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A B S T R A C T   

The intestinal epithelial barrier plays an important role during human immunodeficiency virus 
(HIV) disease progression. However, the extent to which the intestinal epithelial barrier is 
damaged in immunological non-responders (INRs) and immunological responders (IRs) is largely 
unknown. In this study, we investigated and compared the levels of intestinal gland damage and 
related molecules, including the tight junction protein claudin-1, apoptosis marker caspase-3, HIV 
DNA, CD4+ T cell count, and inflammation marker tumor necrosis factor-α (TNF-α) among the IRs 
(n = 10), INRs (n = 8), and healthy controls (HCs, n = 7). Intestinal damage was not completely 
restored in both INRs and IRs and was more serious in INRs than that in IRs. Moreover, intestinal 
damage was positively correlated with HIV DNA levels and negatively correlated with CD4+ T cell 
counts. These results provide insight into understanding the characteristics of intestinal epithelial 
barrier damage between IRs and INRs.   

* Corresponding author. 
** Corresponding author. 
*** Corresponding author. 
**** Corresponding author. Senior Department of Infectious Diseases, the Fifth Medical Centre of Chinese PLA General Hospital, National Clinical 

Research Center for Infectious Diseases, Beijing, China 
E-mail addresses: jiaoyanmei@sina.com (Y.-M. Jiao), yaokaichen@hotmail.com (Y.-K. Chen), mapingtianjin@163.com (P. Ma), fswang302@ 

163.com (F.-S. Wang).   
1 These authors contributed equally.  
2 Lead Contact. 

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2023.e20790 
Received 4 November 2022; Received in revised form 7 September 2023; Accepted 6 October 2023   

mailto:jiaoyanmei@sina.com
mailto:yaokaichen@hotmail.com
mailto:mapingtianjin@163.com
mailto:fswang302@163.com
mailto:fswang302@163.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e20790
https://doi.org/10.1016/j.heliyon.2023.e20790
https://doi.org/10.1016/j.heliyon.2023.e20790
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 9 (2023) e20790

2

1. Introduction 

Successful antiretroviral therapy (ART) can fully suppress human immunodeficiency virus 1 (HIV-1) replication to undetectable 
levels and greatly reduce the morbidity and mortality of patients infected with HIV. However, CD4+ T-cell restoration remains <200 
cells/μL in approximately 10%–40 % of patients infected with HIV with more than 2 years of ART [1–3]. These individuals were 
referred to as immunological non-responders (INRs). Acquired immunodeficiency syndrome (AIDS)-related and non-AIDS-related 
events are more likely to occur in INRs than that in patients infected with HIV with immune reconstitution (peripheral CD4+ T-cell 
count >500 cells/μL after more than 2 years of ART, immunological responders [IRs]) [4]. Immune reconstitution in the peripheral 
blood of patients with HIV during ART has been well described. The gastrointestinal mucosa is considered the central compartment of 
viral replication and CD4+ T-cell depletion [5]. The intestinal epithelial barrier is severely damaged during disease progression [6]. 
Although patients infected with HIV can achieve immune reconstitution in peripheral blood after long-term ART [7], the immune 
reconstitution of the intestinal tract occurs much more slowly [8] since both structural injury and immune disorders persist in the 
intestinal tract [9]. Gut injury leads to imbalance in the composition of gut microbiota and microbial translocation, which induces 

Fig. 1. Characterization of the intestinal mucosa using hematoxylin and eosin (H&E) staining (A) Representative photograph in the three groups of 
hematoxylin and eosin (H&E)-stained intestinal sections, scale bars = 400 μm. (B) Visualization of the H&E-stained intestinal sections focused on the 
stroma and glands scale bars = 200 μm. Fibroblasts are indicated by white arrows. (C) Glands are counted in five randomly selected microscopic 
fields per section. (D) Statistical graph of average all field glands per section. Horizontal bars represent median values. Significance values were 
calculated by Kruskal-Wallis non-parametric test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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chronic immune activation and inflammation [10–12]. Therefore understanding the extent of intestinal damage in INR patients is 
important for developing effective strategies to improve the persistence of chronic immune activation and inflammation. Although 
several studies have indicated a defect in the intestinal epithelial barrier during chronic HIV infection [13,14], the extent to which the 
mucosal barrier defects among INRs and IRs are largely unknown. 

Epithelial integrity of the intestine requires a complex protein structure of intercellular tight junctions responsible for paracellular 
barriers and pores [13]. Claudins are the main constituents of intercellular tight junctions and determine the permeability of the 
intestinal endothelial and epithelial cells. Claudin-1, an intestinal link protein of claudins, is mainly situated in the apical region of 
intestinal epithelial cells [15] and helps seal the epithelial monolayer. Decreased claudin-1 levels result in increased intestinal 
permeability [16], which may lead to systemic inflammation in patients with HIV infected. Therefore, the degree of claudin-1 
reduction in the intestine is often used to evaluate the severity of intestinal injury [17]. Furthermore, the decrease in claudin-1 
expression is closely related to the apoptosis of epithelial cells in HIV-positive individuals [13,18], and caspase-3 is a representa-
tive marker of apoptosis. 

HIV DNA level is a marker of HIV reservoir size [19] and CD4+ T cell count is an important indicator of immune recovery after 
long-term ART. The intestinal tract is enriched with T cells and is the main HIV reservoir [20]. There are some reports on HIV reservoirs 
in the peripheral blood of both IRs and INRs [21]. HIV DNA has been detected in the intestines of patients with ART suppression. 
However, there has been no comparative analysis of HIV DNA in the intestines between IRs and INRs. CD4+ T cell depletion persists in 
the intestinal tract during HIV infection. Some studies have reported that CD4+ T cell restoration in the peripheral blood is equivalent 
to that in the intestinal tract during ART [22]. Other studies showed that gut and intestinal resident CD4+ T cells could not be restored 
to the normalized level in the intestinal tract of most patients, although peripheral CD4+ T cells have been shown to normalize through 
long-term ART [22,23]. Most of these studies are based on flow cytometry methods. CD4+ T cells can be intuitively observed by 
immunostaining of CD4+ T cells in the intestine. In this study, we used immunohistochemistry to analyze the recovery of CD4+ T cells 
in the intestine after long-term ART. Intestinal injury and inflammation are closely related to HIV DNA levels and CD4 recovery [20]. 
The inflammatory cytokine tumor necrosis factor-alpha (TNF-α) in intestinal cells is associated with claudin-1 expression and epithelial 

Fig. 2. Comparison of claudin-1 levels among health controls (HCs), immunological responders (IRs), and immunological non-responders (INRs) 
(A) 3 Typical images of sections staining of claudin-1. (B) Comparison of immunohistochemistry (IHC) score of claudin-1 among the three groups. 
(C) Comparison of claudin-1 levels of the intestinal mucosa among the three groups. (D) Comparison of claudin-1 levels in the peripheral blood 
among the three groups. Horizontal bars represent median values. *P < 0.05, **P < 0.01, ***P < 0.001. 
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apoptosis [13]. Therefore, we also analyzed TNF-α levels in the intestinal tract of the enrolled patients in this study. 
In this study, we compared intestinal injury, apoptosis, HIV DNA levels, CD4 + T cell counts, and TNF-α levels of the ileocecal 

tissues of healthy controls (HCs), IRs, and INRs. Furthermore, we assessed whether changes in intestinal damage were associated with 
CD4+ T cell counts and HIV DNA levels. 

2. Results 

2.1. Characterization of HCs, IRs, and INRs of the intestinal mucosa 

To characterize the structure of the intestinal mucosal barrier, we used scaffold staining with hematoxylin and eosin (H&E) to show 
the general outline (Fig. 1A). The intestinal glands extend downward from the epithelial cell surface and are usually simple, un-
branched tubules composed mainly of mucus cells and smaller absorptive, endocrine and undifferentiated cells. The glands are known 
for secreting digestive fluids into the alimentary canal [24]. Compared with that of IRs and INRs, the intestinal glands arrangement in 
HCs appeared relatively tight (Fig. 1A and B). In the HCs group, the intestinal mucosal epithelium structure was intact, whereas there 
was minor damage in IRs, and obvious damage and partial sloughing in INRs (Fig. 1A). The interstitial space among intestinal glands in 
HCs was more compact than that in IRs, and edematous changes in the stroma were noted in IRs(Fig. 1A and B), which suggested that 
there might be an inflammatory reaction. In addition, fibroblasts can be seen in INRs, which suggests to us that fibrosis may be present 
in these samples (such as the white arrows in Fig. 1B). To quantitatively evaluate intestinal mucosal damage, five randomly visual 
fields per section were selected to count the number of glands. The number of glands in HCs was higher than that in IRs (Fig. 1C, P <
0.0001) and INRs (Fig. 1C, P < 0.0001). The number of glands was directly counted under a microscope. The number of glands in IRs 
was higher than that in INRs (Fig. 1C, P < 0.001). Each section gland quantification result was averaged from five randomly selected 
visual field counts (Fig. 1D), which indicated that the HCs’ average glands were more than those in IRs (Fig. 1D, P < 0.01) and INRs 
(Fig. 1D, P < 0.0001), and the average number of glands in the IRs was higher than that in the INRs (Fig. 1D, P < 0.05). 

2.2. Comparison of claudin-1 expression levels among HCs, IRs, and INRs 

To visualize the expression of claudin-1 in the intestinal mucosa, antibodies against claudin-1 (brownish red) were used for 

Fig. 3. Comparison of caspase-3 levels among HCs, IRs, and INRs The sections in the three groups (HCs, IRs, and INRs) are immunohis-
tochemically stained with caspase-3 as illustrated from three scale bars field (scale bar = 400 μm, scale bar = 200 μm, scale bar = 30 μm). 
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immunohistochemical staining. The intestinal mucosal claudin-1 level in HCs was the highest, followed by IRs and INRs (Fig. 2A). The 
IHC scores of claudin-1 in HCs were higher than those in IRs (P < 0.05) and INRs (P < 0.001), and the INRs scores were lower (Fig. 2B). 
We also quantified claudin-1 mRNA in the intestinal mucosa by Quantitative Real-time PCR (qPCR); HCs claudin-1 mRNA was higher 
than that in IRs and INRs (Fig. 2C, P < 0.05 and P < 0.01, respectively). Furthermore, claudin-1 mRNA in INRs was lower than that in 
IRs (Fig. 2C, P < 0.05). Thus, claudin-1 expression in the intestinal mucosa of both INRs and IRs was significantly reduced. The claudin- 
1 levels in the peripheral blood also showed the same trend among the three groups as in the intestinal mucosa (Fig. 2D). 

2.3. Comparison of caspase-3 levels among HCs, IRs, and INRs 

Caspase − 3 is a marker of apoptosis. Sections from the three groups were also stained with caspase-3 antibody in our study (Fig. 3). 
We found that it was remarkably low in the HCs sections, and some sections showed no staining. The outline of the intestinal glands 
was clear, with no caspase-3 expression in HCs. The sections in IRs with obvious red can be viewed from inside the intestinal glands, 
suggesting that epithelial apoptosis occurred in the intestinal mucosa. INRs sections had fewer glands but were more deeply stained 
with caspase-3. Additionally, we noticed that apoptosis occurred in the inner glands and even reached the space between them. 

2.4. Characterization of CD4+ T cells, HIV DNA, and TNF-α of the intestinal mucosa 

There were obvious differences among the three groups based on immunofluorescence images to determine intestinal mucosa CD4+

T cells (Fig. 4A). CD4+ T cell counts in HCs was higher than that in IRs, and IRs has a higher CD4+ T cell counts than that in INRs. For 
better quantification, we randomly selected five fields in each section at the same magnification to determine the CD4+ T cell counts. 
According to the graph, the highest CD4+ T cell counts in HCs were greater than those in IRs and INRs (Fig. 4B, P < 0.05 and P <

Fig. 4. Characterization of CD4+ T cells, HIV DNA, and TNF-α of the intestinal mucosa (A) The intestinal tissue sections staining with CD4 (red) and 
DAPI (blue) by immunofluorescence are shown in the figure (scale bar = 200 μm). (B) Quantification of CD4+ T cell counts by five randomly 
selected visual fields counting per section at the same magnification. (C) Average of five visual fields CD4+ T cell counts in intestinal mucosa from 
HCs, IRs, INRs participants. (D) Peripheral blood CD4+ T cells of all participants are tabulated and subjected to statistical analysis. (E) TNF-α mRNA 
in the intestinal mucosa from the three groups of participants. (F) Comparisons of HIV DNA in PBMCs and intestinal mucosa between IRs and INRs. 
Horizontal bars represent median values. Kruskal–Wallis and Mann–Whitney test values. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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0.0001, respectively). The CD4+ T cell counts in IRs were higher than those in INRs (P < 0.05). The average CD4+ T cell counts, 
calculated using five randomly selected visual fields (Fig. 4C), were consistent with CD4+ T cell counts. In addition, we found that the 
peripheral blood CD4+ T cells levels of participants in HCs, compared with that in IRs, were not significant, but in INRs, compared with 
those in HCs and IRs, were significantly different (Fig. 4D). To examine the degree of inflammation in the intestinal mucosa, we 
investigated TNF-α mRNA expression. Compared with that in HCs, the TNF-α mRNA measured in IRs and INRs was significantly higher 
(Fig. 4E). Next, we assessed intestinal mucosal and PBMC HIV DNA levels in INRs and IRs. HIV DNA measured in IRs from PBMCs was 
significantly lower than that in INRs (P < 0.001), and the intestinal mucosal HIV DNA determined in INRs was higher than that in the 
IRs group (P < 0.001) (Fig. 4F). This revealed that INRs had a higher reservoir than that in IRs in PBMCs or the intestinal tract. 

2.5. Intestinal impairment is positively correlated with HIV DNA and negatively correlated with the CD4+ T cell counts 

We then compared and analyzed correlations between each indicator and HIV DNA, CD4+ T cell counts, CD8+ T cell counts, and 
CD4/CD8 ratio determined from PBMCs, as well as HIV DNA, CD4+ T cell counts, intestinal glands, claudin-1 mRNA and TNF-α mRNA 
were measured from intestinal tissue (Fig. 5). On this map, several notable observations can be drawn from this analysis: intestinal 
impairment was associated with the number of intestinal glands, and claudin-1 was positively correlated with intestinal CD4+ T cells, 
blood CD4+ T cells, blood CD8+ T cells, and blood CD4/CD8 ratio, and negatively correlated with HIV DNA from PBMCs and intestinal 
HIV DNA. HIV DNA was negatively correlated with CD4+ T cell counts in the blood and intestines. These results demonstrate that 
intestinal impairment was positively correlated with HIV DNA and negatively correlated with CD4+ T cell counts. 

3. Discussion 

To the best of our knowledge, this is the first study to report the comparison of intestinal epithelial barrier damage among INRs, IRs, 
and HCs using indicators including number of intestinal glands, claudin-1, and caspase-3 levels. Our results showed that IRs and INRs 
have lower levels of intestinal glands and claudin-1 but higher epithelial apoptosis than that in HCs. A previous study found signif-
icantly reduced expression of junctional complex proteins in intestinal biopsies and dilated intercellular spaces in INRs [25]. Somsouk 
et al. shown that neutrophil infiltration and mucosal apoptosis remain abnormally high despite ART, and mucosal apoptosis may be 
associated with systemic inflammation [26]. Consistent with previous reports [13,23,27], our results indicated that intestinal 
epithelial damage persisted even after long-term ART in patients infected with HIV. However, A study have reported complete re-
covery of intestinal mucosal injury in rhesus macaques with simian immunodeficiency virus(SIV) infection under ART [28]. This 
difference may be due to the different timing of treatment. The report indicated that the intestinal tract can recover completely in 
patients infected with HIV who are treated in the acute phase without obvious intestinal injury [28]. In particular, INRs have a 
relatively low nadir CD4+ T cell compared to IRs, which may have implications for the extent of intestinal damage and the ability to 
restore it. In addition to our mention of apoptosis in relation to intestinal injury, recent studies by our team have identified pyroptosis 
as an important form of immune cell death during the course of HIV disease [29,30]. Pyroptosis can be further investigated in the 
intestinal mucosa. In addition, we found that INRs had more severe intestinal injuries and fibroblasts. Previous studies have shown that 
lymph node fibrosis has been found to be associated with immune cell imbalance in HIV infection, affecting the immune response [31, 
32]. Therefore, whether intestinal injury or fibrosis is the cause of immune reconstitution failure is still worth studying, and monitoring 

Fig. 5. Impairment of the intestine is positively correlated with HIV DNA and negatively correlated with CD4+ T cells HIV DNA, CD4+ T cell counts, 
CD8+ T cell counts, and CD4/CD8 ratio are determined from PBMCs, and HIV DNA, CD4+ T cell counts, claudin-1 mRNA, TNF-α mRNA, and gland 
counts measured from intestinal tissue are correlatedly analyzed and processed into a heat map. Spearman correlation is adopted between every two 
indicators. *P < 0.05, **P < 0.01, ***P < 0.001. 
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intestinal injury may be important for the correct evaluation of immune reconstitution. Thus, treatment aimed at enhancing gastro-
intestinal recovery may be beneficial for immune reconstitution. 

As one of the main components of tight junctions in epithelial cells, claudin-1 plays an important role in maintaining the integrity of 
intestinal epithelial tight junctions. Reducing claudin-1 expression increases the permeability of the intestinal epithelium and is linked 
to residual and systemic inflammation [33–37]. 

The increase in the inflammatory cytokine TNF-α has been shown to affect claudin-1 expression [38], epithelial apoptosis [39,40], 
and intestinal injury [41–45]. Our results showed that the TNF-α levels in the intestine were not statistically different between the INRs 
and IRs, although both were higher than those in HCs. These results are consistent with a report that there is no difference in TNF-α 
levels between inflamed and non-inflamed intestinal tissues [20]. Moreover, there is no correlation between TNF-α levels and 
claudin-1 and intestinal glands. Intestinal injury may be due to the influence of other cytokines in addition to TNF-α [1,46–48]. In 
contrast to our findings, Epple et al. reported that TNF-α levels were not increased in patients with suppressed HIV infection [13]. This 
difference may be due to the different methods used; we quantified TNF-α in tissue cells, and Epple et al. quantified TNF-α levels in 
each gram of tissue. 

Other mechanisms included virus replication, which may affect the intestinal epithelial barrier. HIV DNA is positively correlated 
with HIV replication [49–51] and is easily detectable. We detected HIV DNA in the intestine and analyzed its association with glands 
and claudin-1. We found that, in both the peripheral blood and intestinal tract, HIV DNA levels were higher in INRs than that in IRs. 
The more severe intestinal injury in INRs may be due to the greater amount of virus DNA. HIV Gp120, Tat, and Vpr have been found to 
induce epithelial barrier and epithelial apoptosis [52,53]. The results of this study also showed a negative correlation between HIV 
DNA and the glands and claudin-1 levels. These results suggest that the reduction of intestinal infection can be taken into account in the 
design of treatment strategies to clear the HIV reservoirs. In contrast to reports that HIV DNA in the blood was higher than that in the 
gut in ART-suppressed patients with HIV [54,55], we did not find a statistical difference between HIV DNA levels in the peripheral 
blood and intestine. This difference may be due to the differences in the denominator. CD4+ T cells have been used as the denominator 
in other studies [54,55], and PBMCs and total intestinal cells were used as the denominator in this study. 

CD4+ T cells from the gastrointestinal mucosa are important targets of HIV infection, and the depletion of gastrointestinal mucosal 
CD4+ T cells is thought to be responsible for HIV-related gastrointestinal barrier defects [14,56,57]. In this study, we observed an 
obvious decrease in CD4+ T cells in the intestines of both IRs and INRs compared with that in HCs, although CD4+ T cells in the 
peripheral blood did not differ between IRs and HCs. These results are consistent with those of the previous studies. In addition, 
Guadalupe et al. found that CD4+ T cell restoration in the gastrointestinal tract was slower than that in peripheral blood during ART 
[58]. Several studies have also reported a significant depletion of CD4+ T cells in the intestinal tract, even after the successful 
reconstitution of CD4+ T cells in the peripheral blood [9]. Our results indicate that CD4+ T cell restoration in the gastrointestinal tract 
was slower in INRs than that in IRs. CD4+ T cell counts were positively correlated with claudin-1 levels and the glands. Multiple 
mechanisms may contribute to the slow restoration of CD4+ T cells in the intestinal tract, especially INRs. These include persistent viral 
replication in the intestinal tract despite undetectable viral loads in the plasma and inflammation microenvironment in the intestinal 
tract. In addition, other studies have reported that CD4+ T cells complete reconstitution in the intestine; these patients mainly initiated 
treatment during early infection [22,23]. 

Our study has several limitations. First, the sample sizes were relatively small. Further studies with large sample size are required to 
verify our conclusion. Second, the detection of HIV DNA did not sort out CD4+ T cells and CD4+ T cell subpopulations were not 
evaluated in the intestinal mucosa, which could be achieved by increasing the amount of intestinal tissue in the future. In addition, 
caspase 3 is a marker for apoptosis, but more indicators such as TUNEL assay should be added to validate our conclusions. Finally, our 
study explored intestinal fibrosis, but did not explore the relationship between fibrosis in other tissues such as lymph nodes and HIV 
immune reconstitution because the tissue was difficult to obtain. 

Table 1 
Demographic characteristics of enrolled participants in this study.   

HCs IRs INRs P value 

Gender (male/female) 7/0 10/0 8/0 NA 
Age (years) 47 (43–49) 36.5 (29–42.5) 45.5 (35.5–57.5) 0.142a 

CD4+ T (cells/ul) 1008 (754–1207) 935.5 (730–1128) 137.5 (126–164) <0.001a 

CD8+ T (cells/ul) 894 (664–1053) 1175.5 (756.5–1422.5) 726.5 (476.75–958.75) 0.112a 

CD4/CD8 ratio 1.15 (0.62–1.50) 0.81 (0.69–1.24) 0.19 (0.15–0.26) <0.001a 

Viral load (log10 copies/ml) NA ＜20 ＜20 NA 
Nadir CD4+ T (cells/ul) NA 351.5 (257–516.5) 74 (10–88) <0.0001b 

ART time (years) NA 4.5 (4–6.5) 3.5 (3–5) 0.173b 

ART regimens    0.520c 

2NRTIs+1NNRTIs NA 6 4  
2NRTIs+1INSTIs NA 4 4  

All indicators except gender are shown as median (interquartile range). 
HCs, healthy controls; IRs, immune responders; INRs, immune non-responders; NA, not applicable; NRTIs, nucleoside reverse transcriptase inhibitors; 
NNRTIs, non-nucleoside reverse transcriptase inhibitors; INSTIs, integrase strand transfer inhibitors. 

a Kruskal-Wallis test; 
b Mann-Whitney test; 
c Fisher’s Exact test. 
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In summary, we showed that the intestinal injury of both INRs and IRs could not be restored to normal after long-term ART, and it 
was more severe in INRs. Therefore, whether taking interventions to improve intestinal repairment is beneficial to the intestinal 
immune recovery deserves further study in large cohort samples [1]. 

4. Materials and methods 

4.1. Ethics statement 

This study was approved by the research ethics committee of the Fifth Medical Center of the PLA General Hospital. Informed 
consent was obtained from all the participants. 

4.2. Study participants 

Eighteen patients with HIV, including ten immune responders (IRs) with peripheral CD4+ T-cell counts >500 cells/μL and eight 
immune non-responders (INRs) with CD4+ T-cell counts <200 cells/μL with undetectable plasma HIV RNA levels for more than 2 years 
after ART were enrolled in this study. In addition, seven HIV negative individuals who have undergone physical examination were 
included as HCs. Intestinal tissues were collected from the ileocecal region and processed into paraffin blocks, derived from the 
enrolled individuals who voluntarily donated during their routine colonoscopy examination at the Fifth Medical Center of PLA General 
Hospital. Matched peripheral blood samples were also collected. General information on the HCs, IRs, and INRs is shown in Table 1. 

4.3. Hematoxylin-eosin (H&E) staining of the intestinal mucosa 

H&E staining were performed as previous description [59,60]. Paraffin sections were baked at 65 ◦C, dewaxed in xylene, rehy-
drated using decreasing concentrations of ethanol, and washed in distilled water. After staining with hematoxylin and eosin 
(ZSGB-BIO, China), the sections were dehydrated, cleared, and mounted. Images were acquired using a confocal microscope (Olympus, 
Japan). 

4.4. Claudin-1 and Caspase-3 immunohistochemistry of the intestinal mucosa 

Formalin-fixed tissue sections were chosen for baking, deparaffinization, blocking endogenous peroxidase activity with 0.3 % 
hydrogen peroxidase (H2O2), and heat-induced epitope retrieval. Following a brief wash and rinsing in phosphate-buffered saline 
(PBS), sections were incubated with primary antibodies against claudin-1 (ZSGB-BIO, China) or caspase-3 (Abcam, UK) separately 
overnight at 4 ◦C, followed by anti-rabbit-horse radish peroxidase (HRP) (ZSGB-BIO, China) secondary antibody at room temperature 
for 1 h. The human caspase-3 antibody is specific for the pro form and the p17 cleaved form. Tissue sections were stained using 3,3′- 
diaminobenzidine (DAB) (ZSGB-BIO, China) for another 15 min and were counterstained with hematoxylin for cell nuclei detection. 
Representative images were captured using a Leica camera (Leica, Germany). To assess the degree of claudin-1, the tissue sections were 
reviewed and scored by three pathologists with over 20 years of experience independently in a blinded manner. The immunohisto-
chemistry (IHC) score determined by the percentage score and the intensity score of five visual fields from each slide. The percentage 
score was calculated according to the area of staining: ≤20.0 % = 0 points, 20.1–40.0 % = 1 point, 40.1–60.0 % = 2 points, 60.1–80.0 
% = 3 points, and ≥80 % = 4 points. The intensity score was judged by the color depth: no staining = 0 point, light red = 1 point, 
brown red = 2 points, and brown = 3 points. The final IHC score was calculated as percentage score × intensity score [61,62]. 

5. Detection of Claudin-1 in plasma using ELISA 

An enzyme-linked immunosorbent assay (ELISA) (YGYR-Biotech, China) was used to measure claudin-1 levels in plasma. Human 
claudin-1 antibodies coated on ELISA 96-well plates were incubated with plasma samples and standards at 37 ◦C for 2 h. After washing 
three times with PBS in a 96-well plate, the HRP-conjugated antibody was added to the wells and incubated for an additional 1 h at 
37 ◦C. After washing completely, 3,3′,5,5′-tetramethylbenzidine (TMB) substrate solution was added, followed by TMB chromogen 
solution, until it turned blue under HRP enzyme catalysis. Adding an acidic stop solution to TMB produced a blue-colored product that 
turned yellow. Optical density (OD) was measured at 450 nm using an EPOCH plate reader (BioTek, USA). The standard curve data 
were fitted to a seven-parameter curve using GraphPad Prism 8.0 (GraphPad Software, USA), and the absorbance values were used to 
back-calculate the concentration of claudin-1 in blood plasma samples from the absorbance at 450 nm. 

5.1. Quantification of HIV DNA 

Total DNA was separately extracted from human peripheral blood mononuclear cells (PBMCs) using QIAsymphony DNA Mini Kits 
(Qiagen, Germany) and from intestinal mucosa using Qiagen DNeasy Blood & Tissue Kits (Qiagen, Germany). In addition, a real-time 
fluorescence-based HIV DNA quantitative detection kit (SUPBIO, China) was used to quantify the HIV DNA [63]. In parallel, total cell 
numbers were determined for each sample by quantifying actin gene DNA copy numbers [64]. Copy numbers of each gene were 
generated using standard curves and HIV DNA copy number per 106 cells was calculated. 
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5.2. Quantification of Claudin-1 and TNF-α of the intestinal mucosa 

Quantitative polymerase chain reaction (qPCR) primers and probe sequences were designed using the OLIGO 7.0 (https://www. 
oligo.net). Claudin-1 forward primer sequence was 5′-GTC TTT GAC TCC TTG CTG AAT CTG-3′, the reverse primer sequence was 
5′-TTG CTA TCA CTC CCA GGA GGA T-3′, and probe sequence was 5′- CAG CAC ATT GCA AGC AAC CCG TG -3’. TNF-α forward primer 
sequence was 5′- CTC TTC AAG GGC CAA GGC T-3′, the reverse primer sequence was 5′-GAT GCG GCT GAT GGT GTG-3′, and probe 
sequence was 5′- CCC CTC CAA CCA TGT GCT CCT CA -3’. RNase-free water (Qiagen, Germany), 5X Colorless GoTaq ®Flexi® Buffer 
(Promega, USA), deoxynucleotide triphosphates (dNTPs, Promega, USA), GoTaq ®Hot Start Polymerase (Promega, USA), GoScriptTM 
Reverse Transcriptase (Promega, USA), RNase inhibitor (Takara, Japan), probe of claudin-1 (Sangon Biotech, China), and TNF-α 
(Sangon Biotech, China) were prepared for the reaction solutions that were subjected to qRCR. PCR conditions were as follows: initial 
denaturation (45 ◦C for 30 min, 95 ◦C for 10 min), followed by 45 cycles of denaturation (95 ◦C for 30 s，60 ◦C for 45 s), and final 
extension (72 ◦C for 15 min). To create standard curves for claudin-1 and TNF-α, 1.53 × 106 copies of the plasmid were serially diluted 
to one copy. Cell numbers were quantified by the real-time PCR measurement of the actin gene numbers. We performed quantitative 
real-time PCR using the SLAN96P PCR Detection System (Hongshi, China) calibrated with FAM and VIC fluorescent dyes. 

5.3. CD4+ T cell detection of the intestinal mucosa by immunofluorescence 

Paraffin sections were selected for baking, dewax, blocking endogenous peroxidase, and repair antigen. After incubation with anti- 
human CD4 rabbit monoclonal antibody (Abcam), goat anti-HRP conjugated to Cy5 (Panovue, China) was used at a 1:200 dilution. 
Finally, nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) (ZSGB-BIO, China) and observed under a fluorescence mi-
croscope (Leica, Germany). 

5.4. Statistical analysis 

Statistical analyses were performed using GraphPad Prism 8.0 (GraphPad Software, USA). Origin 2021 software (OriginLab, 
Massachusetts, USA) was used to perform correlation analysis and generate heat maps. The Mann-Whitney and the Kruskal–Wallis 
nonparametric test were used to compare the two and multiple groups outcomes, respectively. Spearman’s rank correlation tests were 
used to determine the relationships among variables. Statistical significance was set at P < 0.05. 
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