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Integrin α4β7 expressing CD4+ T cells are preferred targets for HIV infection and are thought to be predictors of disease progression. Concurrent analysis of integrin α4β7 expressing innate and adaptive immune cells was carried out in antiretroviral (ART) therapy naïve HIV infected women in order to determine its contribution to HIV induced immune dysfunction. Our results demonstrate a HIV infection associated decrease in the frequency of integrin α4β7 expressing endocervical T cells along with an increase in the frequency of integrin α4β7 expressing peripheral monocytes and central memory CD4+ T cells, which are considered to be viral reservoirs. We report for the first time an increase in levels of soluble MAdCAM-1 (sMAdCAM-1) in HIV infected individuals as well as an increased frequency and count of integrin [image: image] CD8+ memory T cells. Correlation analysis indicates that the frequency of effector memory CD8+ T cells expressing integrin α4β7 is associated with levels of both sMAdCAM-1 and TGF-β1. The results of this study also suggest HIV induced alterations in T cell homeostasis to be on account of disparate actions of sMAdCAM-1 and TGF-β1 on integrin α4β7 expressing T cells. The immune correlates identified in this study warrant further investigation to determine their utility in monitoring disease progression.
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INTRODUCTION

The assault of Human Immunodeficiency virus (HIV) on the immune system is primarily reflected in the decline in absolute count of CD4+ T cells as well as the ratio of CD4/CD8 T cells (1). The latter is a result of not just CD4+ T cell depletion but also a concurrent expansion of CD8+ T cells (2). Homeostasis of T cell subsets is also altered during HIV infection (3). In addition to T cells, immune dysfunction i.e., altered signaling leading to impaired proliferation and anti-viral responses, is also seen in B cells (4), monocytes (5, 6), dendritic cells (7) and Natural killer (NK) cells (8, 9) following HIV infection. This dysfunction is attributed to both the direct interaction of immune cells with the viral components as well as altered levels of pro- and anti-inflammatory cytokines. Besides these factors, HIV acquisition as well as disease progression also depends on the level of expression of HIV co-receptors such as CCR5 (10–12) and attachment receptors such as integrin α4β7 (13, 14) on CD4+T cells.

Interaction of HIV envelope protein gp120 with integrin α4β7 on CD4+ T cells results in downstream signaling events which facilitate infection (15, 16) making them preferred targets for HIV infection (17, 18). Gut homing property of integrin α4β7 also contributes toward establishing HIV infection in the gut associated lymphoid tissue (GALT) (19), which is severely and irrevocably damaged upon HIV infection (20–23). Additionally, interaction of integrin α4β7 with the form of its natural ligand, Mucosal Addressin cell adhesion molecule-1 (MAdCAM-1) results in T cell activation and proliferation, promoting HIV replication (24, 25). Recent evidence suggests the formation of latent HIV reservoirs through differentiation of HIV infected integrin α4β7 expressing effector memory T cells into central memory cells in vitro under the influence of transforming growth factor β (TGF-β) (26). Integrin α4β7-HIV gp120 interaction has also been targeted using monoclonal antibodies for prophylactic as well as therapeutic applications in both animal models (27–30) and human studies (31).

The frequency of integrin α4β7 expressing cells varies among T cells subsets (32) as well as other immune cells in healthy and diseased states (31, 33, 34). Moreover, interaction of HIV gp120 with integrin α4β7 on different immune cells also hampers their function (35–37). Expression of integrin α4β7 on different immune subsets has been studied in non-human primates (38) as well as humans (39) but few studies have focused on factors that contribute toward changes in the frequency and counts of these cells during HIV infection.

In the present study, we examined the distribution of integrin α4β7 expressing immune cells in antiretroviral therapy naïve HIV infected women. We also examined their association with levels of soluble MAdCAM-1 (sMAdCAM-1) and TGF-β1. The results suggest that sMAdCAM-1 and TGF-β1 mediated immunomodulation contributes to dynamic changes in frequencies and counts of integrin α4β7 expressing immune cells and these in turn may influence disease progression in therapy naïve HIV infected women.



RESULTS

Women in the age group of 18–45 years and having a regular menstrual cycle were recruited from the integrated counseling and testing center (ICTC) of a tertiary care hospital as well as the women's health clinic of ICMR-NIRRH, Mumbai, India. Clinical characteristics of study participants (n = 48) are given in Table 1. The participants were segregated into two groups depending on their HIV status with HIV infected group comprising of 27 women and HIV-uninfected group comprising of 21 women. All HIV infected women were recently diagnosed and their samples were collected prior to initiation of antiretroviral therapy. Median age and day of sample collection post-first day of last menstrual period (LMP) were comparable between both the groups. HIV-uninfected study participants were apparently healthy women who were found to be negative for HIV, HSV-2 and bacterial vaginosis as well as co-infections such as hepatitis B, hepatitis C and syphilis. All the HIV-1 infected participants were also found to be negative for hepatitis B, hepatitis C and syphilis infection. Their status with respect to HSV-2 and bacterial vaginosis is summarized in Table 1.


Table 1. Characteristics of study population.
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Frequency of Integrin α4β7 Expressing Cells Is Higher Among Adaptive Immune Cells in HIV Infected Women

The proportion of discrete immune cells expressing integrin α4β7 in peripheral blood of HIV-uninfected Indian women was assessed using the BD Accuri C6 flow cytometer. Two panels each comprising of four different fluorophore tagged antibodies including both integrin α4 and integrin β7 antibodies were designed (Supplementary Figure 1). In line with previous studies, we found frequency of cells expressing integrin α4β7 to be highest among adaptive immune cells such as B cells [Median = 37.69, interquartile range (IQR = 30.56–57.79)] and T cells [Median = 30.45, (IQR = 23.83–38.46)] compared to innate immune cells such as monocytes [Median = 6.07, (IQR = 2.80–11.55)] and natural killer (NK) cells [Median = 6.99, (IQR = 2.56–9.99)]. The frequency of cells expressing integrin α4β7 (Figure 1A) was observed to be intermediate among natural killer T -like cells [Median = 24.17, (IQR = 13.88–31.25)] which display properties of both innate cells (NK cells) and adaptive cells (T cells). As previously reported (17, 40), we also found that all peripheral immune cells expressing integrin β7 also expressed integrin α4. Hence the panels designed subsequently, used integrin β7 as a marker for integrin α4β7 to probe the frequency of T cell subsets expressing integrin α4β7 (Supplementary Figure 2). T cell subset analysis revealed a higher frequency of integrin β7 expressing cells among cytotoxic CD8+ T cells [Median = 59, (IQR = 52.55–68.80)], compared to the helper CD4+ T cells [Median = 39.9, (IQR = 29.45–48.3)] (Figure 1B). Taken together, these observations indicate that higher frequency of integrin α4β7 expressing cells was observed among subsets that are actively involved in mounting targeted immune responses against the pathogen.
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FIGURE 1. Distribution of integrin α4β7 on innate and adaptive immune cells in HIV-uninfected (HIV−) women. (A) Nightingale rose plot shows the median frequency of integrin α4β7 expressing cells among B cells, T cells, natural killer (NK) cells, monocytes and NK T-like (NKT) cells in peripheral blood (N = 21). (B) The stacked bar represents distribution of CD3+T cell subsets like naïve cells, effector memory cells (EM), central memory cells (CM) and terminally differentiated memory cells expressing RA (TEMRA) and median frequency of cells expressing β7 within these subsets (N = 17). (C) Frequency of memory CD45RA−CD4+ T cells and CD45RA−CD8+ T cells having high expression of integrin β7 is depicted (N = 17). Median and interquartile range (error bars) are depicted. Statistical analysis was performed by Wilcoxon matched-paired signed rank test using Graphpad Prism 8. ****p < 0.00001.


Naïve T cells, which develop into memory cells upon encountering pathogens, exhibited the highest frequency of integrin β7 expressing cells among CD4+ T cells [Median = 62.4, (IQR = 53.9–79.3)] as well as CD8+ T cells [Median = 86.8, (IQR = 84.7–92.2)]. However, as previously reported (13), naïve cells have a moderate expression of integrin β7 compared to the high expression observed on some CD45RA− memory T cells. Higher frequency of these CD45RA− [image: image] T cells was observed in CD4+ T cells compared to CD8 T cells (Figure 1C and Supplementary Figure 3) most likely on account of lower frequency of CD45RA− memory T cells in the CD8 compartment.



Potential HIV Reservoirs Have Higher Frequency of Integrin α4β7 Expressing Cells

In view of the importance of the GALT in HIV infection, we have compared the absolute counts and frequency of the cells expressing the gut homing receptor, integrin α4β7 among different peripheral immune cell subsets between HIV infected and HIV-uninfected women. We observed increased frequency of integrin α4β7 expressing cells among innate immune cells in peripheral blood of HIV infected women with the differences being statistically significant (p = 0.004) in the monocyte subset {HIV infected [Median = 16.48, (IQR = 8.93–25.82)]; HIV-uninfected [Median = 6.07, (IQR = 2.80–11.55)]} (Figure 2A). However, the median frequency of integrin α4β7 expressing cells remained unperturbed among adaptive immune cells including T cells despite the loss of T cells during HIV infection. Moreover, absolute numbers of integrin α4β7 expressing B, NK, and NKT cells remained unchanged in individuals with HIV infection. The absolute counts of integrin α4β7 expressing CD4+ T cells were lower and those of CD8+ T cells were higher in HIV infected individuals despite no change in the counts of the total T cells expressing integrin α4β7 (Supplementary Figure 4). Mucosal T cells present in the endocervix were found to have a higher frequency of integrin α4β7 expressing cells compared to their peripheral counterparts in both HIV-uninfected [Blood, (n = 21) Median = 30.45, (IQR = 23.83–38.46); endocervix, (n = 15) Median = 87.5, (IQR = 72–90)] and HIV infected [Blood, (n = 27) Median = 29.57, (IQR = 26.05–38.29); endocervix, (n = 20) Median = 70.60, (IQR = 66.45–85.13)] women (Figure 2B). It is not clear if the differences observed in frequencies of T cells expressing integrin α4β7 can be attributed to overall variances in distribution of naïve and memory T cell phenotypes at the mucosal and peripheral sites (41). However, observed frequencies of T cells expressing integrin α4β7 were correlated in blood and endocervix supporting the earlier findings that reported similar correlation in [image: image] cells (13) (Figure 2C). Mucosal T cells present in the endocervix are reported to be depleted concurrently with peripheral T cells following HIV infection (41) and explains the lower frequency of endocervical T cells expressing integrin α4β7 among HIV infected women [Median = 70.6, (IQR = 66.45–85.13)]; in comparison to HIV-uninfected women [Median = 87.5, (IQR = 72–90)] (Figure 2B).
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FIGURE 2. Comparison of the frequency of integrin α4β7 expressing innate and adaptive immune cells in HIV-uninfected (HIV−) and HIV infected (HIV+) women. (A) Median frequency and distribution of integrin α4β7 expressing B cells, natural killer (NK) cells, monocytes and NK T-like (NKT) cells in peripheral blood of HIV− (N = 21) and HIV+ (N = 27) women. Circles represent HIV− women and squares represent HIV+ women. (B) Frequency of integrin α4β7 expressing T cells in peripheral blood and endocervix of HIV+ (N = 15) and HIV− (N = 20) women. Red squares indicate HIV+ women with peripheral CD4+ T cell count > 500. Median and interquartile range (error bars) are depicted. Statistical analysis was performed by Mann-Whitney-test using Graphpad Prism 8. *p < 0.05 (C) Spearman correlation between frequency of CD3+T cells expressing integrin α4β7 in the endocervix and peripheral blood. Significance of the correlation is represented by p-value and the degree of association is represented by r square (r2) while n represents sample size.


Fifty-seven percentage of the HIV infected women were also positive for latent HSV-2 infection as indicated by presence of IgG antibodies against HSV-2. However, frequency of cells expressing integrin α4β7 in HIV infected women did not vary significantly in the presence and absence of HSV-2 coinfection (Supplementary Figure 5).

In accordance with earlier findings (42, 43), we observed a decrease in naïve and an increase in frequency of effector memory cells for both CD4+ and CD8+ T cell subsets in the HIV infected women. Absolute counts of all CD4+ T cell subsets were lower for HIV infected women as expected. The frequency of central memory CD8+ T cells was observed to be lower among HIV infected women as previously reported (43, 44). The observed lowering in the frequency of naïve and central memory CD8+ T cells is on account of expansion of the effector memory CD8+ T cell population as evident from the data on absolute counts of these cells (Supplementary Figures 6A–D). Integrin α4β7 is expressed on majority of the effector memory CD8+ T cells and hence the increase in absolute counts of these cells suggests that it contributes significantly toward the overall expansion of CD8+ T cells in the HIV infected women (Figures 3B,D).


[image: Figure 3]
FIGURE 3. Frequency and counts of T cell subsets among HIV-uninfected (HIV−) and HIV infected (HIV+) women in peripheral blood. (A,B) Median frequency and distribution of cells expressing integrin α4β7 in naïve, effector memory (EM), central memory (CM) and terminally differentiated memory cells expressing RA (TEMRA) subsets of helper T cells (CD4) (A) and cytotoxic T cells (CD8) (B) among HIV− (N = 17) and HIV+ (N = 17) women. (C,D) Absolute count (cells/mm3) of cells expressing integrin α4β7 in naïve, EM, CM, and TEMRA subsets of helper T cells (CD4) (C) and cytotoxic T cells (CD8) (D) among HIV− (N = 17) and HIV+ (N = 16) women. (E,F) Median count (cells/mm3) and distribution of CD4+ T cells (E) and CD8+ T cells (F) having high expression of integrin β7 among HIV− (N = 17) and HIV+ (N = 15) women. Median and interquartile range (error bars) are depicted. Statistical analysis was done by Mann-Whitney-test using Graphpad Prism 8. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.


Despite a significant drop in absolute numbers of integrin α4β7 expressing naïve and TEMRA CD4+ T cells, the frequency of these cells remained unchanged in HIV infected women. However, the proportion of integrin α4β7 expressing central memory CD4+ T cell subset is elevated in HIV infected women although there is a reduction in their absolute numbers (Figures 3A,C). Additionally, the frequency of integrin α4β7 expressing effector memory CD4+ T cells appears to be conserved during HIV infection. These observations indicate frequency of integrin α4β7 expressing T cells is modulated independently and often antagonistically to the frequency of the parent population. Frequency of the memory (CD45RA−) subset of CD4+ T cells having high integrin β7 expression ([image: image] CD4+ T cells) is reported (13) to be greater in HIV infected individuals and correlates not just with CD4+ and CD8+ T cell activation, but also with risk of HIV and SIV acquisition and disease progression. We observed lower counts of [image: image] CD4+ T cells among HIV infected women. Further, we report for the first time significantly higher frequency and counts of CD45RA− CD8+ T cells expressing integrin α4β7 in HIV infected women (Figures 3E,F and Supplementary Figures 6E,F).

Our observations clearly indicate that in therapy naïve HIV infected women. there is an alteration in integrin β7 expressing immune cells which contribute toward HIV acquisition (endocervical T cells), anti-viral responses (CD8+T Cells) and formation of HIV viral reservoirs (monocytes and central memory T cells).



Soluble MAdCAM-1 in Serum of HIV-Uninfected and HIV Infected Women

Soluble MAdCAM-1 (sMAdCAM-1) levels in serum have been previously associated with gut inflammation occurring during inflammatory bowel disease and have been suggested as a biomarker for tracking effectiveness of therapy (45). Since gut inflammation is a routine finding in HIV infection, we have compared sMAdCAM-1 levels in sera and observed significantly (p = 0.032) higher sMAdCAM-1 among HIV infected women [Median = 3,103, (IQR = 2,660–4,390)] compared to HIV-uninfected women [Median = 2,719, (IQR = 2,153–3,312)] (Figure 4A). Analysis of additional samples is required to determine if presence of HSV coinfection during HIV infection can contribute to observed differences in sMAdCAM-1 levels among HIV infected women (Supplementary Figure 7A). The negative correlation of sMAdCAM-1 levels with CD4/CD8 ratio (Figure 4B) implies an increase in sMAdCAM-1 levels upon acquisition of HIV infection. MAdCAM-1 has been reported to stimulate proliferation and activation of CD4+ T cells in vitro. However, there are no similar studies on the effect of MAdCAM-1 on CD8+ T cells. Although we see a negative correlation (p = 0.019; Spearman r = −0.41) between sMAdCAM-1 and the frequency of CD4+ T cells in the combined data of all study participants, a positive correlation (p = 0.01; Spearman r = 0.49) is observed between sMAdCAM-1 and frequency of CD8+ effector memory T cells expressing integrin β7 (CD8EMβ7) (Figure 4C and Supplementary Figures 8A,B). Additionally, we also observed a significant positive correlation between sMAdCAM-1 and the counts of β7Hi CD8+ T cells (p = 0.005; Spearman r = 0.535) which are in fact memory cells (CD45RA−). These findings indicate that sMAdCAM-1 may play a role in driving the expansion of integrin α4β7 expressing cytotoxic T cells following HIV infection.
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FIGURE 4. Soluble MAdCAM-1 levels and their correlation with frequency of cytotoxic effector memory cells expressing integrin α4β7 in HIV-uninfected (HIV−) and HIV infected (HIV+) women. (A) Distribution of sMAdCAM-1 (soluble Mucosal addressin cell adhesion molecule) levels in serum of HIV− (circle; N = 21) and HIV+ (square; N = 20) women. Median and interquartile range (error bars) are depicted. Statistical analysis was done by Mann-Whitney test using Graphpad Prism 8 (*p < 0.05). (B,C) Spearman correlation analysis was performed to evaluate relation of sMAdCAM-1 with CD4/CD8 ratio (B) and effector memory (EM) cytotoxic T cell (CD8) (C) among HIV− women (filled circles) and HIV+ women (empty circles). Linear regression with significance indicated by p-value and degree of association indicated by r square (r2) and n denotes sample size.




TGF-β1 in Serum of HIV-Uninfected and HIV Infected Women

Low grade systemic inflammation among HIV infected individuals is known to be inefficiently countered by a resultant rise in immunosuppressive cytokines like TGFβ-1. We have observed a wide range of TGF-β1 levels with significantly higher (p = 0.04) median TGF-β1 levels (Figure 5A) in HIV infected women [Median = 9,802, (IQR = 6,272–10,942)] compared with HIV-uninfected women [Median = 7,335, (IQR = 698–9,754)]. HSV coinfection does not contribute to differences observed in TGF-β1 levels in HIV infected women (Supplementary Figure 7B). Additionally, in case of HIV infected women with low CD4 count (<500) (n = 9), TGF-β1 levels were found to be negatively correlated with the frequency of cells expressing CD4β7, CD8β7, CD4EMβ7, (p = 0.013; Spearman r = −0.8) and CD8EMβ7 (p = 0.0004; Spearman r = −0.95) (Figure 5B). However, these correlations don't hold true in case of HIV-uninfected participants or in HIV infected women with high CD4 count (>500). Since TGF-β1 is an anti-inflammatory cytokine, its negative correlation with different immune subsets is in line with its inhibitory function, and also indicates high TGF-β1 levels to be associated with immune dysregulation in HIV. When CD4 counts of HIV infected women were plotted against TGF-β1 levels (Figure 5C), four clusters emerged which could mimic HIV progression sequentially from high CD4 count with low TGF-β1 (red) to high CD4 count with high TGF-β1 (green). Inhibitory action of TGF-β1 perhaps results in decline of CD4+ T cells (purple) and ultimately at low CD4+ count TGF-β1 levels also recede (orange).
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FIGURE 5. TGF-β1 levels and their correlation with frequency of effector memory cells expressing integrin α4β7 in HIV-uninfected (HIV−) and HIV infected (HIV+) women. (A) Distribution of TGF-β1 levels in serum of HIV-uninfected (HIV−) (circle) (N = 19) and HIV infected (HIV+) (square) (N = 20) women. Red borders indicate HIV+ women with CD4 count >500. Median and interquartile range (error bars) are depicted. Statistical analysis was done by Mann-Whitney U-test using Graphpad Prism 8 (*p < 0.05). (B) Spearman correlation analysis was performed to evaluate the relation of TGF-β1 levels with frequency of effector memory (EM) T cells expressing integrin α4β7 among helper (CD4EM) (circle) as well as cytotoxic T cells (CD8EM) (square). Linear regression with significance indicated by p-value and degree of association indicated by r square (r2) and n denotes sample size. (C) Clustering of HIV+ women on the basis of absolute CD4 count and TGF-β1 levels. Red dots represent women with CD4 count >500 but low TGFβ-1, while green dots represent women with CD4 count >500 and high TGF-β1. Women with CD4 count >300 are represented as purple dots and those with CD4 count <300 are represented as orange dots.




Correlation Between Frequencies of Different Integrin α4β7 Expressing Immune Cell Subsets

To understand if frequencies of cells expressing integrin α4β7 are co-regulated on immune cell subsets, we performed correlation analysis which included frequencies of integrin α4β7 expressing immune cells along with demographic characteristics like age and day of sample collection post-first day of LMP as well as immunomodulatory factors in serum like sMAdCAM-1 and TGF-β1. Progesterone induced increase in expression of integrin α4β7 on CD4+ T cells has been reported in a previous study in macaques (46), however women using hormonal contraceptives were excluded from the study. Further, day of sample collection post-LMP was not found to be associated with frequencies of integrin α4β7 expressing immune cells in both HIV-uninfected (Supplementary Figure 8A) and HIV infected women (Supplementary Figure 8B) indicating that the changes observed may not be associated with hormonal variations that occur over the course of the menstrual cycle. Age was negatively correlated with frequencies of integrin α4β7 expressing CD4+ effector memory T cells and CD8+ effector memory T cells in HIV infected women and warrants further research to determine its significance in HIV progression.

Among HIV infected women, CD4 counts associate strongly not just with CD4/CD8 ratio but also with frequencies of naïve CD4+, naïve CD8+ and central memory CD8+ T cells among respective subsets signifying preservation of these cells in HIV infected individuals with high CD4 count. Its negative correlation with integrin β7 frequencies on CD4+ naïve and CD4+ central memory T cells imply that with decreasing CD4 counts and CD4/CD8 ratio, frequency of integrin β7 expressing CD4+ naïve and CD4+ central memory T cells increase in HIV infected women.

Some subsets like CD4+ and CD8+ T cells or their association with CD4/CD8 ratio have obvious correlation on account of method bias introduced during calculation of their frequencies. Yet frequencies of cells expressing integrin α4β7 remain unaffected by the frequencies of the parent population. When data of all study participants were analyzed for correlations (Figure 6A), we observed a positive correlation of varying magnitude between frequencies and counts of immune cells (Total T cells, B cells, NK cells, NKT-like cells, monocytes) expressing integrin α4β7 indicating possible co-regulated expression probably under the influence of retinoic acid.


[image: Figure 6]
FIGURE 6. Correlation matrix for frequencies and counts of integrin α4β7 expressing immune cell subsets in HIV infected and HIV-uninfected women. (A) The heatmap represents pairwise Spearman correlation matrices for frequencies of integrin α4β7 cells among different immune cell subsets from both HIV infected and HIV-uninfected women. Negative correlations are indicated in red, and positive correlations are denoted in blue. (B) Schematic representation of HIV associated changes in integrin α4β7 expressing immune cells and their ligands as well their proposed interaction on the basis of observations from this study.


Frequency of CD3+ T cells expressing integrin α4β7 correlates with CD4+ T cells expressing integrin α4β7 and CD8+ T cells expressing integrin α4β7 especially TEMRA cells expressing integrin α4β7. Integrin [image: image] CD4+ T cells and integrin [image: image] CD8+ T cells are strongly correlated and as previously reported (13) frequency of [image: image] CD4+ T cell also correlates with CD4/CD8 ratio. We additionally report a strong correlation of CD4/CD8 ratio with frequency of [image: image] CD8+ T cells that remains consistent across HIV-uninfected and HIV infected groups and could be used in future to monitor HIV disease progression or as a marker for HIV acquisition. It could even be considered to ascertain the utility of administering integrin α4β7 antibody as prophylaxis or adjunct therapy for HIV.

Frequency of monocytes (CD14) expressing integrin α4β7 increases in HIV and it correlates with other markers of HIV progression such as CD4/CD8 ratio, naïve CD8+ T cells and CD4+ central memory T cells. However, positive correlations are observed between TGF-β1 levels and frequency of CD4+ central memory T cells expressing integrin α4β7. Since both monocytes and CD4+ central memory T cells are reported to be HIV reservoirs, the potential role of TGF-β1 in giving rise to such reservoirs needs to be explored further.

sMAdCAM-1 levels are associated with frequency of CD8+ effector memory T cells expressing integrin α4β7 suggesting sMAdCAM-1 associated proliferation of effector memory T cells expressing integrin α4β7. Moreover, a stronger correlation exists between sMAdCAM-1 levels and the frequency as well as absolute counts of [image: image] CD8+ effector memory T cells (Supplementary Figures 9A,B). TGF-β1 levels and frequency of CD8+ effector memory T cells expressing integrin α4β7 seems to have no association in the combined analysis. However, TGF-β1 level is negatively correlated with frequency of CD8+ effector memory T cells expressing integrin α4β7 in HIV infected women and although not statistically significant, positive association is observed in HIV-uninfected women. Literature suggests that TGF-β1 secreted by CD4+ T cells (47) inhibits CD8+ T cell proliferation. Since CD4+ effector memory T cells expressing integrin α4β7 and CD8+ effector memory T cells expressing integrin α4β7 are correlated, we put forth a novel approach to explain the T cell loss during HIV infection (Figure 6B), whereby sMAdCAM-1 mediated expansion of cytotoxic effector memory T cells drives inflammation which in turn may stimulate secretion of anti-inflammatory cytokine TGF-β1. The sMAdCAM-1 associated T cell proliferation may be responsible for maintenance of absolute CD4+ T cell count despite the HIV associated massive loss of T cells during early HIV infection and this may be countered by elevated levels of TGF-β1 and result in eventual decline of CD4+T cell count.




DISCUSSION

Integrin α4β7 is exclusively expressed on immune cells to facilitate gut homing by binding to MAdCAM-1 (48) which is constitutively expressed on endothelial venules of the gut. Intestinal mucosa is subjected to high antigenic exposure which is mitigated by GALT, the largest reservoir of immune cells (49). In addition to tissue resident immune cells, GALT has a constant flux of immune cells from distal sites including other mucosal surfaces via systemic blood circulation for appropriate priming of adaptive immune cells (50). This notion is affirmed by our observation that a higher frequency of integrin α4β7 expressing cells is found among adaptive immune cells compared to their innate immune counterparts in the systemic circulation. Even among T cells, naïve cells have the highest proportion of cells expressing integrin α4β7 to ensure circulation within GALT and thereby enhance the likelihood of being exposed to new antigens. Since immune surveillance is primarily carried out by circulating memory cells which perhaps have broader homing preferences and hence lower frequency of cells expressing integrin α4β7 as observed in this study. However, a subset of these cells which were CD45RA− memory T cells has higher integrin β7 expression than naive cells. These integrin [image: image] CD4+ T cells were reported as a marker of HIV disease progression (13) and we find integrin [image: image] CD8+ T cells to be similarly correlated with markers of HIV progression like absolute CD4 count, CD4/CD8 ratio and changes in frequency of naïve and memory T cells.

Mucosal homing propensity of T cells expressing integrin α4β7 is evident from their higher frequency in endocervix representative of mucosal tissue resident cells, compared to blood in case of healthy controls i.e., those without HIV infection. Such tissue resident cells usually have a memory phenotype and are considered as primary targets of sexually transmitted HIV infection (17, 51). The lower frequency of integrin α4β7 expressing endocervical T cells among HIV infected women observed in this study may be on account of compartmentalized cell death of mucosal tissue resident T cells, or enhanced migration of these cells to the GALT. Additionally, downregulation of integrin α4β7 previously reported in case of SIV infection (52) could occur during HIV infection and thereby contribute toward the lower frequency of integrin α4β7 expressing endocervical T cells.

HIV infected women display a wider variation in frequencies of T cells, NK cells and NKT-like cells expressing integrin α4β7 indicating differential immune perturbation following HIV infection. Monocytes are considered to be latent reservoirs of HIV and their enhanced presence in gut perpetuates HIV transmission and replication resulting in viral persistence (53). Individuals with untreated HIV infection had enhanced frequency of innate immune cells expressing integrin α4β7. This could perhaps be on account of the host response to recruit innate immune cells to the gut in an attempt to mitigate gut HIV infection (34) which instead results in accumulation of potential viral reservoirs.

In line with previous literature, we observed an overall loss of naïve T cells (54) and enhanced frequency of effector memory cell subsets in both CD4+ and CD8+ T cells suggesting relatively higher differentiation of naïve cells to memory cells as well as inability of naïve cells to regenerate their lost repertoire during untreated HIV infection (55). This is also concordant with the increase in effector memory CD8+ T cells counts. However, the depletion in effector memory CD4+ T cell counts observed in HIV infected women despite their higher frequency suggests relative sparing compared to other CD4+ T cell subsets. The overall loss in CD4+ T cell subsets is also reflected in the integrin α4β7 expressing subpopulations. The maintenance of the frequency of integrin α4β7 expressing naïve and effector memory CD4+T cells indicates a differential modulation of this subpopulation compared to the parent population in the course of HIV infection. Additionally, the increased frequencies of central memory cells expressing integrin α4β7 also indicate preferential sparing of CD4+ T cell subpopulations that can act as HIV viral reservoirs like monocytes. Elevated levels of TGF-β1 in HIV infected individuals can also contribute toward differentiation of integrin α4β7 expressing effector memory cells to central memory cells (26) and formation of viral reservoirs. CD45RA− CD4+ memory T cells expressing high integrin α4β7 have been previously associated with the rate of HIV acquisition and disease progression (13), increased frequency and counts of CD45RA− memory [image: image] CD8+ T cells and the depletion of the corresponding population of CD4+T cells observed in our study is also likely to contribute toward disease progression.

Together these innate and adaptive immune responses mounted against HIV in the gut could be responsible for gut inflammation and the subsequent damage of the GALT (56) which in turn may result in enhanced levels of sMAdCAM-1 levels in the systemic circulation of HIV infected individuals, which are reported for the first time in this study. sMAdCAM-1 levels negatively correlates with CD4/CD8 ratio that is indicative of HIV infection status. Enhanced MAdCAM levels are likely to facilitate MAdCAM-1 signaling (16) that promotes HIV infection and could drive T cell expansion and differentiation (24, 57) that may in turn lead to enhanced inflammation and a further increase in sMAdCAM-1 levels, thus propagating a continuous cycle of stimulation leading to chronic inflammation unless countered by anti-inflammatory molecules like TGF-β1. In untreated HIV infected individuals, sMAdCAM-1 as well as TGF-β1 levels are increased, and although the proportion of effector memory cells increases, the frequency of integrin α4β7 expressing cells do not alter thereby indicating the curtailing of MAdCAM-1 associated expansion of T cells.

Among HIV infected individuals with low CD4 counts, the immunosuppressive effect of TGF-β1 is evident from the negative correlation with the frequency of effector cells expressing integrin α4β7. This effect of TGF-β1 is reflected in overall CD4+ and CD8+ T cell populations as they too exhibit a negative correlation with TGF-β1 although the strength of association is weaker. Interestingly in case of HIV negative healthy individuals, TGF-β1 levels and the frequency of effector memory cells expressing integrin α4β7 are positively associated. Although not statistically significant it indicates TGF-β1 levels rise with an increase in frequency of integrin α4β7 expressing effector memory cells to perhaps control expansion of these cells. During HIV infection, in response to persistent proliferation of these cells, TGF-β1 levels rise steadily and incrementally till its immunosuppressive effect controls T cell proliferation thereby coinciding with the observed decline in CD4 T cell counts.

Based on the observations from this study, we propose that the interaction of sMAdCAM-1 with integrin α4β7 expressed on effector memory T cells may induce their expansion and thus mask HIV associated T cell death during early phase of HIV infection. However, increased TGF-β1 levels counter this proliferation of effector memory T cells and consequently HIV associated T cell death is reflected as a decline in the absolute CD4 count. The findings of our study thus highlight the need to longitudinally monitor changes in sMAdCAM-1 and TGF-β1 and simultaneously record alterations in integrin α4β7 expressing CD4+ and as well as CD8+ memory T cells in HIV infected individuals. The ambiguities reported in the targeting of integrin α4β7 for therapy in the SIV model and in case of HIV infected individuals may be explained by correlates found in our study. These correlates need to be further evaluated to determine their utility in monitoring disease progression as well as the effect of treatment with integrin α4β7 blocking antibody, which is proposed as an adjunct to ART.



METHODS


Participant Recruitment and Sample Collection

Regular menstruating women in the age group of 18–45 years were recruited in this exploratory cross sectional study from either the integrated testing or counseling center (ICTC) at a tertiary care hospital i.e., TNMC and BYL Nair Hospital, Mumbai India, or Woman's health clinic of ICMR-NIRRH, Mumbai, India between April 2017 and December 2019. Written informed consent was taken from study participants in accordance with the study protocol approved by NIRRH Ethics Committee for Clinical Studies and ECARP, Nair Hospital. Women using hormonal contraceptives and intra-uterine contraceptive devices (IUCDs) were excluded from the study. Blood, urine, lateral vaginal wall swab and endocervical cytobrush samples were collected from antiretroviral therapy (ART) naïve HIV infected (n = 27) and HIV-uninfected (n = 21) women after a minimum of 5 days following the first day of the last menstrual period (LMP). Intravenous blood was collected in BD vacutainer K2E (EDTA) (10 ml) and SSTTMII advance (3.5 ml). Serum was used for assessing both active and latent HSV-2 status using Calbiotech IgM and IgG ELISA kit. Two endocervical cytobrush samples were collected and transported in HiGlutaXL™ medium (Himedia) to ensure viability of immune cells for phenotyping. Vaginal swab was used for gram staining followed by Nugent scoring to determine bacterial vaginosis. HIV-uninfected women included in the study had low nugent score (<7) and were negative for HSV-2 IgM and IgG along with undetectable Chlamydia trachomatis DNA in the urine tested by PCR based Diagnostic kit (Ct nirrh) developed by NIRRH (ICMR).



Immune Cell Phenotyping

Whole blood was stained with 3 panels of antibodies incubated for 20 min followed by fixation and RBC lysis using FACS lysis buffer (BD) in accordance with prescribed. Panel I consisted of integrin α4-PE (Invitrogen), integrin β7-FITC (Biolegend) CD19-PECy7 (BD Pharmingen), CD14APC (eBiosciences). Panel II consisted of integrin α4-PE (eBiosciences), integrin β7-FITC (Biolegend), CD3-PECy7 (BD Pharmingen), CD56APC (BD Pharmingen). Cells stained with both these four color panels were acquired on BD accuri C6 and analyzed using BD accuri C6 software (BD Biosciences). Panel III consisted of 5 antibodies viz. integrin β7-FITC (Biolegend), CCR7-PE (eBiosciences), CD45RA APC (Invitrogen), CD3-PECy7, CD4-PECF594 (BD Horizon). Cells stained with Panel III were acquired on FACS Aria fusion and analyzed using FlowJo VX (TreeStar, Ashland, OR,USA). Cells from the two cytobrushes were pooled and filtered through a 100-mm filter followed by staining with integrin α4-PE, integrin β7-FITC (Biolegend) and CD3-APC (BD). Viability dye 7AAD (eBiosciences) was added before acquiring the cells on BD accuri C6 flow cytometer.



Absolute Cell Count

Liquid counting beads were added to 50 μl whole blood along with either Panel I or Panel II of antibody. Stain/lyse/no-wash protocol was followed and sample was acquired on BD AccuriTM C6 flow cytometer (BD Biosciences). Data analysis was performed using BD accuri C6 software and absolute CD3 counts were used to calculate count of T cell subsets analyzed using FACSAriaTMfusion and FlowJo VX (TreeStar, Ashland, OR, USA).



ELISA

Two milliliter Blood was collected in SST II Advance BD Vacutainer (RWF 367956). Serum was aliquoted and stored at −80°C for batch analysis. Human MAdCAM-1 DuoSet ELISA kit (R&D Systems-DY6056-05) was used for estimation of soluble MAdCAM-1 in serum in accordance with manufacturer's protocol. Human/Mouse TGF beta 1 Uncoated ELISA kit (Invitrogen) was used for quantification of total TGF-β1 in serum. Serum was diluted 1:5 in Phosphate buffered saline and treated with 1N HCl to activate latent TGF-β1. Following 10 min incubation at room temperature, the reaction was neutralized using 1N NaOH and TGF-β1 was estimated in accordance with manufacturer's protocol.



Statistical Analysis

Statistical analysis was performed in Graphpad prism 8. Statistical significance of differences between HIV infected and HIV-uninfected groups were assessed using Mann-Whitney-test. Spearman coefficient was used to analyze the relationship between variables and statistical significance was accepted at p < 0.05.
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