p<0.05;
Figure 2B), and Firmicutes/Bacteroidota (F/B) (p<0.05; Figure 2C)
were decreased. Additionally, compared with the HC group, the
abundance of Spirillobacteria (x> = 7.038, p<0.05; Figure 2D) was
higher in the other groups. Additionally, the abundance of Bacillota
was higher in the SLE-nA group than the SLE-A group (p<0.05).

At the genus level, the dominant genera in the SLE-A group
were Faecalibacterium, Bacteroides, and Escherichia-Shigella, while
the dominant genera in the SLE-nA and HC groups were
Faecalibacterium, Bacteroides, and Agathobacter (Figure 2F).
Compared with the HC group, the abundance of
Faecalibacterium (p=0.058), Agathobacter (p<0.01),
Ruminococcus (p<0.05), and Megamonas (p=0.121) were
significantly lower in the SLE-A group, while Escherichia-Shigella
(p<0.05) was significantly higher.

At the OTU level, statistically significant differences in beta
diversity, based on the Bray-Curtis distance, between the three
groups were observed in the PCoA analysis (p=0.001; Figure 3A).

Cladoplots showing the unique fecal microbial taxa from the
phylum to the genus level from all three groups were generated
using the LEfSe method. In the SLE-nA group, Akkermansia
(LDA 4.12) and Prevotellacea (LDA 4.05) were the predominant
bacterial groups. Conversely, in the SLE-A group, Escherichia-
Shigella (LDA 4.69) and Enterobacterales (LDA 4.74) were the
predominant bacterial groups. Meanwhile, in the HC group,
Megamonas (LDA 4.30) and Selenomonadaceae (LDA 4.29)
were the predominant bacteria (Figures 3B, C). Moreover,
LEfSe analysis revealed potential biomarkers with statistically
significant differences.
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The alpha diversity index of the three groups. (A) Ace indexes of the different groups. (B) Chao lindexes of the different groups. (C) Shannon indexes

of the different groups. (D) Simpson indexes of the different groups,*p< 0.05.
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The association of peripheral blood zonulin
with SLEDAI-2k and IL-2 and IL-21 levels in
the SLE-A group

To evaluate the intestinal mucosal barrier function and
inflammatory status of patients in the SLE-nA, SLE-A, and HC
groups, we measured zonulin, IL-2, IL-6, and IL-21 levels. Zonulin
was significantly higher in the SLE-A and SLE-nA groups than in
the HC group (474.40 + 196.56, 167.06 + 51.39 vs. 89.95 + 36.73,
p<0.001). Moreover, zonulin was significantly higher in the SLE-A
group than in the SLE-nA group (p<0.001; Figure 4A). Conversely,
IL-2 levels in the SLE-A group were significantly lower than those in
the SLE-nA (2.70 £ 2.03 vs. 439 + 2.97, p<0.05) and HC groups
(2.70 + 2.03 vs. 13.27 + 7.29, p<0.001). Furthermore, IL-2 levels in
the SLE-nA group were significantly lower than those in the HC
group (p<0.001; Figure 4B). Regarding IL-21, the SLE-A group
exhibited significantly higher IL-21 levels than the SLE-nA (78.08 +
23.18 vs. 39.56 + 19.57, p<0.001) and HC groups (78.08 + 23.18 vs.
26.45 + 15.70, p<0.001). Furthermore, IL-21 levels in the SLE-nA
group were higher than those in the HC group (39.56 + 19.57 vs.
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26.45 +15.70, p<0.05; Figure 4D). However, there was no significant
difference in IL-6 levels between the three groups (Figure 4C).

Simultaneously, we explored the correlation between intestinal
mucosal barrier function and serum inflammatory factors. We
revealed that zonulin was positively correlated with the SLEDAI
score (r2 = 0.6229, p<0.001; Figure 4E). However, zonulin was
negatively correlated with the serum inflammatory factor IL-2 (1* =
0.7695, p<0.001; Figure 4F) and positively correlated with IL-21 (r*
= 0.534, p<0.001; Figure 4F).

Correlations between gut microbes and
serum zonulin, IL-2, IL-6, and IL-21 levels

Furthermore, we investigated the relationship between zonulin,
serum autoinflammatory factors, and the relative abundance of
various bacterial genera. Zonulin was positively associated with
Escherichia-Shigella (r=0.398, p<0.01) and negatively correlated
with Agathobacter (r=-0.387, p<0.01), Megamonas (r=-0.381,
p<0.01), unclassified-Lachnospiraceae (r=-0.420, p<0.01),
Lachnoclostridium (r=-0.273, p<0.05), Ruminococcus (r=-0.28,
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p<0.05), and Lachnospira (r=-2.93, p<0.05). Furthermore, IL-2 was
positively correlated with Faecalibacterium (r=-0.401, p<0.01),
Agathobacter (r=0.481, p<0.001), Roseburia (r=0.274, p<0.05),
unclassified-Lachnospiraceae (r=0.293, p<0.05), Lachnoclostridium
(r=0.251, p<0.05), Ruminococcus (r=0.401, p<0.01), and Lachnospira
(r=0.328, p<0.01) and negatively correlated with Escherichia-Shigella
(r=-0.368, p=0.001). Meanwhile, IL-21 was positively correlated with
Escherichia-Shigella (r=0.384, p<0.01) and Blautia (r=0.25, p<0.05)
and negatively correlated with Agathobacter (r=-0.416, p<0.01),
Subdoligranulum (r=-0.259, p<0.05), Roseburia (r=-0.267, p<0.05),
Megamonas (r=-0.438, p<0.001), Ruminococcus (r=-0.401, p<0.01),
and Lachnospira (r=-0.325, p<0.001). IL-6 was negatively associated
with Bacteroides (r=-0.289, p<0.05; Figure 4G).

Analysis of Tfh, Treg, and Tfr cells by flow
cytometry

The precursor cells of Tth and Tfr cells cannot be detected in the

bloodstream owing to the lack of specific cell surface markers.
However, T cells differentiate into Tth and Tfr cells with memory
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phenotypes upon migration to the germinal center, making them
easier to detect in circulation. First, lymphocytes are identified from
whole blood cells and CD4"T cells are selected from them. According
to our gating strategy, Tth cells are CXCR5'ICOS" T cells in CD4"T
cells. Treg cells are CD25™CD127°"T cells in CD4"T cells. Since Tfr
cells marked as CD4"CXCR5'CD25"CD127"°", CXCR5" cells
consider as Tth cells in Treg cells. Representative flow cytometric
graphs of Tth (CD4"CXCR5'ICOS"), Treg (CD4*CD25"CD127"")
and Tfr (CD4"CXCR5*CD25MCD127'%) cells in SLE-nA, SLE-A
and HC groups are shown in Figure 5A.

The frequency of Tth, Treg, and Tfr cells and the Tth/Tfr ratio
were analyzed using the rank sum test. We found the absolute
value of Tth cells were more in the SLE-A group than in the HC
group (Figure 5B). Although the absolute value of the SLE-A
group exhibited a substantially higher number of Tth cells, the
overall proportion of Tfh cells was not significantly different
across the three groups. In contrast, the Treg (p<0.001; Figure 5C)
and Tfr (p<0.001; Figure 5D) cells and the Tth/Tfr ratio (p<0.001;
Figure 5E) differed significantly. Specifically, the frequencies of
Treg and Tfr cells in the SLE-A group were lower than those in
the SLE-nA group, while those in the SLE-nA group were lower
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than those in the HC group. We further investigated the
correlation between the SLEDAI score and the absolute values
of Tth, Treg, and Tfr cells, as well as the Tfh/Tfr ratio. We
revealed that the SLEDAI-2k score had a negative correlation
with Tfr cells (r* = 0.1692, p=0.0037) (Figure 5F) and a positive
correlation with the Tfh/Tfr ratio (r? 0.4373, p<0.001)
(Figure 5G), which is consistent with previous studies.

However, there was no significant correlation between the
SLEDAI-2k score and Tth and Treg cells.

Correlation between Tfh, Treg, and Tfr
cells and IL-2, IL-6, and IL-21

The results showed that the number of Tth cells was positively
correlated with peripheral blood zonulin (r=0.328, p <0.01) and IL-
21 (r=0.57, p<0.001) protein levels and negatively correlated with
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IL-2 levels (r=-0.462, p<0.001). Conversely, the number of Treg cells
was positively correlated with IL-2 levels (r=0.324, p<0.01). The
number of Tfr cells was negatively associated with zonulin (r=-
0.279, p<0.05) and IL-21 levels (r=-0.258, p<0.05). Furthermore,
there was no significant correlation with IL-2, IL-21, and zonulin.
However, the Tth/Tfr ratio exhibited a positive correlation with
zonulin (r=0.520, p<0.001), IL-2 (r=-0.493, p<0.001), and IL-21
levels (r=0.663, p<0.001). Moreover, there was no obvious
correlation between IL-6 and these three immune cells, as well as
the Tth/Tfr ratio (Figure 6A).

Further analysis involving the dominant and characteristic flora
revealed a positive correlation between Faecalibacterium and Treg
cells (r* = 0.3014, p<0.001; Figure 6B), and between Bacteroiades
and Tth cells (r2 = 0.2348, p<0.001; Figure 6D), as well as the Tfh/
Tfr ratio (r2 0.1125, p<0.05; Figure 6E). Additionally,
Ruminococcus was positively correlated with the number of Treg
cells (r* = 0.3170, p<0.001; Figure 6C).
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Discussion

Our findings reveal that the gut microbiota composition, as well
as the alpha and beta diversity, are altered in patients with SLE,
which is similar to previous studies (Li et al., 2019). Reduced alpha
diversity (as indicated by Chao 1 and ACE indices) in patients with
SLE, particularly those with medium and severe SLE, indicates
lower richness and imbalance in their gut microbiota. Similarly, the
beta diversity (PCoA) results also revealed disruptions in the
community (Kalayci and Ozen, 2023), with patients with SLE
exhibiting significant differences in gut microbiota composition
compared to healthy populations (Widhani et al., 2022). At the
phylum level, the microbiota was mainly composed of Bacillota,
Bacteroidota, and Pseudomonodota; however, in patients with
severe SLE, Bacillota were significantly reduced, while there was a
higher abundance of Bacteroidota, Pseudomonodota, and
Actinobacteria (Ling et al., 2023). Bacillota can produce butyrate,
which alters T cell function by inhibiting histone deacetylases and
suppressing Treg cell differentiation, which regulates inflammation,
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thereby promoting disease progression (Abdelhamid et al., 2020).
The significant decrease in the phylum of Bacillota in the moderate
to severe SLE group provides clinical support for the possibility that
the Bacillota may affect disease activity by this way. Previous studies
involving patients with other conditions have indicated that there is
some imbalance between Bacillota and Bacteroidota in the
gastrointestinal tract (Yao et al.,, 2023), with a lower Firmicutes/
Bacteroidota (F/B) ratio in patients with SLE, especially severe SLE
(Fasano, 2020). Although some studies have reported that the F/B
ratio in patients with SLE does not differ from that in the gut
microbiota of healthy individuals, a large number of research have
provided the dysregulation of F/B ratio in the gut microbiota of SLE
patients (Yao et al., 2023). SLE is regulated by diet, drug treatment,
and environmental microbes (Li et al., 2021). Therefore, the
pathogenesis of SLE has been studied using mouse models that
simulate the intestinal flora of patients with SLE (Yao et al., 2023).
Furthermore, the dynamics of the gut microbiome in SLE have been
explored using classical autoimmune SLE models (MRL/lpr or
NZB/W Fl1), which exhibit a phenotype that resembles human
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SLE (Wang and Deng, 2024). Notable differences in the intestinal
flora of NZB/W F1 mice have been observed, with substantial
changes in the abundance of several representative bacterial
species observed between the premorbid and onset stages of SLE
(Wang et al,, 2021). Abdelhamid et al. found a positive correlation
between the abundance of Bacteroidota and glomerular
pathological scores (Abdelhamid et al., 2020). Moreover, the
lower F/B ratio observed in 6-week-old MRL/Ipr mice indicates
that the F/B ratio may play a notable role in promoting early disease
onset that cannot be overlooked (Luo et al, 2018). Therefore,
further research is still warranted to investigate the influence of
the F/B ratio in the pathogenesis of SLE.

We observed that the dominant bacteria in the SLE-A group
were Faecalibacterium, Bacteroides, and Escherichia-Shigella, while
the dominant bacteria in the SLE-nA and HC groups were
Faecalibacterium, Bacteroides, and Agathobacter. Compared to
the HC group, Faecalibacterium(belonging to Bacillota) and
Ruminococcus were significantly less abundant. Similar studies
have demonstrated that, in other immune-related diseases, the
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abundance of Faecalibacterium may enhance epithelial
permeability, leading to microbial products appearing in the
lamina propria and subepithelial space (Moosavi et al., 2020).
This indicates a potential correlation between the intestinal
mucosal barrier function of zonulin and Faecalibacterium, which
may align with our findings (Ma and Morel, 2022). A recent study
found that a strain of Ruminococcus, which belongs to Bacillota,
induced increased intestinal permeability in C57BL-6 mice, elevated
serum zonulin levels, and was significantly associated with SLE
biomarkers such as dsDNA antibodies. Additionally, an expansion
of obligate anaerobic Ruminococcus was observed in patients with
active-stage lupus nephritis (Bowes et al, 2024). However, the
specific mechanism and role of Bacillota and its derived bacteria,
particularly in relation to renal involvement in SLE, warrant
further study.

The intestinal epithelial barrier constitutes the primary defense
against luminal antigens. Gastrointestinal barrier dysfunction in
SLE permits microbial translocation into systemic circulation,
triggering sustained immune activation through pathogen-
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associated molecular patterns (PAMPs) (Wen et al., 2024). SLE
patients demonstrate concomitant gut dysbiosis (Toumi et al,
2023), and impaired mucosal integrity. Emerging evidence
suggests plasma microbiome-derived components accelerate lupus
progression via proinflammatory cytokine induction rather than
direct microbial effects (Liu et al., 2022), perhaps induced by Toll-
like receptor agonists in the plasma microbiome (Silverman et al.,
2022). Furthermore, we report a correlation between intestinal
mucosal barrier function, indicated by plasma zonulin levels, and
findings observed in a clinical study (with no male patients), which
closely aligns with previous studies (Li et al., 2023). Studies have
confirmed that in lupus patients, intestinal permeability is positively
correlated with disease activity, and the DNA methylation level of
926 CpG sites is significantly related to intestinal permeability.
Increased intestinal permeability may be associated with epigenetic
changes, which may play a role in the pathogenesis of lupus (Bowes
et al,, 2024). Zonulin exhibited a negative correlation with IL-2 and
a positive correlation with IL-21. IL-2 is involved in the synthesis
and expression of its high-affinity receptor as well as the IL-2-
sensitive response; therefore, it plays a crucial role in the
development, survival, maintenance, and function of Treg cells
(Xu et al., 2017). Treg cells maintain intestinal immune tolerance
through symbiotic interactions with commensal microbiota and
dietary antigens (Ramanan et al., 2023), while simultaneously
enforcing peripheral self-tolerance mechanisms (Zhang et al,
2024). Microbiota-dependent RORY" Treg subsets specifically
regulate bacterial tolerance, potentially via MAF-mediated
suppression of effector T cell cytokines (Xu et al., 2018).

Recent studies have shown that low-dose IL-2 can alter the
balance between autoimmune response and immunological
tolerance by promoting Treg cell expansion and inhibiting Tth
cell differentiation. It has been demonstrated that IL-2 could inhibit
Th17 and Tth cell differentiation and promote Treg, Thl, and Th2
cell lineage commitment. Since Th17 and Tth cells are involved in
various autoimmune diseases (Saravia et al., 2019). Mechanistically,
IL-2 activates the JAK-STATS5 pathway to upregulate B
lymphocyte-induced maturation protein 1 (Blimpl), which
antagonizes B-cell lymphoma 6 (Bcl-6)-mediated Tth cell
development (Tokura, 2012). What's more, the diminished CD25
expression on Tfh precursor cells creates a permissive
microenvironment for Bcl-6 overexpression, thereby amplifying
Tth differentiation through Blimpl suppression (Singh et al,
2014). Clinical evidence demonstrates that low-dose recombinant
human IL-2 therapy selectively expands Treg populations while
reducing pathogenic Th17 and Tth cells, correlating with significant
attenuation of SLE disease activity (He et al.,, 2016). These findings
provide new insights for improving the immune status of patients
with SLE (Zhang et al., 2024).

Tth cells and their progenitors secrete substantial quantities of
IL-21, and it has been demonstrated that IL-21 plays a significant
role in the pathogenesis of SLE (Jin et al., 2022). IL-21 exhibits
diverse immunoregulatory functions in both B and T cells,
including Tfr cells (Huang et al., 2024). Significantly elevated
plasma IL-21 levels were observed in patients with SLE compared
to individuals in the HC group. Moreover, plasma IL-21 levels
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exhibited a negative correlation with the proportion of Tfr cells but
were positively correlated with both Tth cell numbers and the Tfh/
Tfr ratio. Bacteroides was positively correlated with the absolute Tth
cell count and the Tfh/Tfr ratio, while Ruminococcaceae was
correlated with Treg cells, indicating that changes in the intestinal
flora are closely linked to a shift in the balance between pro-
inflammatory and anti-inflammatory T cells in SLE. This
highlights that a dysfunction in intestinal flora plays a crucial role
in the immune mechanism underlying the pathogenesis of SLE.
Previous studies have also reported that Ruminococcaceae is
significantly associated with the Th1/Th2 and Th17/Treg ratios
but not the number of Th1, Th2, or Th17 cells, which may be linked
to changes in the intestinal microbial population of patients with
SLE (Hu et al.,, 2024). Our results show that Bacteroides is directly
correlated with the absolute value of Tth cells and the Tth/Tfr ratio
but has no correlation with the absolute value of Tfr cells, and
Ruminococcus is positively correlated with Treg cells. Therefore,
the abundance of Bacteroides and its associated flora may influence
the pathogenesis of SLE by affecting Tth cells and the Tth/Tfr ratio,
and the absolute Treg count in peripheral blood may be modulated
by the abundance of specific bacteria such as Ruminococcus, thus
contributing to the pathogenesis of SLE.

Although this study further validates the involvement of
intestinal commensal flora in the pathogenesis of SLE through
changes in the abundance of intestinal flora and lymphocyte subset
levels, further in-depth research is needed to explore how flora
imbalances and immune cells are involved in the pathogenesis and
progression of SLE.

Both mouse models and human studies demonstrate that Tth
cells play an important role in autoantibody responses in SLE.
Research has shown that patients with SLE have decreased Tfr
frequency and an increased Tfh/Tfr ratio, and Tfr cell frequency is
negatively associated with disease activity, dsDNA levels, and the
Tth/Tfr ratio (Zhang et al., 2015). Subsequently, immunological
results from a non-controlled single-center study revealed that
treatment with low doses of IL-2 led to a decrease in the
percentage of Tth cells among CD4 T cells (the effect on the
absolute numbers of these subpopulations was not reported).

Historically, IL-2 has been implicated as a T cell growth factor
whose primary function is to promote the proliferation and
activation of effector T cells and possibly induce an autoimmune
response (Zhou et al., 2023). However, this view has been
challenged following studies using mice deficient in IL-2 or IL-
2Ro (CD25) genes, suggesting that the primary function of IL-2 in
vivo may be to maintain autoimmune tolerance rather than
immune support and enhancement (Xie et al., 2021). Recent
studies indicate that IL-2 is a key cytokine for maintaining
differentiation, proliferation, and function in Treg cells (Zhou
et al., 2023). Furthermore, clinical trials have demonstrated that
low doses of IL-2 are safe and selectively promote thymus-derived
Treg cells, thereby demonstrating significant clinical efficacy on
active and refractory SLE by enhancing the treatment population
(Raeber et al., 2024).The variability in clinical response in different
patient subgroups may be attributed to differences in Treg cell
deficiency or the role Tregs play in disease development. However,
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further research is warranted to identify molecules for low-dose IL-
2 treatment, biomarkers that predict biological and clinical
responses to low-dose IL-2 treatment, and establish appropriate
individual criteria to stratify patients.

Our results indicated that IL-2 levels are associated with the
absolute Treg and Tth cell counts and the Tth/Tfr ratio, and they
also have a positive relationship with Faecalibacterium and
Ruminococcus. Therefore, we performed linear regression analysis
on the absolute values of Treg cells with Faecalibacterium and
Ruminococcus, and we revealed there was a positive correlation
between them. Therefore, Faecalibacterium and Ruminococcus may
serve as potential biomarkers to stratify patients for low-dose IL-2
treatment for patients with SLE. However, further research is
warranted to validate this. Our research suggests that the
dominant and specific bacterial genera may serve as potential
biomarkers to stratify patients for low-dose IL-2 treatment for SLE.

Our study had certain limitations. First, our study was only
conducted in Shandong Province in China; multiregional surveys
may provide more comprehensive findings in future research.
Second, the sample size of our study is small, which may
introduce some error; studies with a larger sample size are
necessary to obtain more accurate and meaningful results.
Thirdly, although strictly dietary habits had been required in
patients, the differences in individual dietary habits may affect the
accuracy of the study findings. Finally, owing to laboratory
conditions and time constraints, this study did not further
explore the relationship between the metabolic pathways of
intestinal flora, immune cells, and cytokines, and we could not
conduct in vitro tests, limiting our understanding and analysis of
the interaction mechanisms between intestinal flora, immune cells,
and cytokines.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: NCBI SRA, PRINA1266339.

Ethics statement

The studies involving humans were approved by ethics
committee of Qingdao Municipal Hospital, Qingdao University.

References

Abdelhamid, L., Cabana-Puig, X., Swartwout, B., Lee, J., Li, S., Sun, S., et al. (2020).
Retinoic acid exerts disease stage-dependent effects on pristane-induced lupus. Front.
Immunol. 11, 408. doi: 10.3389/fimmu.2020.00408

Bowes, M. M., Casares-Marfil, D., and Sawalha, A. H. (2024). Intestinal permeability
correlates with disease activity and DNA methylation changes in lupus patients. Clin.
Immunol. 262, 110173. doi: 10.1016/j.clim.2024.110173

Frontiers in Cellular and Infection Microbiology

11

10.3389/fcimb.2025.1565416

The studies were conducted in accordance with the local legislation
and institutional requirements. Written informed consent for
participation in this study was provided by the participants’ legal
guardians/next of kin.

Author contributions

XC: Data curation, Investigation, Validation, Writing — original
draft, Writing - review & editing. SL: Investigation, Supervision,
Writing - review & editing. YW: Validation, Writing - review &
editing. DG: Validation, Writing - review & editing. NZ:
Investigation, Writing - review & editing. YH: Investigation,
Writing - review & editing. QX: Data curation, Writing — review
& editing.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Di Vincenzo, F., Del Gaudio, A., Petito, V., Lopetuso, L. R., and Scaldaferri, F. (2024).
Gut microbiota, intestinal permeability, and systemic inflammation: a narrative review.
Intern. Emerg. Med. 19, 275-293. doi: 10.1007/s11739-023-03374-w

Fasano, A. (2020). All disease begins in the (leaky) gut: role of zonulin-mediated gut
permeability in the pathogenesis of some chronic inflammatory diseases. F1000Res 9.
(F1000 Faculty Rev), 69. doi: 10.12688/f1000research

frontiersin.org


https://doi.org/10.3389/fimmu.2020.00408
https://doi.org/10.1016/j.clim.2024.110173
https://doi.org/10.1007/s11739-023-03374-w
https://doi.org/10.12688/f1000research
https://doi.org/10.3389/fcimb.2025.1565416
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Chu et al.

Gudi, R, Kamen, D., and Vasu, C. (2022). Fecal immunoglobulin A (IgA) and its
subclasses in systemic lupus erythematosus patients are nuclear antigen reactive and
this feature correlates with gut permeability marker levels. Clin. Immunol. 242, 109107.
doi: 10.1016/j.clim.2022.109107

He, J., Zhang, X.,, Wei, Y., Sun, X,, Chen, Y., Deng, J., et al. (2016). Low-dose
interleukin-2 treatment selectively modulates CD4+ T cell subsets in patients with
systemic lupus erythematosus. Nat. Med. 22, 991-993. doi: 10.1038/nm.4148

Hu, Y., Tang, J., Xie, Y., Xu, W., Zhu, W, Xia, L., et al. (2024). Gegen Qinlian
decoction ameliorates TNBS-induced ulcerative colitis by regulating Th2/Th1 and
Tregs/Th17 cells balance, inhibiting NLRP3 inflammasome activation and
reshaping gut microbiota. J. Ethnopharmacol. 328, 117956. doi: 10.1016/
j.jep.2024.117956

Huang, J., Li, X,, Zhu, Q., Wang, M,, Xie, Z., and Zhao, T. (2024). Imbalance of Th17
cells, Treg cells and associated cytokines in patients with systemic lupus erythematosus:
a meta-analysis. Front. Immunol. 15, 1425847. doi: 10.3389/fimmu.2024.1425847

Jin, X., Chen, J., Wy, J,, Lu, Y., Li, B., Fu, W, et al. (2022). Aberrant expansion of
follicular helper T cell subsets in patients with systemic lupus erythematosus. Front.
Immunol. 13, 928359. doi: 10.3389/fimmu.2022.928359

Kalayci, F. N. C., and Ozen, S. (2023). Possible role of dysbiosis of the gut
microbiome in SLE. Curr. Rheumatol. Rep. 25, 247-258. doi: 10.1007/s11926-023-
01115-8

Li, Y., Wang, H.-F,, Li, X,, Li, H.-X., Zhang, Q., Zhou, H.-W,, et al. (2019). Disordered
intestinal microbes are associated with the activity of Systemic Lupus Erythematosus.
Clin. Sci. (Lond). 133, 821-838. doi: 10.1042/CS20180841

Li, Q., Yuan, X,, Shi, S., Liu, L., Lv, J., Zhu, L., et al. (2023). Zonulin, as a marker of
intestinal permeability, is elevated in IgA nephropathy and IgA vasculitis with
nephritis. Clin. Kidney J. 16, 184-191. doi: 10.1093/ckj/sfac214

Li, R, Meng, X, Chen, B., Zhao, L., and Zhang, X. (2021). Gut microbiota in lupus: a
butterfly effect? Curr. Rheumatol. Rep. 23, 27. doi: 10.1007/s11926-021-00986-z

Ling, Z., Cheng, Y., Gao, J., Lei, W,, Yan, X,, Hu, X,, et al. (2023). Alterations of the
fecal and vaginal microbiomes in patients with systemic lupus erythematosus and their
associations with immunological profiles. Front. Immunol. 14, 1135861. doi: 10.3389/
fimmu.2023.1135861

Liu, W., Zhang, S., and Wang, J. (2022). IEN-y, should not be ignored in SLE. Front.
Immunol. 13, 954706. doi: 10.3389/fimmu.2022.954706

Luo, X. M,, Edwards, M. R,, Mu, Q,, Yu, Y, Vieson, M. D,, Reilly, C. M,, et al. (2018).
Gut microbiota in human systemic lupus erythematosus and a mouse model of lupus.
Appl. Environ. Microbiol. 84, €02288-¢02217. doi: 10.1128/AEM.02288-17

Ma, L., and Morel, L. (2022). Loss of gut barrier integrity in lupus. Front. Immunol.
13, 919792. doi: 10.3389/fimmu.2022.919792

Moosavi, S. M., Akhavan Sepahi, A., Mousavi, S. F., Vaziri, F., and Siadat, S. D.
(2020). The effect of Faecalibacterium prausnitzii and its extracellular vesicles on the
permeability of intestinal epithelial cells and expression of PPARs and ANGPTL4 in the
Caco-2 cell culture model. J. Diabetes Metab. Disord. 19, 1061-1069. doi: 10.1007/
540200-020-00605-1

Raeber, M. E.,, Caspar, D. P., Zurbuchen, Y., Guo, N., Schmid, J., Michler, J., et al.
(2024). Interleukin-2 immunotherapy reveals human regulatory T cell subsets with
distinct functional and tissue-homing characteristics. Immunity. doi: 10.1016/
jimmuni.2024.07.016. S1074-7613(24)00365-0.

Ramanan, D., Pratama, A., Zhu, Y., Venezia, O., Sassone-Corsi, M., Chowdhary, K.,
et al. (2023). Regulatory T cells in the face of the intestinal microbiota. Nat. Rev.
Immunol. 23, 749-762. doi: 10.1038/s41577-023-00890-w

Saravia, J., Chapman, N. M., and Chi, H. (2019). Helper T cell differentiation. Cell
Mol. Immunol. 16, 634-643. doi: 10.1038/s41423-019-0220-6

Shan, J,, Jin, H., and Xu, Y. (2020). T cell metabolism: A new perspective on th17/treg
cell imbalance in systemic lupus erythematosus. Front. Immunol. 11, 1027.
doi: 10.3389/fimmu.2020.01027

Frontiers in Cellular and Infection Microbiology

12

10.3389/fcimb.2025.1565416

Silverman, G. J., Deng, J., and Azzouz, D. F. (2022). Sex-dependent Lupus Blautia
(Ruminococcus) gnavus strain induction of zonulin-mediated intestinal permeability
and autoimmunity. Front. Immunol. 13, 897971. doi: 10.3389/fimmu.2022.897971

Singh, R. P., Hasan, S., Sharma, S., Nagra, S., Yamaguchi, D. T., Wong, D. T. W,, et al.
(2014). Th17 cells in inflammation and autoimmunity. Autoimmun. Rev. 13, 1174-
1181. doi: 10.1016/j.autrev.2014.08.019

Tokura, Y. (2012). Th17 cells and skin diseases. Nihon. Rinsho. Meneki. Gakkai.
Kaishi. 35, 388-392. doi: 10.2177/jsci.35.388

Toumi, E., Mezouar, S., Plauzolles, A., Chiche, L., Bardin, N., Halfon, P., et al. (2023).
Gut microbiota in SLE: from animal models to clinical evidence and pharmacological
perspectives. Lupus. Sci. Med. 10, e000776. doi: 10.1136/lupus-2022-000776

Wang, X,, and Deng, G.-M. (2024). Animal models of studying the pathogenesis of
multi-organ tissue damage in lupus. Clin. Immunol. 263, 110231. doi: 10.1016/
j.clim.2024.110231

Wang, H., Wang, G., Banerjee, N,, Liang, Y., Du, X., Boor, P. ], et al. (2021). Aberrant
gut microbiome contributes to intestinal oxidative stress, barrier dysfunction,
inflammation and systemic autoimmune responses in MRL/lpr mice. Front.
Immunol. 12, 651191. doi: 10.3389/fimmu.2021.651191

Wang, Q., Zhang, S.-X., Chang, M.-],, Qiao, J., Wang, C.-H., Li, X.-F,, et al. (2022).
Characteristics of the gut microbiome and its relationship with peripheral CD4+ T cell
subpopulations and cytokines in rheumatoid arthritis. Front. Microbiol. 13, 799602.
doi: 10.3389/fmicb.2022.799602

Wen, X., Ogunrinde, E., Wan, Z., Cunningham, M., Gilkeson, G., and and Jiang, W.
(2024). Racial differences in plasma microbial translocation and plasma microbiome,
implications in systemic lupus erythematosus disease pathogenesis. ACR. Open
Rheumatol. 6, 365-374. doi: 10.1002/acr2.11664

Widhani, A., Djauzi, S., Suyatna, F. D., and Dewi, B. E. (2022). Changes in gut
microbiota and systemic inflammation after synbiotic supplementation in patients with
systemic lupus erythematosus: A randomized, double-blind, placebo-controlled trial.
Cells 11, 3419. doi: 10.3390/cells11213419

Xie, J. H., Zhang, Y., Loubeau, M., Mangan, P., Heimrich, E., Tovar, C,, et al. (2021).
Mouse IL-2/CD25 fusion protein induces regulatory T cell expansion and immune
suppression in preclinical models of systemic lupus erythematosus. J. Immunol. 207,
34-43. doi: 10.4049/jimmunol.2100078

Xu, B, Wang, S., Zhou, M., Huang, Y., Fu, R,, Guo, C,, et al. (2017). The ratio of
circulating follicular T helper cell to follicular T regulatory cell is correlated with disease
activity in systemic lupus erythematosus. Clin. Immunol. 183, 46-53. doi: 10.1016/
j.clim.2017.07.004

Xu, M., Pokrovskii, M., Ding, Y., Yi, R,, Au, C,, Harrison, O. J., et al. (2018). c-Maf-
dependent regulatory T cells mediate immunological tolerance to a gut pathobiont.
Nature 554, 373-377. doi: 10.1038/nature25500

Yao, H,, Yang, H., Wang, Y., Xing, Q., Yan, L., Chai, Y., et al. (2022). Gut microbiome
and fecal metabolic alteration in systemic lupus erythematosus patients with
depression. Front. Cell Infect. Microbiol. 12, 1040211. doi: 10.3389/fcimb.2022.1040211

Yao, K., Xie, Y., Wang, ], Lin, Y., Chen, X,, Zhou, T,, et al. (2023). Gut microbiota: a
newly identified environmental factor in systemic lupus erythematosus. Front.
Immunol. 14, 1202850. doi: 10.3389/fimmu.2023.1202850

Zhang, X., Lindwall, E., Gauthier, C., Lyman, J., Spencer, N., Alarakhia, A., et al.
(2015). Circulating CXCR5+CD4+helper T cells in systemic lupus erythematosus
patients share phenotypic properties with germinal center follicular helper T cells
and promote antibody production. Lupus 24, 909-917. doi: 10.1177/
0961203314567750

Zhang, R, et al. (2024). Low-dose IL-2 therapy in autoimmune diseases: An update
review. Int. Rev. Immunol. 43, 113-137. doi: 10.1080/08830185.2023.2274574

Zhou, H., Zhao, X., Zhang, R., Miao, M., Pei, W,, Li, Z., et al. (2023). Low-dose IL-2
mitigates glucocorticoid-induced Treg impairment and promotes improvement of SLE.
Signal Transduct. Target. Ther. 8, 141. doi: 10.1038/s41392-023-01350-6

frontiersin.org


https://doi.org/10.1016/j.clim.2022.109107
https://doi.org/10.1038/nm.4148
https://doi.org/10.1016/j.jep.2024.117956
https://doi.org/10.1016/j.jep.2024.117956
https://doi.org/10.3389/fimmu.2024.1425847
https://doi.org/10.3389/fimmu.2022.928359
https://doi.org/10.1007/s11926-023-01115-8
https://doi.org/10.1007/s11926-023-01115-8
https://doi.org/10.1042/CS20180841
https://doi.org/10.1093/ckj/sfac214
https://doi.org/10.1007/s11926-021-00986-z
https://doi.org/10.3389/fimmu.2023.1135861
https://doi.org/10.3389/fimmu.2023.1135861
https://doi.org/10.3389/fimmu.2022.954706
https://doi.org/10.1128/AEM.02288-17
https://doi.org/10.3389/fimmu.2022.919792
https://doi.org/10.1007/s40200-020-00605-1
https://doi.org/10.1007/s40200-020-00605-1
https://doi.org/10.1016/j.immuni.2024.07.016
https://doi.org/10.1016/j.immuni.2024.07.016
https://doi.org/10.1038/s41577-023-00890-w
https://doi.org/10.1038/s41423-019-0220-6
https://doi.org/10.3389/fimmu.2020.01027
https://doi.org/10.3389/fimmu.2022.897971
https://doi.org/10.1016/j.autrev.2014.08.019
https://doi.org/10.2177/jsci.35.388
https://doi.org/10.1136/lupus-2022-000776
https://doi.org/10.1016/j.clim.2024.110231
https://doi.org/10.1016/j.clim.2024.110231
https://doi.org/10.3389/fimmu.2021.651191
https://doi.org/10.3389/fmicb.2022.799602
https://doi.org/10.1002/acr2.11664
https://doi.org/10.3390/cells11213419
https://doi.org/10.4049/jimmunol.2100078
https://doi.org/10.1016/j.clim.2017.07.004
https://doi.org/10.1016/j.clim.2017.07.004
https://doi.org/10.1038/nature25500
https://doi.org/10.3389/fcimb.2022.1040211
https://doi.org/10.3389/fimmu.2023.1202850
https://doi.org/10.1177/0961203314567750
https://doi.org/10.1177/0961203314567750
https://doi.org/10.1080/08830185.2023.2274574
https://doi.org/10.1038/s41392-023-01350-6
https://doi.org/10.3389/fcimb.2025.1565416
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Alteration in gut microbiota accompanied by increased intestinal permeability and Tfh/Tfr imbalance in patients with active SLE
	Introduction
	Materials and methods
	Participants and sample collection
	DNA extraction from fecal specimens
	PCR amplification and sequencing
	Measure of Tfh, Treg, and Tfr cells by flow cytometry
	Determination of zonulin and cytokine levels by ELISA
	Statistical analysis

	Results
	Reduced gut microflora diversity in SLE-A group
	Altered microbiota composition among groups
	The association of peripheral blood zonulin with SLEDAI-2k and IL-2 and IL-21 levels in the SLE-A group
	Correlations between gut microbes and serum zonulin, IL-2, IL-6, and IL-21 levels
	Analysis of Tfh, Treg, and Tfr cells by flow cytometry
	Correlation between Tfh, Treg, and Tfr cells and IL-2, IL-6, and IL-21

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


