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Abstract 

Untreated HIV infection is characterized by intestinal epithelial barrier dysfunction and chronic 

inflammation, features that are thought to be related and that are reversed to variable degrees 

by suppressive antiretroviral therapy (ART). While mucosal inflammation during HIV disease 

and treatment has been thoroughly studied, targeted study of epithelial pathways and how they 

are affected during these clinical phases has not yet been done. In this thesis, we sought to 

identify intestinal epithelial cell (IEC)-specific components that were altered during HIV infection 

in an effort to understand what drives epithelial dysfunction and whether these pathways remain 

altered during ART. We identified NFκB-inhibitor and anti-inflammatory gene A20 as being 

upregulated during ART, associating with the expression of barrier-related genes and 

suggesting a relationship to recovery in these subjects. Using murine organoid models, we 

demonstrated that viremia-associated IFNα suppressed A20 expression in IECs and that A20 

downregulation rendered IECs more susceptible to epithelial damage and cell death in the 

presence of proinflammatory cytokines, potentially explaining the development of epithelial 

dysfunction in viremic individuals. In addition to the induction of anti-inflammatory pathways 

during ART, we also observed an upregulation of repair pathways, specifically showing elevated 

levels of Trefoil Factor 3 (TFF3). Taken together, our work indicates a concerted effort on the 

part of the epithelium, engaging pathways to both restrict inflammation and repair existing 

damage, to promote recovery and re-establish intestinal homeostasis.  
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HIV Infection & the Intestinal Immune System 

Human Immunodeficiency Virus (HIV) directly targets the host immune system, infecting 

and depleting cells critical to the adaptive arm of immunity, CD4+ T cells (1,2). CD4+ T cells are 

key in coordinating the host’s immune response against invading pathogens and priming other 

arms of immunity. Consequentially, infection with HIV can cause significant immune 

suppression. When left untreated, CD4+ T cells are progressively lost and the host is rendered 

highly susceptible to a slew of potentially fatal opportunistic infections, which in an immune 

competent host could be controlled and cleared.  

Every T cell is equipped with T cell receptor (TCR) that binds a single peptide sequence 

of a non-self, or foreign, protein	(3). Upon recognition of this antigen by the TCR, signals 

activate the T cell to proliferate and secrete signal proteins, or cytokines, that can recruit other 

cells to aid in the coordination of a response. Importantly, CD4+ T activation plays a central role 

in viral load levels	(4,5). This is because activated T cells are more efficient at producing virus 

on a per cell basis and and activation of a CD4+ cell causes proliferation of this subpopulation, 

thus creating additional target cells for HIV to productively infect. This contributes to high viral 

burdens in the body. It is thus important to limit immune activation in the context of HIV. 

Relevant to the work described in this dissertation, the intestine is a site of high antigenic 

burden, as it is one of the few sites in the body (in addition to the mouth, lung, and skin) where 

host cells directly interact with contents of the “outside”	(6). In the gut, these contents include 

ingested food, commensal microbes, as well as potential pathogens. Thus the intestine has the 

capacity to be a site of high immune activation but under normal circumstances has specialized 

functions to remain both tolerant to existing antigens and also primed to initiate a response. 

Interestingly, of all tissues sites in the body, infection with HIV has the greatest impact on the 

intestinal immune system. Regardless of the route of infection, the intestine is the site of most 
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progressive CD4+ T cell loss and also houses the largest reservoir of latent HIV virus (1,7). For 

these reasons, studying the impact of HIV infection on the intestine is of key importance.   

 

IL-17/IL-22 & HIV Progression 

While total CD4+ T cell count is considered an indicator for extent of disease 

progression in HIV, it is important to note that CD4+ T cells are not a homogenous population 

and encompass a number of different functional subsets. Of these subsets, T helper type 17 

(Th17) CD4 cells are preferentially depleted during HIV infection in both the blood and gut (8).  

Th17 cells are named as such because they predominantly produce the cytokine 

interleukin-17 (IL-17) (9). Interestingly, in subjects infected with HIV, frequencies of Th17 cells in 

the blood correlate inversely with viral load, suggesting that IL-17 plays an important role in viral 

progression (10). Furthermore, work using Simian Immunodeficiency Virus (SIV), the primate 

counterpart to HIV, in monkey models has helped elucidate the important of IL-17 in disease 

progression. Using these primate models, it was shown that infection of natural or non-

pathogenic hosts (sooty mangabeys) did not result in this reduction in Th17 frequencies (8). 

Furthermore, in a clinical cohort study, it was observed that ART-treated subjects with a higher 

magnitude of gut CD4 count restoration after therapy demonstrated increased frequencies of IL-

17 producing cells in the intestine, further bolstering the importance of IL-17 in recovery (11).  

Most relevant to our work described here, IL-17 is considered an integral support cytokine for 

intestinal epithelial function and lack of IL-17 during viremia is thought to contribute significantly 

to the disruption of intestinal homeostasis (8,12,13).    

 

The Intestinal Epithelial Barrier 

Intestinal epithelial cells (IECs) plays a central role in maintaining intestinal homeostasis 

both at baseline and during an insult, such as with infection (14). The intestinal epithelium has 

both physical and functional roles: (i) as a spatial separation between luminal contents and the 
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underlying gut-associated lymphoid tissue (GALT) and (ii) as an active group of cells expressing 

and secreting various molecules that aid in establishing a fully functional barrier. These latter 

secreted components include mucins and antimicrobial peptides, which both aid in preventing 

microbial-epithelial interactions. Mucins establish a glycoprotein matrix that displaces microbes 

from the surface of IECs while antimicrobial peptides can directly target and kill bacteria. In 

addition to these secreted functions, IECs express cell-to-cell junction molecules, such as tight 

junctions, that zipper together to control paracellular transport of contents across the epithelial 

layer. IL-17 directly induces the expression of each of these components of the epithelium, 

underscoring its central role in maintaining epithelial barrier integrity (12).  

Importantly, loss of these components leads to significant changes in intestinal immune 

function. For example, knockout of just a single antimicrobial peptide (RegIIIγ) in mice led to 

near complete elimination of the spatial buffer between bacteria and the intestinal epithelium 

(15). This resulted in increased an enhance proinflammatory adaptive immune response, as 

measured by CD4+ T cell production of inflammatory cytokine IFNγ. In another study, knockout 

of Muc2, the gene encoding the mucin that predominantly makes up the mucus layer, resulted 

in not only an increased severity of DSS-induced colitis but even without DSS administration, 

animals developed a spontaneous form of colitis over a period of weeks (16). As such, epithelial 

components are critical in protecting the intestine from excess immune activation and potential 

downstream damage.  

The maintenance of intestinal homeostasis not only requires each of the above 

categories of epithelial functionality, but also necessitates the presence of reparative pathways 

that can be initiated if damage does occur. One such pathway, and relevant to Chapter II of this 

thesis, is Trefoil Factor 3 (TFF3), which is one of the major reparative mechanisms in the gut 

(17). TFF3 is constitutively expressed in the intestine and secreted into the lumen. Upon breach 

in the epithelium, TFF3 is able to passively cross to the basolateral side of IECs and 
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immediately signals its repair mechanism. This involves inducing flattening and migration of 

epithelial cells to quickly block the breach as well as causing proliferation to compensate for the 

loss of cells.   

 

Evidence of Intestinal Epithelial Dysfunction During HIV Disease 

Dysfunction of certain aspects of the intestinal epithelium has been previously observed 

in HIV-infected subjects, particularly so during viremia. Studies from Epple, et al demonstrated 

that integrity of the barrier in in duodenal biopsies was reduced in viremic subjects as compared 

to uninfected controls, as indicated by electrical resistance measurements and chemical flux 

(18,19). This coincided with a decrease in protein levels of tight junction proteins as measured 

at the whole biopsy level, potentially explaining the reduced barrier function. Epithelial cell 

death, indicated by caspase-3 levels has also been demonstrated to increase in viremic 

individuals, suggesting that enhanced death might contribute to dysfunction as well (18,19,20). 

Others have demonstrated a shift in gene expression upon infection with HIV from a program 

associated with metabolism and tissue regeneration to one of inflammation and apoptosis (21). 

ART can reverse these changes, but does so to variable degrees (18,20,22). Work in 

duodenal biopsies revealed that epithelial resistance, permeability, and tight junction levels in 

ART-treated subjects did not differ from uninfected controls (18). However, studies from our lab 

established that caspase-3 levels remain elevated in a subset of ART-treated individuals as 

related to uninfected controls, specifically in those with incomplete CD4+ T cell restoration after 

treatment initiation (20). As yet, specific mediators of IEC dysfunction or restoration during HIV 

disease and subsequently during treatment are not yet known. Furthermore, nearly all work has 

been done at a whole biopsy level and specific investigation of the epithelial compartment in 

HIV patient cohorts has not been conducted systematically.  

In this thesis, I analyzed intestinal epithelial cell isolates and lymphocytes from primary 

human intestinal tissue obtained from HIV-infected individuals at varying stages of disease 
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progression and treatment. Here, I use both clinical samples and murine organoid models to 

show that the induction of A20 during ART-therapy is associated with epithelial function and its 

absence during viremia, along with the effector cytokines present at this stage of disease, could 

contribute to the development of intestinal epithelial dysfunction. Secondly, I demonstrate that 

TFF3 levels are elevated during ART, potentially inducing reparative mechanisms at this phase, 

and demonstrate a relationship to markers of chronic inflammation. These findings are indicative 

of a concerted effort to promote recovery of the epithelium and re-establishment of intestinal 

homeostasis after the experience of inflammation during viremia.  

	



	7	

References 
1. Shacklett, Barbara L and Peter A Anton. 2010. HIV infection and gut mucosal immune 
function: Updates on pathogenesis with implications for management and intervention. Curr 
Infect Dis Rep 12 (1): 19-27. 
2. McMichael, A J and S L Rowland-Jones. 2001. Cellular immune responses to HIV. Nature 
410 (6831): 980-7. 
3. Janeway, Charles A Jr, Paul Travers, Mark Walport, and Mark J Schlomchik. 2001. 
Immunobiology: The Immune System in Health and Disease. 5th ed. New York: Garland 
Science. 
4. Biancotto, Angélique, Sarah J Iglehart, Christophe Vanpouille, Cristian E Condack, Andrea 
Lisco, Elke Ruecker, Ivan Hirsch, Leonid B Margolis, and Jean-Charles Grivel. 2008. HIV-1 
induced activation of CD4+ T cells creates new targets for HIV-1 infection in human lymphoid 
tissue ex vivo. Blood 111 (2): 699-704. 
5. Stevenson, Mario. 2003. HIV-1 pathogenesis. Nat Med 9 (7): 853-60. 
6. Macdonald, Thomas T and Giovanni Monteleone. 2005. Immunity, inflammation, and allergy 
in the gut. Science 307 (5717): 1920-5. 
7. Yukl, Steven A, Sara Gianella, Elizabeth Sinclair, Lorrie Epling, Qingsheng Li, Lijie Duan, 
Alex L M Choi, et al. 2010. Differences in HIV burden and immune activation within the gut of 
HIV-positive patients receiving suppressive antiretroviral therapy. J Infect Dis 202 (10): 1553-61. 
8. Brenchley, Jason M, Mirko Paiardini, Kenneth S Knox, Ava I Asher, Barbara Cervasi, Tedi E 
Asher, Phillip Scheinberg, et al. 2008. Differential Th17 CD4 T-cell depletion in pathogenic and 
nonpathogenic lentiviral infections. Blood 112 (7): 2826-35. 
9. Harrington, Laurie E, Robin D Hatton, Paul R Mangan, Henrietta Turner, Theresa L Murphy, 
Kenneth M Murphy, and Casey T Weaver. 2005. Interleukin 17-producing CD4+ effector T cells 
develop via a lineage distinct from the T helper type 1 and 2 lineages. Nat Immunol 6 (11): 
1123-32. 
10. Ndhlovu, Lishomwa C, Joan M Chapman, Aashish R Jha, Jennifer E Snyder-Cappione, 
Moraima Pagán, Fabio E Leal, Brigid S Boland, Philip J Norris, Michael G Rosenberg, and 
Douglas F Nixon. 2008. Suppression of HIV-1 plasma viral load below detection preserves IL-17 
producing T cells in HIV-1 infection. AIDS 22 (8): 990-2. 
11. Macal, M, S Sankaran, T-W Chun, E Reay, J Flamm, T J Prindiville, and S Dandekar. 2008. 
Effective CD4+ T-cell restoration in gut-associated lymphoid tissue of HIV-infected patients is 
associated with enhanced Th17 cells and polyfunctional HIV-specific T-cell responses. Mucosal 
Immunol 1 (6): 475-88. 
12. Cua, Daniel J and Cristina M Tato. 2010. Innate IL-17-producing cells: The sentinels of the 
immune system. Nat Rev Immunol 10 (7): 479-89. 
13. Raffatellu, Manuela, Renato L Santos, David E Verhoeven, Michael D George, R Paul 
Wilson, Sebastian E Winter, Ivan Godinez, et al. 2008. Simian immunodeficiency virus-induced 
mucosal interleukin-17 deficiency promotes Salmonella dissemination from the gut. Nat Med 14 
(4): 421-8. 
14. Peterson, Lance W and David Artis. 2014. Intestinal epithelial cells: Regulators of barrier 
function and immune homeostasis. Nat Rev Immunol 14 (3): 141-53. 
15. Blanchard, Carine, Stéphane Durual, Monique Estienne, Karim Bouzakri, Markus H Heim, 
Nikolaus Blin, and Jean-Claude Cuber. 2004. IL-4 and IL-13 up-regulate intestinal trefoil factor 
expression: Requirement for STAT6 and de novo protein synthesis. J Immunol 172 (6): 3775-
83. 
16. Van der Sluis, Maria, Barbara A E De Koning, Adrianus C J M De Bruijn, Anna Velcich, 
Jules P P Meijerink, Johannes B Van Goudoever, Hans A Büller, et al. 2006. Muc2-deficient 
mice spontaneously develop colitis, indicating that MUC2 is critical for colonic protection. 
Gastroenterology 131 (1): 117-29. 



	 8	

17. Taupin, Douglas and Daniel K Podolsky. 2003. Trefoil factors: Initiators of mucosal healing. 
Nat Rev Mol Cell Biol 4 (9): 721-32. 
18. Epple, H-J, T Schneider, H Troeger, D Kunkel, K Allers, V Moos, M Amasheh, et al. 2009. 
Impairment of the intestinal barrier is evident in untreated but absent in suppressively treated 
HIV-infected patients. Gut 58 (2): 220-7. 
19. Epple, Hans-Jörg, Kristina Allers, Hanno Tröger, Anja Kühl, Ulrike Erben, Michael Fromm, 
Martin Zeitz, Christoph Loddenkemper, Jörg-Dieter Schulzke, and Thomas Schneider. 2010. 
Acute HIV infection induces mucosal infiltration with CD4+ and CD8+ T cells, epithelial 
apoptosis, and a mucosal barrier defect. Gastroenterology 139 (4): 1289-300. 
20. Somsouk, Ma, Jacob D Estes, Claire Deleage, Richard M Dunham, Rebecca Albright, John 
M Inadomi, Jeffrey N Martin, Steven G Deeks, Joseph M McCune, and Peter W Hunt. 2015. Gut 
epithelial barrier and systemic inflammation during chronic HIV infection. AIDS 29 (1): 43-51. 
21. Sankaran, Sumathi, Michael D George, Elizabeth Reay, Moraima Guadalupe, Jason Flamm, 
Thomas Prindiville, and Satya Dandekar. 2008. Rapid onset of intestinal epithelial barrier 
dysfunction in primary human immunodeficiency virus infection is driven by an imbalance 
between immune response and mucosal repair and regeneration. J Virol 82 (1): 538-45. 
22. Epple, Hans-Jörg and Martin Zeitz. 2012. HIV infection and the intestinal mucosal barrier. 
Ann N Y Acad Sci 1258:19-24. 
 



	9	

 

 

 

 

 

 

 

 

 

 

Chapter I:  

A20 is associated with intestinal epithelial function  

and recovery during HIV disease and treatment 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 10	

Abstract 

Intestinal immune homeostasis is disrupted during HIV infection and treatment. Dysfunction of 

the intestinal epithelium is thought to contribute to this phenomenon, yet little is known about the 

causative mechanism of this dysfunction or the specific restorative mediators of intestinal 

epithelial cells (IEC) during ART. In this chapter, we investigated IECs isolated from intestinal 

biopsies and identified A20 upregulation in ART-treated individuals relative to both uninfected 

and viremic subjects. Within the ART-treated subgroup, A20 transcript levels in IECs positively 

associated with the expression of tight junctions and β-catenin, a transcription factor that 

regulates epithelial proliferation. In a murine intestinal organoid model, the expression of A20 in 

organoids was suppressed by IFNα. Notably, we observed that IFNγ inhibited the expression of 

tight junctions and mucins, especially in the absence of A20. A20 also protected intestinal 

organoids from IFNα- and IFNγ-induced cytotoxicity. Thus, the induction of IFNα and IFNγ 

during untreated HIV disease might lead to A20 suppression and epithelial dysfunction. As 

such, we suggest that modulation of A20 may be of central importance in both the 

establishment of epithelial dysfunction during viremia as well as recovery of the epithelial barrier 

during ART.  
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Introduction 

Infection with Human Immunodeficiency Virus (HIV) causes significant disruption of intestinal 

homeostasis, a site of progressive CD4+ T cell loss and a tissue site that harbors a substantial 

reservoir of latent HIV virus (1,2). CD4+ T cells, however, are not a homogenous population and 

encompass a number of different functional subsets. Of these subsets, it has been observed 

that interleukin-17 (IL-17) producing CD4+ T helper type 17 (Th17) cells are preferentially 

depleted during the course of progressive HIV disease and peripheral blood frequencies of 

Th17 cells correlate inversely with HIV viral load, suggesting that IL-17 plays an important role 

in viral progression (3-5). Most relevant to our study, IL-17 is considered an integral support 

cytokine for intestinal epithelial function and lack of IL-17 during viremia is thought to be critical 

to understanding the observed epithelial barrier dysfunction (4,6,7).  

Intestinal epithelial cells (IECs) play a central role in maintaining intestinal homeostasis 

(8). The intestinal epithelium has both physical and functional roles: (i) spatial separating luminal 

contents from the underlying gut-associated lymphoid tissue (GALT) and (ii) expressing and 

secreting various molecules that aid in establishing a fully functional barrier. IL-17 induces the 

expression of each of the components that contribute to this barrier: mucins that displace 

microbes from the surface of IECs, antimicrobial peptides that directly target and kill bacteria, 

and tight junctions that regulate paracellular permeability (7). Aspects of a dysfunctional barrier 

have been observed in HIV-infected subjects. Prior studies have demonstrated increased 

epithelial permeability as well as decreased expression of tight junction proteins in whole 

biopsies during viremia (9-11). Previous reports have also shown that ART can reverse these 

changes, but to variable degrees (9,12). Despite undetectable viral loads in ART-treated 

subjects, residual immune activation in these individuals is predictive of non-AIDS related 

morbidities and mortalities, resulting in an overall shorter life expectancy of HIV-infected 

subjects particularly in those with lower CD4 counts (13-18). One mechanism by which this is 

thought to occur is through continued permeability of the epithelial barrier, driving chronic 
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inflammatory response to luminal contents. Work from our lab established that epithelial cell 

death, as measured by caspase-3 levels, remains elevated in a subset of ART-treated 

individuals with incomplete CD4+ T cell restoration (19). However, specific mediators of IEC 

dysfunction and restoration during HIV disease and treatment have not yet been identified. 

Furthermore, specific investigation of the epithelial compartment in particular in HIV patient 

cohorts has not been conducted in a systematic manner.  

We hypothesized that epithelial cell-specific functions might be impacted during the 

course of HIV infection, contributing directly or indirectly to disease progression. Reciprocally, 

we speculated that these pathways may also determine the extent of disease resolution after 

the initiation of ART. To address this, we analyzed intestinal epithelial cell isolates and 

lymphocytes from primary human intestinal tissue obtained from HIV-infected individuals at 

varying stages of disease and treatment. In this chapter, we show that the induction of A20 after 

the initiation of ART is associated with markers of epithelial function. Also, we demonstrate that 

A20 downregulation, along with the effector cytokines present at this stage of disease, could 

contribute to the development of intestinal epithelial dysfunction.  
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Results 

Characteristics of the study participants  

We studied 34 participants from the SCOPE cohort at San Francisco General Hospital, which 

included those who were risk-matched uninfected controls (n=9), HIV viremic and untreated 

subjects (n=6), and individuals effectively suppressed on ART (n=19) (Table 1). Flexible 

sigmoidoscopy procedures were performed and intestinal biopsies were analyzed for a variety 

of immunologic parameters. Alterations in immunological measurements were consistent with 

previous observations (4,11,17,20). The proportion of gut CD4+ T cells was significantly  

 

 

decreased in viremic subjects, with a commensurate increase in the proportion of CD8 T cells 

(Figure 1A). The frequencies of these cell subpopulations reverted partially but incompletely 

towards normal in the ART-treated subgroup. The frequencies of IL-17A- and IL-22-producing 

GALT CD4+ T cells decreased significantly in untreated subjects and largely restored to normal 

levels after the initiation of ART (Figure 1B-1D). Importantly, the production of IL-17A by all 

lymphocytes (gated as all CD45+ cells) paralleled that found with CD4+ T cells, indicating IL-

17A depletion in non-CD4+ T cell populations as well (Figure 1E).  Despite full restoration of the 

percent of T cells expressing IL-17A and IL-22, peripheral immune activation (CD8+ T cells co-

expressing CD38 and HLA-DR) remained elevated in ART-treated patients relative to uninfected 

controls, suggesting persistent inflammation despite viral suppression (Figure 1F).  
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A20 is upregulated in IECs from ART-treated individuals  

To determine whether IEC-specific pathways might be involved in the resolution of epithelial 

dysfunction after the initiation of ART, we utilized a transcriptomics approach to discern gene 

expression signatures that might be correlated with HIV infection and/or treatment compared to 

the uninfected state. Whole RNA was obtained from EDTA-isolated IECs from all subgroups 

and assessed by RNAseq analysis. Pairwise comparisons between IECs from viremic and ART-

treated subgroups revealed an expression signature consistent with upregulated A20 activity 

after the initiation of ART (Figure 2A). TNFAIP3 was also enriched in ART subjects relative to 

uninfected individuals, thus being relatively high during ART only (Figure 2B). TNFAIP3, the 

gene encoding A20, was upregulated in IECs from ART-treated subjects relative viremic 

individuals. A20 is a known negative regulator of NFκB signaling and has a key function of 

restricting inflammatory responses via ubiquitin-editing mechanisms (21,22). NFKBIA, the gene 

encoding IκBα which directly binds and maintains cytoplasmic localization of NFκB to prevent 

its signaling, was also enriched in ART-treated participants in a highly correlated manner 

(Figure 2C) (23). TNFAIP3 and NFKBIA expression was also positively associated with the 

expression of tight junction genes CLDN4 and TJP1, respectively (Figure 2D, 2E), supporting 

previous work demonstrating that the involvement of A20 in regulating barrier permeability (24). 

At the same time, IL1R2, an antagonist of IL-1β signaling, was downregulated in ART-treated 

subjects relative to uninfected individuals (25). Since IL-1β signaling has been shown to drive 

A20 expression through NFκB, the finding of reduced IL1R2 is consistent both with previous 

studies showing elevated IL-1β signaling in SIV-infected monkeys and with the observed 

upregulation of A20 in ART-treated subjects (26,27). RNAseq expression values were validated 

by targeted qPCR on epithelial isolates (Figure 2F). 
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Viremia-associated IFNα suppresses A20 levels in intestinal organoids 

Despite the fact that A20 expression was upregulated in ART-treated subjects compared to 

viremic untreated individuals (Figure 1A), there was no difference in A20 expression between 
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uninfected and viremic subjects (Figure 3A). This was the case even though cytokines such as 

IL-1β and TNF are known to be elevated in untreated HIV disease and also known to induce 

A20 (26-33). Given that IFNα has been shown to suppress A20 in dendritic cells, we 

hypothesized that the lack of A20 upregulation during viremia might be due to high levels of 

IFNα that have been observed in this state previously (34). Consistent with prior literature, the 

we found that the plasma ratio of kynurenine-to-tryptophan (K/T), reflective of IFN-induced 

indoleamine-2,3-dioxygenase activity, was elevated in viremic individuals and did not return to 

normal after the initiation of ART (Figure 3B) (35-37). Previous work has found high K/T ratios 

to be predictive of HIV disease progression as well as the incidence of non-AIDS related 

morbidities and mortalities in HIV cohorts (37,38). In addition, transcript levels of IFN-stimulated 

genes such as MX1 and OAS2 were elevated in whole gut biopsies from viremic untreated 

subjects, demonstrating elevated Type-I IFN response also at the intestinal tissue level (Figure 

3C).  

To determine whether IFNα might have a direct effect on A20 expression in IECs, we 

generated primary IEC organoid cultures from murine small intestine. Such cultures are 

advantageous because they are derived from primary tissue and, once established, are 

comprised solely of epithelial cells (39). To assess the impact of IFNα on A20 levels, epithelial 

organoids were treated with recombinant IFNα for 48 hours and then harvested to measure A20 

protein levels by Western blot. After incubation with IFNα, A20 levels were found to decrease in 

a dose-dependent manner (Figure 3D, 3E).  These observations are consistent with a model in 

which IFNα suppresses A20 in a counter-regulatory manner, causing A20 levels in IECs from 

viremic individuals to appear unchanged compared to uninfected subjects, despite ongoing 

inflammation capable of inducing its expression.  
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Downregulation of A20 exaggerates IFNγ-induced reduction in tight junction and mucin gene 

expression 

Given the effects of IFNα on A20 levels and the known intestinal epithelial defects found in 

untreated HIV disease, we hypothesized that suppression of A20 may render the epithelium 

more vulnerable to the damaging effects of other proinflammatory cytokines that are abundant 

in untreated HIV disease (10). As shown in prior studies, elevated levels of IFNγ were found in 

viremic subjects both at the level of protein expression in circulating CD8+ T cells (Figure 4A) 

and of transcripts in whole rectosigmoid biopsies (Figure 4B) (40). Additionally, RNAseq 

analysis on IECs revealed that IFNGR1, the primary signaling receptor for IFNγ, is upregulated 

in viremic subjects relative to ART-treated individuals (Figure 1A). Taken together, these data 

suggest that, in the viremic state, IECs experience higher levels of IFNγ signaling.  

We tested the effect of high IFNγ levels on the expression of genes important to 

epithelial cell function in the presence or absence of A20 by utilizing murine epithelial organoid 

cultures derived from mice genetically modified to express or to delete A20. In organoids 
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derived from A20FL/FL villin-ERCre+ mice, A20 deletion can be induced acutely upon 4-

hydroxytamoxifen (4OHT) administration in vitro, whereas organoids derived from A20FL/FL villin-

ERCre- mice express A20 even after 4OHT administration. Organoids were exposed to 4OHT 

for 24 hours, which was sufficient for the deletion, as confirmed by Western blot analysis 

(Figure 5A). Cultures were then stimulated with rIFNγ for 12 hours and harvested for the 

analysis of gene transcripts of mucins, antimicrobial peptides, tight junctions, and inflammatory 

factors (Table 2). In organoids from A20FL/FL villin-ERCre+ mice, either deletion of A20 (in 4OHT-

treated cultures) or stimulation with IFNγ resulted in a significant increase in the transcript levels 

of proinflammatory genes such as Cxcl1and Cxcl2 (Figure 5B) (41-43) and a significant 

decrease in the transcript levels of genes important for the maintenance of epithelial integrity 

including tight junctions (Ocln, Tjp1), antimicrobial peptides (Defb1), and mucins (Muc 2, Muc13, 

Muc13), (Figure 5C-E). These changes were significantly more pronounced after IFNγ 

stimulation when A20 was deleted for nearly all of these genes (Table 2), resulting in dramatic 

increases in Cxcl1 and Cxcl2 (Figure 5B), and further decreases in Ocln, Tjp1, Muc2, Muc13, 

and Defb1 (Figure 5C-E,). Additional effects of A20 deletion on IEC gene expression in the 

setting of IFNγ stimulation are presented in Table 2. Interestingly, the expression levels of Cldn4 

and Muc1 increased upon IFNγ stimulation and A20 downregulation, in contrast to the 

expression of other measured tight junctions or mucins (Figure 5F,5G). Previous literature has 

linked Muc1 to intestinal inflammation with a specific role in promoting cytokine-mediated NFκB 

activation and Cldn4 expression may be directly induced by NFκB (44,45). Thus, the observed 

increase these particular genes are likely more complicated in their regulation and could 

potentially be a by-product of ongoing NFκB-related inflammation in the absence of A20. 
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A20 downregulation enhances the inflammatory effects of IL-17 

Given the observation that IL-17A levels are restored to normal in ART-treated subjects (Figure 

1B, 1C) and that prior work in stromal cell lines showed A20 induction by and subsequent 

restriction of IL-17 signaling (32), we next tested whether A20 deletion altered the effect of IL-17 

stimulation in organoid IECs. Intestinal organoids were treated with 4OHT to delete A20 and 

were then stimulated with rIL-17A for 12 hours. IL-17 stimulation in the setting of A20 deletion 

led selectively to dramatic increases in the expression of proinflammatory genes Lcn2, Cxcl1, 

and Cxcl2 (Table 2) (46-49). Stimulation with IL-17A in A20-deleted cultures resulted in 

upregulation of Lcn2 by 30-fold (Figure 6A), of Cxcl1 by 15-fold (Figure 6B), and of Cxcl2 by 

60-fold (Figure 6C). A20-sufficient Cre- organoids showed no such increase, suggesting that 

this increase occurs specifically in the absence of A20. Notably, A20 deletion alone showed a 
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modest but statistically significant increase in the expression of Cxcl1 and Cxcl2 as well. Similar 

to the effect seen with IFNγ, the expression of the mucin gene Muc1 also increased with IL-17A 

stimulation in the absence of A20, though the magnitude of the effect was much more modest 

than that observed with the inflammatory genes (Figure 6D).  

Taken together, these results indicate that A20 expression in IECs restricts the 

inflammatory aspects of IL-17A signaling and could be particularly critical in promoting epithelial 

recovery in the setting of ART, when IL-17A levels reach normal levels again.  
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Downregulation of A20 enhances cytotoxicity induced by IFNα and IFNγ 

In addition to the previously reported effects, both IFNα and IFNγ were found to have significant 

cytotoxic effects on organoid cultures (Figure 7A, 7B). Cell death was defined by organoid 

morphology, propidium iodide staining, and a quantitative ATP-based luminescence assay. 

Compared with those in media alone, A20-deleted organoids demonstrated a modest but 

significant increase in cell death. In the absence of A20, IFNα and IFNγ both caused dose-

dependent decreases in cell viability in the absence of A20, relative to the same cytokine dose 
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in A20-sufficient conditions. However, only IFNγ caused a significant increase in cell death with 

cytokine alone (black significance stars in Figure 7B). Furthermore, confocal images revealed 

that A20 deletion combined with IFNγ treatment resulted in a uniform loss of crypt structure in 

organoids. This is consistent with work in epithelial cell lines which show that IFNγ inhibits 

epithelial proliferation (50). IL-17A showed no such effect on cell viability. These in vitro 

stimulation conditions reflect the scenario of untreated HIV infection and our results, together 

with the suppression of epithelial genes, suggest that IFNγ may be a primary driver of IEC 

dysfunction in HIV.  
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Discussion  

This work advances our understanding of the epithelial barrier function and dysfunction 

during HIV infection. It has long been observed that disruption in epithelial homeostasis is a 

hallmark of HIV infection. Herein, we identified and characterized A20, an intracellular regulator 

of inflammation and function in intestinal epithelial cells, as potentially playing a key role in the 

dynamics of HIV infection and its effect upon the intestinal immune system. We found that A20 

expression is generally increased in IECs from ART-treated subjects, relative to viremic 

individuals, suggesting that its expression is associated with recovery.  
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Role of A20 in Establishment of Epithelial Dysfunction during HIV Viremia 

From our findings, we propose that high levels of IFNα and IFNγ, concurrent with low levels of 

IL-17 during HIV viremia, contribute to intestinal epithelial dysfunction (Figure 8). IFNα and 

IFNγ, as likely produced, respectively, by plasmacytoid dendritic cells and CD8 T cells 

recognizing viral particles, are present in elevated amounts in this setting (51). We show that 

high IFNα is capable of suppressing A20 expression in IECs. A20 protected from IFNγ-mediated 

overexpression of inflammatory genes and inhibition of genes associated with epithelial 

function. We thus speculate that in the setting of untreated disease, IFNα downregulation of A20 

renders the epithelium more susceptible to IFNγ-induced damage and cell death.  

 

Contribution of A20 to recovery of the intestinal epithelium during ART 

We speculate that in the during ART, resolution of IFNα levels releases its suppressive effects 

on A20 and the persistent inflammation drives A20 levels, resulting in the upregulation we 

observed. Upregulation of A20 leads to the re-establishment of epithelial homeostasis, such that 

expression of tight junctions, mucins, and antimicrobial peptides recover. These data, indicating 

A20-modulation of the expression of the genes involved in barrier function, expand upon 

previous findings that A20 activity is important in maintaining proper apical localization of tight 

junction proteins 24.  

 

Dual Nature of IL-17 Signaling in IECs 

Our data on IL-17 and A20 dynamics in intestinal organoids suggest that that IL-17 might have 

dual effects in the intestine. On one hand, it is protective and on the other hand is capable of 

driving tissue inflammation. Our in vitro data suggest that A20 restricts IL-17 signaling and 

production of proinflammatory cytokines but does not have a clear effect on mucins, confirming 

and extending the findings of Garg, et al (32). As such, A20 appears to control whether or not 
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IL-17 has an inflammatory effect on IECs, which is important in the scenario of ART where IL-

17A levels resurge and could contribute to lingering HIV-associated inflammatory disease if A20 

remains low. It is important to note that ART-treated individuals exhibit variability in each of 

these parameters, and we postulate that this individual variation might in turn reflect differences 

in the health status of the gut. In those subjects where the epithelium continues to be 

compromised, luminal contents are likely to have increased interaction with epithelial cells 

and/or underlying immune cells, which could drive a continued inflammatory response and 

contribute to residual immune activation.  

 

A20 Modulation & a Potential Role in Modulation of the Microbiome 

As a point of interest, Defb1 expression was inhibited by IFNγ in our murine organoid model and 

further reduced by A20 deletion. One of the known microbial targets of Defb1 is Staphylococcus 

aureus (52). Of note, S. aureus is known to have a higher incidence in HIV-infected individuals, 

suggesting that modulation of epithelial function by immune-derived cytokines can have 

important implications for clinical susceptibilities (53). While S. aureus bacteremia is typically 

measured in the blood, there is evidence of increased presence of it in the upper 

gastrointestinal tract of HIV-infected subjects (54). Thus, this data also posits a potential 

connection between the modulation of intestinal epithelial function and the changes that have 

been observed in the microbial communities, suggesting that perhaps alteration of the 

antimicrobial peptide composition can dictate dysbiosis (55,56). Alterations in the mucosal 

microbiome are known be associated with disruptions in intestinal homeostasis and, 

furthermore, prior literature demonstrates that a single bacterial species can alter the cytokine 

profile of the lamina propria (57). In this way, this IFNγ-induced inhibition of antimicrobial 

peptides could posit a mechanism by which microbial dysbiosis occurs and goes on to play its 

key role in immune modulation. 
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Caveats of our Study 

It is important to note that our pairwise comparison of IEC gene expression signatures between 

uninfected and viremic subjects by RNAseq did not yield differences consistent with prior 

literature (Figure 3A). There are many potential reasons for why this occurred. First and 

foremost, previous work assessed epithelial function measuring either transcripts or protein at 

the whole biopsy level while we specifically isolated IECs (9,10,12,58). In addition, while 

RNAseq is all encompassing, it is also a shotgun approach to transcript analysis and could thus 

be susceptible to false negatives. Our in vitro data biologically validates the importance of A20 

for intestinal epithelial function, however it is possible that we missed some important 

differences in utilizing this technique. Lastly, and perhaps most importantly, we believe the 

viremic untreated subjects included in this cohort represent a less severe form of HIV disease 

than those include in earlier cohorts	(9,10). A handful of the subjects included in our analysis 

have been infected with HIV long term (greater than 10 years) without ever undergoing 

treatment, thus defining them as a chronic rather than an acute cohort. Despite high viral loads 

and a declining CD4 count, their rate of progression appears to be much slower. It is thus 

possible that, while the immunologic dynamics of these viremic individuals closely match that of 

prior studies, their disease is not severe enough to establish epithelial dysfunction. Given this 

caveat, we believe that the findings reported here are central to understanding how epithelial 

dysfunction develops and, moreover, that they will be highly relevant to informing how to 

manage disease in ART-treated subjects.  

 

Further Avenues to be Explored 

Our work in organoids tests the effect of binary presence versus absence of A20 expression on 

epithelial dynamics. Our data on clinical subjects, on the other hand, demonstrates that there is 
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a range of A20 expression, even within ART-treated individuals. Thus, investigation into how 

partial loss or intermediate levels of A20 affects epithelial function in the context of relevant 

cytokines is necessary to fully elucidate the extent to which A20 regulates intestinal 

homeostasis in a more physiologic setting.  

In addition, our experiments parse out the effects of individual cytokines on epithelial 

function, however these cytokines are expressed concurrently in vivo and how they act together 

and/or counteract one another is not well understood. It will thus be important to ascertain if IL-

17 can potentiate the effects of IFNγ or, conversely, if IFNγ is potent enough to overwhelm the 

presence of IL-17 to cause epithelial damage. How A20 modulates these effects will also be 

vital to identify. In this way, we identify A20 as being a potentially critical component in HIV 

disease and one that should be explored further in an effort to aid the clinical improvement on 

individuals on ART.  
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Materials & Methods 

Subject recruitment & clinical sampling 

HIV-infected individuals and controls were recruited and consented from the SCOPE cohort at 

UCSF for sigmoidoscopy and collecting relevant gastrointestinal biopsy samples for research 

purposes. HIV negative controls, HIV viremic untreated, and individuals suppressed with ART 

were recruited from this cohort. The ART group included HIV-infected patients maintaining 

undetectable viral loads (<40 copies/mL) on stable ART for at least one year and spanned a full 

spectrum of peripheral blood CD4+ T cell recovery, ranging from 220 to 1107 CD4+ T cells per 

ml of blood. Prior to their procedure, study participants underwent a blood draw and received a 

Fleet enema. Consenting subjects underwent flexible sigmoidoscopy with rectal biopsies 

obtained at 10-20cm above the anus using jumbo forceps. Twenty biopsies were placed 

immediately in 15 ml of RPMI 1640 with 10% fetal calf serum, with piperacillin–tazobactam (500 

μg/ml), and amphotericin B (1.25 μg/ml), and transported within one hour to the Division of 

Experimental Medicine at UCSF, where they were processed the same day. Freshly drawn 

blood was also transferred to the AIDS Specimen Bank, where plasma was isolated and stored. 

The study was approved by the institutional review board at UCSF and all subjects provided 

written informed consent (IRB #: 10-01218). 

 

 

Cell isolation & processing from primary tissue 

Cells of interest were isolated from rectosigmoid biopsies in two sequential 

ethylenediaminetetraacetic acid (EDTA) (Corning, Fremont, CA) and collagenase (Type II from 

Clostridium histolyticum, Sigma-Aldrich, St. Louis, MO) treatment steps. Briefly, biopsies were 

washed with phosphate buffered saline (PBS) (Corning) and then incubated in 8 mM EDTA (in 

Hank’s Buffered Saline Solution) (HyClone, Logan, UT) on a shaker for one hour at 37°C. After 

vortexing, supernatant was filtered using a 70 µM mesh filter and centrifuged to obtain the IEC 
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fraction. IEC isolates were lysed in Trizol (Thermofisher Scientific, South San Francisco, CA) 

and RNA was extracted using a phenol-chloroform extraction (59). RNA Clean & Concentrator 5 

(IC) columns (Zymo Research, Tustin, CA) were used to clean RNA preps. Whole tissue RNA 

was isolated using a All Prep RNA Isolation Kit (Qiagen, Hilden, Germany). RNA concentration 

of all samples was measured on a Nanodrop 1000 Spectrophotometer (ThermoFisher 

Scientific). Remaining tissue was washed with PBS with 2% FBS and subsequently incubated in 

1 mg/ml collagenase in Complete RPMI (RPMI-10 media supplemented with penicillin-

streptomycin, L-glutamine, and FBS) for one hour at 37°C on a shaker. Peripheral blood 

lymphocytes were obtained from whole blood by density centrifugation using Histopaque-1077 

(Sigma-Aldrich) and washed in Complete RPMI. 

 

Flow cytometric analysis of lymphocyte populations 

Freshly isolated lymphocytes were divided into different panels for analysis by flow cytometry. A 

subset of cells were surface stained with Aqua amine reactive dye for viability (Thermofisher 

Scientific), CD45 (Clone HI30, Alexa 700 Conjugated, Thermofisher Scientific), CD3 (Clone 

UCHT1, V450 Conjugated, BD Biosciences, San Jose, CA) , CD4 (Clone S3.5, PE-Texas Red 

Conjugated, Thermofisher Scientific), CD8 (Clone 3B5, Qdot 605 Conjugated, Thermofisher 

Scientific), CD38 (Clone HB7, PE Conjugated, BD Biosciences), and HLA-DR (Clone L243, 

FITC Conjugated, BD Biosciences) for 30 minutes at 4°C, and washed in PBS with 2% FBS. 

Separately, 5 x 105 cells were plated and stimulated with 10 ng/ml phorbol 12-myristate 13-

acetate (PMA) (Sigma-Aldrich)and 1 µg/ml ionomycin (Sigma-Aldrich) at 37°C for five hours in 

the presence of BD GolgiPlug Protein Transport Inhibitor (BD Biosciences). Stimulated cells 

were surface stained with CD45 (Clone H130, PerCPCy5.5 Conjugated, Biolegend, San Diego, 

CA), CD3 (Clone SP34-2, Pacific Blue Conjugated, BD Biosciences), CD4 (Clone L200, Brilliant 

Violet 605 Conjugated, BD Biosciences), and CD8 (Clone 3B5, Qdot 705 Conjugated, 
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Thermofisher Scientific) for 30 minutes at 4°C, fixed in 4% PFA, and then permeabilized in 

Perm/Wash Buffer (BD Biosciences) according to manufacturer’s instructions. Permeabilized 

cells were stained intracellularly with antibodies against IL-17A (Clone eBio64DEC17, FITC 

Conjugated, eBioscience, San Diego, CA), IL-22 (Clone 142928, PE Conjugated R&D Systems, 

Minneapolis, MN) and IFNγ (Clone B27, BD Biosciences) and washed in PBS with 2% FBS. 

Samples were acquired on a BD LSRII flow cytometer (BD Biosciences) and analyzed using 

FlowJo software (FlowJo, LLC, Ashland, OR).  

 

RNAseq & qPCR validation 

Samples utilized for RNAseq included epithelial RNA from all subjects as well as whole biopsy 

RNA from a subset of patients to represent each disease subgroup. The whole biopsy samples 

included five uninfected individuals, all six viremic untreated subjects, and five ART-treated 

individuals selected to span the full range of CD4 count. Total RNA (2 ng) from IEC isolates and 

from whole rectosigmoid biopsies were converted to pre-amplified cDNA using template-

switching reverse transcription via the SMARTer Ultra-Low RNA Input Kit (Clontech, Mountain 

View, CA), with modified procedures for low input (Fluidigm, South San Francisco, CA) (60,61). 

Pre-amplified cDNA libraries were quantified by Quanti-IT PicoGreen dsDNA assay 

(ThermoFisher Scientific) and normalized to 0.15 ng/ml for input into fragmentation reactions. 

Fragmentation was performed enzymatically using a Nextera XT DNA kit with indexing primers 

(Illumina, San Diego, CA). All 50 samples were normalized and multiplexed into a single library. 

The compiled library was purified by a double-sided bead-based size-selection method using 

Agencourt AMPure XP beads (Beckman Coulter Genomics, Danvers, MA). A fragment size 

distribution of 200-500 base pairs for the library was confirmed by running a High Sensitivity 

dsDNA assay on a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). Quality-

controlled library was sequenced as 50-base single end reads on a HiSeq 4000 in rapid-output 
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mode at the UCSF Center for Advanced Technology (San Francisco, CA).  Sequence reads 

were aligned to the human genome (GRCh37) using STAR (62), and gene expression 

estimation was performed with RSEM (63). Differential expression analysis was performed on 

counts data using DESeq2 (64), and data were visualized as transcripts per million (TPM). All 

data are available in the NCBI Gene Expression Omnibus under accession GSE81198. 

 

To validate RNAseq results, original RNA isolates from each sample was used to generate 

cDNA by reverse transcriptase using the Omniscript RT kit (Qiagen). Amplification was 

performed on a StepOnePlus (Applied Biosystems, Foster City, CA) with PrimePCR SYBR 

Green Assays Resulting (Bio-Rad Laboratories, Hercules, CA) using the assay-specified cycling 

protocol. After normalization to housekeeping genes B2M and ACTB, expression fold-change of 

target genes (TNFAIP3, NFKBIA, IL1R2) was calculated relative to the uninfected subgroup and 

correlated against fold-change calculations RNAseq data from matched subjects. 

 

Measurements of plasma markers of inflammation 

Concentrations of kynurenine and tryptophan in the plasma were measured by high-

performance liquid chromatography–tandem mass spectrometry, as previously described (37).   

 

Whole biopsy qPCR 

To measure transcript levels of cytokines in the gut, qPCR was conducted on whole 

rectosigmoid biopsy RNA, isolated as above. IFNγ expression was assessed using a Taqman 

Gene Expression Assay (Thermofisher Biosciences). Expression was normalized to 

housekeeping gene ACTB and fold-change calculated for each subject relative to the average of 

all uninfected controls.  

 

Mice  
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A20 flox mice were generated in the Ma lab as described previously (65). Transgenic mice 

harboring a tamoxifen-inducible Cre recombinase under the control of the villin-promoter (villin-

ER/Cre) were a kind gift from S. Robine (Institut Curie-CNRS, Paris, France) These two strains 

of mice were intercrossed to generate A20FL/FL villin-ERCre+ mice, used for the establishment of 

organoids. All mice used in this study were housed and bred in a specific pathogen-free facility 

according to the IACUC guidelines of UCSF. 

 

Organoid culture establishment & maintenance 

Murine small intestinal organoids were established as previously described with modifications 

(39). Intestinal crypts were isolated from the small intestine and cultures as outlined, with 

substitution of 10% R-spondin1 conditioned medium for recombinant R-spondin1, and the 

addition of Normocin (100 mg/ml, Invivogen, San Diego, CA). R-spondin1 expressing 293T cells 

were a kind gift from Dr. Noah Shroyer (Baylor College of Medicine). Cultures were passaged 

every three to four days. 

 

Cytokine stimulation assays & gene target qPCR 

Three to four days after last passage, 250 nM 4-hydroxytamoxifen (4OHT) was added to 

organoid cultures to for 24 hours to allow A20 deletion. Mouse recombinant IL-17A, IFNγ (R&D 

Systems), or IFNα (PBL Assay Science, Piscataway, NJ) were added to cultures and incubator 

for 12 hours. Cells were harvested by adding PBS and pooling wells of the same condition into 

a single conical tube. Cultures were centrifuged, resuspended in Cell Recovery Solution 

(Corning), and incubated on a rotator at 4°C for 15 minutes. Cells were centrifuged, pellets were 

resuspended in Trizol stored at -80°C, if for qPCR analysis, or snap frozen in a dry ice-ethanol 

bath and stored at -80°C, if for Western Blots. RNA was isolated using a phenol-chloroform 

extraction as above and cDNA generated by reverse transcriptase using the Omniscript RT kit 
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(Qiagen). Transcripts of interest were probed for by qPCR using Taqman Gene Expression 

Assays (Thermofisher Scientific). All genes probed for are listed in Table S2. Amplification 

reactions were performed on a StepOnePlus (Applied Biosystems). Cycle threshold (Ct) values 

were normalized to three housekeeping genes (Rplp0, Gapdh, Actb) and fold-change calculated 

relative to the media alone condition.  

 

Immunoblotting 

Cell lysates were made from snap frozen pellets of organoids using ice-cold 1% NP-40 

(Calbiochem, San Diego, CA) containing 50mM Tris HCl pH 7.4, 150mM NaCl, and 10% 

glycerol and a protease inhibitor cocktail (cOmplete mini EDTA-free, Roche, Indianapolis, IN). 

Protein was quantified using a Pierce BCA Protein Assay Kit (Thermofisher Scientific) according 

to manufacturer’s instructions, with absorbance measured on a Spectramax M5 (Molecular 

Devices, Sunnyvale, CA) and analyzed using SoftmaxPro software (Molecular Devices). 

Lysates were combined with NuPAGE LDS Sample Buffer (Invitrogen, Carlsbad, CA) and 

NuPAGE Sample Reducing Agent (Invitrogen), and resolved on a NuPage precast Novex 4-

12% Bis-Tris Protein Gel (Invitrogen) in volumes normalized to protein content alongside 

PageRuler Plus Prestained Ladder (Thermofisher Scientific). Protein was transferred onto a 

PVDF membrane. Nonspecific binding was blocked by incubation in 5% nonfat dry milk 

dissolved in Tris-Buffered Saline with Tween-20 (TBST) for one hour. Membrane was incubated 

in 5% Bovine Serum Albumin (BSA) TBST with 0.1% Azide containing primary antibody at 4°C 

overnight on a shaker. All primary antibodies were purchased from Cell Signaling Technology 

(Danvers, MA). After washing with TBST, membrane was incubated with HRP-conjugated 

secondary polyclonal antibodies to mouse or rabbit IgGs (Cell Signaling Technology) in 5% milk 

TBST for one hour at room temperature. Signals were developed using SuperSignal West Pico, 

Dura, or Femto Chemiluminescent Substrate (Thermofisher Scientific). Blots were imaged on a 

ChemiDoc Touch Imaging System (Bio-Rad Laboratories). For reprobing, blots were stripped of 
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existing antibodies by incubation in Restore Western Blot Stripping Buffer (Thermofisher 

Scientific) at 56°C with gentle rocking for 20-30 mins and incubated with primary and secondary 

antibodies as above. Band intensity was quantified using ImageLab Software (Bio-Rad 

Laboratories).  

 

Cytotoxicity assays in organoid cultures 

Cultures were treated with 250 nM 4OHT for 24 hours prior to addition of cytokine. Organoids 

were stimulated with 10 ng/ml of IFNα (PBL Assay Sciences), IFNγ, or IL-17 (R&D Systems) for 

24 hours and then stained with 1 µg/ml Propidium Iodide (PI) (Biolegend). Confocal imaging of 

intestinal organoids was performed on a Leica SP5 laser scanning confocal system (Leica 

Microsystems, Wetzlar, Germany) using a 10X dry objective.  Images were acquired in a format 

of 512x512, with a line average of at least 3, scan speed of 400 Hz, and pinhole airy unit 

1. Excitation for both PI and brightfield was done with the 488nm laser line at 30% power with a 

detection band of 550-732nm. Image analysis was performed on the Leica Application Suite 

(Leica Microsystems).  Cell death assays of intestinal organoids were performed by 

resuspending in Matrigel (Corning) and plating 25 µl per well in 96-well round bottom plates 

(Corning).  After 24 hours, organoids were stimulated as indicated. Viability was measured 

using the CellTiter Glo 3D assay (Promega Corporation, Sunnyvale, CA) according to the 

manufacturer’s specifications. Luminescence was read on a SpectraMax M5® (Molecular 

Devices) and analyzed using SoftMax Pro (Molecular Devices). 

 

Statistical analyses 

Two-sided Mann-Whitney (human data) and t (murine organoid experiments) tests were 

performed in Prism Version 6 (GraphPad, La Jolla, CA) (www.graphpad.com/scientific-

software/prism/). Spearman correlations and associations were generated using R software 
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(www.r-project.org) with general data analysis (https://cran.r-project.org/package=Hmisc) and 

statistical calculation (stats) packages.   
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Chapter II: 

TFF3 is upregulated during treated HIV infection and  

may modulate immune function to promote disease resolution 
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Abstract  

 Viremia associated epithelial dysfunction and subsequent recovery during ART, to 

variable degrees, has been observed during HIV infection. Given the importance of the IECs in 

barrier function and limiting intestinal inflammation, the epithelium is equipped with a number of 

repair mechanisms that are thought to be induced upon insult or damage to the barrier. 

However, whether these pathways are active during HIV and how they are regulated has not 

been investigated. In this chapter, we demonstrate that reparative signal Trefoil Factor 3 (TFF3) 

is upregulated in ART-treated individuals. We further show that TFF3 is positively associated 

with nadir CD4 and plasma K/T ratio, indicating a relationship to severity of disease. 

Furthermore, we establish that TFF3 is correlated to gut IFNγ	and	T	cell	exhaustion.	We	believe	

this	is	indicative	of	induction	of	TFF3	during	high	levels	of	T	cell	activation	as	a	compensatory	

mechanism	to	limit	epithelial	damage	and	propose	additional	work	that	will	help	parse	out	this	

relationship.	Our	work	highlights	TFF3	as	being	a	potentially	important	component	of	repair	in	

the	context	of	HIV	disease	and	treatment	and	one	that	warrants	further	investigation.		
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Introduction 

Though HIV infection circulates systemically and has effects across all parts of the body, 

the intestine is highly impacted during infection through processes that remain unclear (1,2). 

Infection-induced changes in intestinal homeostasis occur that are considered to have important 

implications for maintenance of overall health. One such component is the negative impact that 

HIV has upon the integrity of the intestinal epithelial barrier (3-5). Given that the gut lumen is 

one of the few sites of the body where host cells are constantly interacting with non-self or 

foreign molecules, the intestinal epithelium has the critical role of preventing the transfer of 

luminal contents into the areas of the body containing the sentinel cells of the immune system, 

where they could induce inflammation locally and if not controlled could progressively spread 

throughout the body. In the context of HIV, control of the immune response is of critical 

importance as inflammation can contribute to spread of the virus. As such, an infection-induced 

breach of the intestinal epithelium could result in high levels of inflammation that would 

eventually become detrimental to the host.  

Importantly, the epithelium has specific pathways in place to counteract such a breach 

should it occur. There are a number of reparative mechanisms that allow the intestinal barrier to 

repair itself after damage and quickly return to homeostasis. One such mechanism is the 

pathway regulated by Trefoil Factor 3 (TFF3), which is one member of the Trefoil family of 

cytokines (6). TFF3 produced from intestinal goblet cells, which are a specialized epithelial cell 

subset. Secreted TFF3 is constitutively released into the gut lumen, but its expression also 

increases following mucosal tissue injury. When the epithelium is intact, TFF3 is spatially 

separated from its signaling receptors, which are thought to be localized on the basolateral side 

of intestinal epithelial cells (IECs). Upon insult to the epithelium, cells are aberrantly shed and a 

break in the epithelial barrier occurs. This breach causes TFF3 to passively cross to the basal 

side of the epithelium and engage its receptors, inducing a tissue reparative response that 

includes (i) the immediate flattening and migration of adjacent cells to fill the gap, (ii) induction of 
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tight junction proteins to re-establish a continuous barrier, and (iii) subsequent induction of 

epithelial proliferation to repopulate the denuded region. The ongoing hypothesis is that this 

existing presence of TFF3 in the lumen allows this process to begin immediately, rather than the 

delay if TFF3 had to be made de novo each time.  

Epithelial homeostasis even at baseline is a highly specialized process that involves the 

balance of continuous cell proliferation and cell death (7). New IECs are derived from crypt 

intestinal stem cells and continue to proliferate as they move up towards the top of the crypt, 

populating the epithelium and maturing as they proceed upwards. Concurrently, at the top of the 

crypt, IECs undergoing apoptosis and being shed, allowing room for new cells to replace them 

and preventing overgrowth of the epithelium, which can lead to adenocarcinomas (8-10). In this 

way, the intestinal epithelium makes a full turnover of its cells every four to five days using a 

distinct balance of proliferation and apoptosis. Of note, there is evidence of changes in this 

balance during HIV infection (3,4,11). A number of groups have shown elevated levels of 

apoptosis in the intestinal epithelium of subjects infected with HIV prior to treatment, either via 

Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL) staining or 

assessment of caspase-3 levels (3,4,11).  

Work from our collaborators demonstrated that viremic individuals also demonstrate 

increased epithelial proliferation (by Ki67 staining), presumably as part of a reparative response 

to the ongoing damage occurring at this stage (11). All ART-treated individuals had elevated 

apoptosis relative to uninfected subjects. Importantly though, when looking in subjects on ART, 

there were discrepancies in epithelial proliferation that coincided with differences in immunologic 

restoration. Individuals with near normal CD4 counts (Immunologic Responders) had elevated 

proliferation, as was seen with viremics. Subjects with incomplete CD4 restoration (Immunologic 

Nonresponders), however, had no such increase in proliferation, suggesting that their repair 

pathways are not as active. 
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We thus hypothesized that epithelial repair mechanisms might be upregulated during 

ART and that the extent of restorative activity might contribute to ongoing disease during 

treatment. We observed that TFF3 was elevated in ART-treated subjects at the transcript level 

in IECs and at the protein level peripherally in plasma. TFF3 also associated with inflammatory 

markers known to contribute to HIV disease progression. Curiously, we found that epithelial 

TFF3 expression was inversely associated with IL-17 production by CD4+ T cells, but studies 

that addressed whether TFF3 modulated human CD4+ T cell polarization to Th17 cells failed to 

show evidence that Th17 polarization was affected. As such, it is likely that TFF3 is involved in 

the process of intestinal epithelial cell repair during ART, but whether TFF3 serves a direct or 

indirect role through modulation of stromal or hematopoietic cell lineages is yet to be 

determined.   
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Results  

TFF3 is elevated in HIV-infected subjects on ART.  

To assess if the levels of TFF3 change with HIV status, we measured TFF3 transcript in IECs 

isolated from rectosigmoid biopsies. Quantitative PCR analysis demonstrated increased TFF3 

expression in ART-treated subjects relative to uninfected and viremic untreated individuals  

 

 

(Figure 1A). Peripheral TFF3 levels, as measured in the plasma, also appeared to be elevated  

in ART-treated individuals, but did not reach statistical significance (Figure 1B). When 

comparing within the ART-treated subgroup, we observed that TFF3 in the whole biopsy was 

lower in subjects with incomplete CD4 restoration (<350) compared to those with near normal 

CD4 counts (>500) (Figure 1C). This was consistent with prior studies that demonstrated 

reduced epithelial proliferation in ART-treated subjects with low CD4 counts (11). Thus it 

appeared that TFF3 was upregulated during ART and could be associated with clinical recovery 

in these subjects.  
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TFF3 correlates positively with inflammatory biomarkers and inversely with IL-17A in ART-

treated individuals.  

To identify how TFF3 could promote disease resolution during ART, we compared TFF3 levels 

to traditional markers of inflammation associated with HIV-infection (12-15). Within ART-treated 

subjects, epithelial TFF3 expression positively associated with the lowest measured (or nadir) 

CD4 count prior to treatment initiation, representative of the severity of HIV disease experienced 

by each subject (Figure 2A). Furthermore, the plasma ratio of kynurenine-to-tryptophan (K/T), a 

readout of Type I IFN activity and predictor of disease progression, correlated with TFF3 in the 

plasma (Figure 2B) (15). This suggested an association between TFF3 and the 

pathophysiology of HIV disease in our subjects. Plasma TFF3 levels were also associated with 

the frequency of CD8+ T cells expressing exhaustion marker programmed cell death protein 1 

(PD1) in both the blood and gut (Figure 2C, 2D). Importantly, PD1 expression on T cells in HIV-

infected subjects has been shown to be associated with the extent of disease progression, as 

measured by viral load and CD4+ T cell count (13). Conversely, TFF3 transcript levels in IECs  
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were negatively associated with gut CD4+ T cell production of the key epithelial support 

cytokine IL-17A (Figure 2E). As such, it was surprising that TFF3, a reparative factor, was 

positively associated with markers of immune dysfunction and negatively associated with an 

epithelial maintenance signal.  

 

TFF3 does not inhibit CD4+ T cell polarization towards IL-17 production.  

Given that TFF3 and IL-17 are both known to be mechanisms of support for the intestinal 

epithelium and that the relative lack of IL-17 is thought to be critical for HIV disease progression, 

we sought to clarify whether the negative association between the two indicated TFF3-mediated 

inhibition of IL-17 levels (6,16,17). While the specific receptor for TFF3 has not been 

determined, it is known to be able to signal through the epidermal growth factor receptor 

(EGFR), which is constitutively expressed and known to be present on T cells (18-21). Thus, 

TFF3 may be capable of receptor-mediated signaling in T cells. To test the relationship of TFF3  
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and IL-17, we isolated naïve CD4+ T cells from human cord blood or adult peripheral blood and 

cultured them in Th17-polarizing conditions in the presence or absence of recombinant TFF3 for 

six days.  Over three doses of TFF3, there was no effect on IL-17A or IL-22 production by CD4+ 

T cells in either cord blood or PBMCs (Figure 3A). This suggested that TFF3 did not have a 

direct inhibitory role on the propensity for CD4+ T cells to polarize into Th17 cells and the 

inverse relationship is likely mediated by other, perhaps indirect, mechanisms.  

 

Epithelial TFF3 is associated with gut IFNɣ levels and markers of epithelial function. 

We thus sought to identify other parameters related to TFF3 that might explain the nature of the 

associations between TFF3 and the above measurements in our cohort. Interestingly, we  

observed that epithelial TFF3 expression positively correlated to whole biopsy transcript levels 
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of IFNγ within ART-treated subjects (Figure 4A). Furthermore, comparison of TFF3 and 

markers of epithelial function revealed an inverse correlation between IEC levels of TFF3 and 

epithelial expression of tight junction gene TJP1 (Figure 4B) and mucin gene MUC13 (Figure 

4C), suggesting important regulation of barrier function by TFF3 within ART-treated patients. 
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Discussion  

While the work presented in this chapter presents interesting relationships that suggest an 

important role of TFF3, it does not explain the mechanistic basis for TFF3 modulation of 

epithelial barrier function. The data do, however, implicate TFF3 as serving an important role in 

HIV infection and necessitates further study of these relationships with hopes of identifying a 

mechanism by which TFF3 modulates intestinal health in the context of HIV disease and 

treatment.  

 

Hypothesized IFNγ-Mediated Induction of TFF3  

The work in this chapter identified that epithelial TFF3 correlated positively with gut transcript 

levels of IFNγ and inversely with TJP1 and MUC13. At first glance this might suggest that TFF3 

has a detrimental effect on the epithelial barrier, causing the upregulation of inflammatory 

cytokines and inhibiting the expression of barrier components. However, work described in 

Chapter I demonstrated that IFNγ is likely central to causing HIV-associated intestinal epithelial 

dysfunction and specifically showed that this cytokine inhibited the expression specifically of 

TJP1 and MUC13 genes, thus implying that perhaps the effect of TFF3 we are observing is 

mediated by IFNγ. As such, we speculate that rather than TFF3 having a negative effect on the 

epithelium, the correlations established in this chapter potentially capture a snapshot in which 

IFNγ may be inducing TFF3 in an effort to compensate for ongoing inflammation and prevent 

damage. If this were true, high levels of IFNγ would coincide with high levels of TFF3 as well as 

with low levels of epithelial function markers as we observe, due to the fact that IFNγ itself 

inhibits the expression of this latter category of genes.  

 This hypothesis would need to be tested mechanistically, first and foremost to identify if 

IFNγ treatment directly induces TFF3 in IECs. The organoid cultures used in Chapter I would be 

of great utility here as we could similarly test the effect of IFNγ on intestinal epithelial cells while 
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eliminating any confounding effects from other cellular subpopulations. If IFNγ was observed to 

induce TFF3, it would be critical to test the longer term effect of IFNγ signaling in IECs to 

properly determine whether or not it functioned as a reparative response. Given that IFNγ 

damages the epithelium by inhibiting its functional components and causing cell death, it is likely 

that epithelial function genes will not immediately be induced upon stimulation with this cytokine. 

Rather, there is potential for the barrier re-establishment to be delayed in terms of the kinetics of 

their induction, as they may be dependent first on the production of TFF3. Parsing out how 

these various components interact will be critical to expand knowledge beyond the current 

correlative results presented here.  

 

Potential Immunomodulatory Roles of TFF3  

The reparative and mitogenic effects of TFF3 on epithelial cells has been well established and 

our discussion above suggests additional avenues to be explored that might help clarify how 

TFF3 functions in the context of HIV infection and treatment (6). In addition to this, our findings 

in this chapter also suggest the possibility that TFF3 might also be capable of regulating the 

immune system and feeding back on epithelial function through indirect mechanisms. Further 

work in the identification of a bona-fide TFF3 receptor will greatly aid in distinguishing these 

possibilities.  

 We demonstrated that intestinal expression levels of TFF3 and IL-17 were inversely 

correlated with each other, but in vitro experiments revealed that TFF3 did not alter the capacity 

of naïve CD4 T cells to polarize towards a Th17 phenotype. This data is interpreted to indicate 

that while TFF3 is unlikely to have an inhibitory effect on IL-17 production, it does not entirely 

preclude such a role. For example, to further investigate this relationship, it needs to be 

identified whether TFF3 inhibits the production of IL-17 by fully differentiated Th17 cells. 

Furthermore, because a correlation does not indicate directionality of a relationship, the 
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possibility that the reverse is true, or that IL-17 suppresses TFF3 expression, also needs to be 

examined. Given that IL-17 and TFF3 are both support signals for epithelial function, it would be 

more surprising if they were to negate each other in some way (6,22). Thus, we propose that 

this relationship might not be a direct interaction but rather is mediated by some other pathway 

that interacts with both of these mechanisms.  

 The association to PD1 expression was particularly interesting as it further suggested a 

potential interaction between TFF3 and various stages of T cell activation. Considering the role 

of TFF3 as a reparative factor, we hypothesize that, similar to IFNγ, TFF3 may counteract 

ongoing inflammation during ART and thus demonstrates a positive relationship to PD1.  This 

could occur either as inflammation driving TFF3 to protect the epithelium or, alternatively, could 

be representative of TFF3 modulating the immune response and both avenues should be 

explored. The work proposed above regarding IFNγ begins to address the first of these 

possibilities, as IFNγ is a hallmark of activated T cells (23). Considering the alternative 

mechanism, PD1 marks exhausted T cells that become unresponsive to antigenic stimuli, due to 

prolonged stimulation, and no longer able to mount the appropriate immune response. Thus, 

exhaustion is a hallmark of high levels of T cell activation. As such, assessing the various 

phases of T cell activation in the presence of TFF3 will be of interest. For example, it will be 

important to address if TFF3 alters the propensity of a T cell to develop into an effector or 

memory phenotype after activation. Furthermore, does TFF3 presence change the proliferative 

capacity in response to inflammatory stimuli? Given its role in epithelial proliferation, this seems 

like an alluring possibility. Lastly, and mostly closely related to the correlations found in this 

chapter, future assessment of whether the presence of TFF3 alters the time to acquisition of an 

exhausted phenotype in T cells after activation will be important. A finding that TFF3 has a role 

in any or all of these T cell functions could have important implications for modulation of the 

immune response during treated HIV disease and consequently on intestinal homeostasis. 
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Materials & Methods 

Subject recruitment & clinical sampling 

HIV-infected individuals and controls were recruited and consented from the SCOPE cohort at 

UCSF for sigmoidoscopy and collecting relevant gastrointestinal biopsy samples for research 

purposes. HIV negative controls, HIV viremic untreated, and individuals suppressed with ART 

were recruited from this cohort. The ART group included HIV-infected patients maintaining 

undetectable viral loads (<40 copies/mL) on stable ART for at least one year and spanned a full 

spectrum of peripheral blood CD4+ T cell recovery, ranging from 220 to 1107 CD4+ T cells per 

ml of blood. Prior to their procedure, study participants underwent a blood draw and received a 

Fleet enema. Consenting subjects underwent flexible sigmoidoscopy with rectal biopsies 

obtained at 10-20cm above the anus using jumbo forceps. Twenty biopsies were placed 

immediately in 15 ml of RPMI 1640 with 10% fetal calf serum, with piperacillin–tazobactam (500 

μg/ml), and amphotericin B (1.25 μg/ml), and transported within one hour to the Division of 

Experimental Medicine at UCSF, where they were processed the same day. Freshly drawn 

blood was also transferred to the AIDS Specimen Bank, where plasma was isolated and stored. 

The study was approved by the institutional review board at UCSF (IRB #: 10-01218) and all 

subjects provided written informed consent. 

 

Cell isolation & processing from primary tissue 

Cells of interest were isolated from rectosigmoid biopsies in two sequential 

ethylenediaminetetraacetic acid (EDTA) (Corning, Fremont, CA) and collagenase (Type II from 

Clostridium histolyticum, Sigma-Aldrich, St. Louis, MO) treatment steps. Briefly, biopsies were 

washed with phosphate buffered saline (PBS) (Corning) and then incubated in 8 mM EDTA (in 

Hank’s Buffered Saline Solution) (HyClone, Logan, UT) on a shaker for one hour at 37°C. After 

vortexing, supernatant was filtered using a 70 µM mesh filter and centrifuged to obtain the IEC 
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fraction. Remaining tissue was washed with PBS with 2% FBS and subsequently incubated in 1 

mg/ml collagenase in Complete RPMI (RPMI-10 media supplemented with penicillin-

streptomycin, L-glutamine, and FBS) for one hour at 37°C on a shaker. Peripheral blood 

lymphocytes were obtained from whole blood by density centrifugation using Histopaque-1077 

(Sigma-Aldrich) and washed in Complete RPMI. 

 

Cord blood obtainment & processing  

De-identified cord blood samples were received under an established Material Transfer 

Agreement from Dr. Elisabeth Schpall at the MD Anderson Cancer Center (University of Texas, 

Houston, TX). Lymphocytes were isolated from whole blood by density centrifugation using 

Histopaque-1077 (Sigma-Aldrich), incubated in Ammonium-Chloride-Potassium (ACK) Lysing 

Buffer to disrupt red blood cells, and washed in Complete RPMI. 

 

RNA isolation & quantitative PCR 

IEC isolates were lysed in Trizol (Thermofisher Scientific, South San Francisco, CA) and RNA 

was extracted using a phenol-chloroform extraction 24. RNA Clean & Concentrator 5 (IC) 

columns (Zymo Research, Tustin, CA) were used to clean RNA preps. Whole tissue RNA was 

isolated using an All Prep RNA Isolation Kit (Qiagen, Hilden, Germany). RNA concentration of 

all samples was measured on a Nanodrop 1000 Spectrophotometer (ThermoFisher Scientific).  

 

Epithelial expression of TFF3 was determined by qPCR on RNA obtained from EDTA-isolates 

using a Taqman Gene Expression Assay and normalizing to expression of housekeeping gene 

ACTB. Whole biopsy TFF3 transcript levels were determined using custom designed SYBR-

based probes (Integrated DNA Technologies, Coralville, IA). Transcript levels of IFNG in the gut 

was assessed by qPCR using a Taqman Gene Expression Assay (Thermofisher Scientific). 

Expression for TFF3 or IFNG was normalized to housekeeping genes HPRT or ACTB, 
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respectively. Fold-change was calculated for each subject relative to the average of all 

uninfected controls.  

 

Measurement of Soluble TFF3 Levels in Plasma 

Plasma levels of TFF3 were determined according to manufacturer’s specifications using a 

Quantikine ELISA (R&D Systems, Minneapolis, MN).  

 

Measurements of plasma markers of inflammation 

Concentrations of kynurenine and tryptophan in the plasma were measured by high-

performance liquid chromatography–tandem mass spectrometry, as previously described (25).   

 

Phenotypic analysis of lymphocytes 

Freshly isolated lymphocytes from blood and gut were stained with Aqua amine reactive dye for 

viability (Thermofisher Scientific), CD45 (Clone HI30, Alexa 700 Conjugated, Thermofisher 

Scientific), CD3 (Clone UCHT1, V450 Conjugated, BD Biosciences, San Jose, CA) , CD4 

(Clone S3.5, PE-Texas Red Conjugated, Thermofisher Scientific), CD8 (Clone 3B5, Qdot 605 

Conjugated, Thermofisher Scientific), CD38 (Clone HB7, PE Conjugated, BD Biosciences), and 

HLA-DR (Clone L243, FITC Conjugated, BD Biosciences) for 30 minutes at 4°C, and washed in 

PBS with 2% FBS. Samples were acquired on a BD LSRII flow cytometer (BD Biosciences) and 

analyzed using FlowJo software (FlowJo, LLC, Ashland, OR). 

 

In Vitro Th17 Polarization & Cytokine Detection 

Naïve CD4+ T cells were isolated from lymphocytes obtained from either cord blood or adult 

peripheral blood by magnetic-bead-based sorting using an EasySep Naïve CD4+ T Cell 

Enrichment Kit (STEMCELL Technologies, Cambridge, MA).  Tissue culture plates were coated 

with three clones of anti-CD3 antibodies (Clone OKT3, eBioscience, San Diego, CA; Clone 
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SP34-2, BD Biosciences; Clone HIT3a, BD Biosciences) prior to addition of cells. Once plated, 

cells were stimulated with media containing anti-CD28 antibodies (eBioscience, Clone CD28.2) 

as well as a cocktail of recombinant cytokines designed for Th17 polarization, which included IL-

1β, IL-6, IL-21, IL-23, and TGFβ (Tonbo Biosciences, San Diego, CA). Antibodies against IFNγ 

(R&D Systems, Minneapolis, MN) and IL-4 (BD Biosciences) were included to block polarization 

towards Th1 or Th2 conditions respectively. For conditions treated with TFF3, recombinant 

TFF3 (Peprotech, Rocky Hill, NJ) was also included in this cocktail at either 25, 50, or 100 

ng/ml. Polarization cultures were incubated at 37°C for six days, with replacement of media 

every two days. On the sixth day, cultures were stimulated with 10 ng/ml phorbol 12-myristate 

13-acetate (PMA) (Sigma-Adlrich) and 1 µg/ml ionomycin (Sigma-Aldrich) at 37°C for five hours 

in the presence of BD GolgiPlug Protein Transport Inhibitor (BD Biosciences). Stimulated cells 

were surface stained for CD45 (Clone H130, PerCPCy5.5 Conjugated, Biolegend, San Diego, 

CA), CD3 (Clone SP34-2, Pacific Blue Conjugated, BD Biosciences), CD4 (Clone L200, Brilliant 

Violet 605 Conjugated, BD Biosciences), and CD8 (Clone 3B5, Qdot 705 Conjugated, 

Thermofisher Scientific) for 30 minutes at 4°C, fixed in 4% PFA, and then permeabilized in 

Perm/Wash Buffer (BD Biosciences) according to manufacturer’s instructions. Permeabilized 

cells were stained intracellularly with antibodies against IL-17A (Clone eBio64DEC17,FITC 

Conjugated, eBioscience), IL-22 (Clone 142928, PE Conjugated, R&D Systems) and IFNγ 

(Clone B27, Alexa 700 Conjugated, BD Biosciences) and washed in PBS with 2% FBS. 

Samples were acquired on a BD LSRII flow cytometer (BD Biosciences) and analyzed using 

FlowJo software (FlowJo, LLC, Ashland, OR). 

 

RNAseq & Expression Estimation 

Total RNA (2 ng) from IEC isolates and from whole rectosigmoid biopsies were converted to 

pre-amplified cDNA using template-switching reverse transcription via the SMARTer Ultra-Low 
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RNA Input Kit (Clontech, Mountain View, CA), with modified procedures for low input (Fluidigm, 

South San Francisco, CA) (26,27). Pre-amplified cDNA libraries were quantified by Quanti-IT 

PicoGreen dsDNA assay (ThermoFisher Scientific) and normalized to 0.15 ng/ml for input into 

fragmentation reactions. Fragmentation was performed enzymatically using a Nextera XT DNA 

kit with indexing primers (Illumina, San Diego, CA). All 50 samples were normalized and 

multiplexed into a single library. The compiled library was purified by a double-sided bead-

based size-selection method using Agencourt AMPure XP beads (Beckman Coulter Genomics, 

Danvers, MA). A fragment size distribution of 200-500 base pairs for the library was confirmed 

by running a High Sensitivity dsDNA assay on a Bioanalyzer 2100 (Agilent Technologies, Santa 

Clara, CA). Quality-controlled library was sequenced as 50-base single end reads on a HiSeq 

4000 in rapid-output mode at the UCSF Center for Advanced Technology (San Francisco, CA).  

Sequence reads were aligned to the human genome (GRCh37) using STAR (28), and gene 

expression estimation was performed with RSEM (29). All data are available in the NCBI Gene 

Expression Omnibus under accession GSE81198. 

 

Statistical Analyses 

Two-sided Mann-Whitney tests were performed in Prism Version 6 (GraphPad, La Jolla, CA) 

(www.graphpad.com/scientific-software/prism/). Spearman correlations and associations were 

generated using R software (www.r-project.org) with general data analysis (https://cran.r-

project.org/package=Hmisc) and statistical calculation packages.   
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The work completed in this dissertation expands upon previous work on intestinal epithelial 

dysfunction during HIV infection and advances our understanding of how this dysfunction may 

develop. Furthermore, we have been able to identify aspects of epithelial biology that may 

promote intestinal recovery during ART and could potentially be taken advantage of to promote 

intestinal homeostasis in these chronically infected individuals. These findings warrant further 

study and provide additional points for investigation.   

 

The Importance of Inflammatory Control in Epithelial Cells 

Chapter I identified A20, a key protein involved in the control of NFκB signaling, as being an 

important factor in determining the health status of the intestinal epithelium during both viremic 

HIV and ART treatment. Prior work on epithelial dysfunction in HIV determined that tight 

junctions are reduced and epithelial cell death is elevated, presumably leading to increased 

barrier permeability (1-3). Our work demonstrates that A20 may be critical in mediating these 

effects.  

A20 presence was critical in protecting IECs from the damaging effects of 

proinflammatory IFNγ. This included preventing downregulation of tight junctions, mucins, and 

antimicrobial peptides, all of which are critical for maintaining an optimal barrier. Importantly, we 

demonstrated that IFNα suppressed A20 expression in organoids. Both of these cytokines also 

induced cell death in organoid cultures. Our targeted assessment of these cytokines in the 

context of A20 downregulation recapitulated each of the components of a dysfunctional barrier 

that have been observed across multiple studies in clinical subjects (1-3). As such, we believe 

that regulation of A20, and control of inflammation within IECs, is central to the mechanism of 

epithelial dysfunction during HIV disease.  

How this is important in the context of ART and how it determines patient health status is 

of greatest importance. Our findings in Chapter I show that not only is A20 associated with 
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expression of barrier proteins in ART-treated subjects but also that it prevents the expression of 

inflammatory genes by IL-17. This latter point is key as IL-17 levels elevate back to normal in 

ART-treated individuals. Given that many markers of inflammation (e.g., IFNα, IFNγ, CD8 

activation) persist during ART, limiting inflammation where possible is of utmost importance. 

Furthermore, IL-17 is an integral support cytokine for intestinal epithelial function, and selective 

control of its inflammatory aspects by A20 would be a very strategic mechanism of regulation.  

 

Therapeutic Modulation of A20 in HIV Disease 

Our work in Chapter I warrants exploration of A20 as a pathway to target therapeutically in the 

context of HIV infection. Our findings suggest that approaches to increase the expression of 

A20 would be beneficial in both untreated and treated HIV disease. During viremia, bolstering 

A20 might limit the severity of disease while in ART subjects, enhancing A20 levels individual 

with high levels of residual inflammation could promote barrier function and intestinal recovery. 

One way in which this could be done is to target pathways that induce A20 expression. The 

factors driving A20 expression during ART remain unknown. Previously published experiments 

in fibroblasts indicated that IL-17 can induce the expression of A20 (4). We thus hypothesized 

that the return of IL-17 might drive A20 during ART; however, preliminary experiments showed 

no change in A20 levels after IL-17 stimulation (data not shown). We postulate that, instead, it 

may be the relative resolution of suppressive cytokines (e.g., IFNα) and residual levels of 

inflammatory drivers of A20 present during ART (e.g., TNF, IL-1β) that result in increased 

overall levels of A20 in this subgroup.  Because the regulation of A20 expression is complicated, 

and often driven by inflammation itself, there could be a number of caveats to this strategy. An 

alternative to this is to block pathways inhibiting A20 expression in epithelial cells (e.g., IFNα), 

consequently driving the expression of A20 up. In this way, we suggest that A20 should be 

explored further in an effort to aid the clinical improvement of individuals on ART.  
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Broader Implications of A20 for Diseases with Intestinal Manifestations   

Our data from Chapter I are consistent with an indirect, rather than direct, effect of HIV on 

epithelial function. Our results indicate that much of the dysfunction that has previously been 

found is primarily caused through cytokines induced by the immune response to HIV infection. 

This is in line with the lack of evidence of HIV-infected epithelial cells in vivo. As such, our 

findings likely have implications for other disease states characterized by intestinal 

inflammation. This is supported by the findings that the A20 gene is a susceptibility locus for IBD 

and other autoimmune conditions (5).  

IBD is characterized by high IL-17 and TNF (6,7). While anti-TNF therapy is widely used 

in the treatment of IBD, inhibitors targeting IL-17 pathways (e.g., secukinumab) have been 

shown to be ineffective at curbing inflammation and have led to adverse events (8-10). Notably, 

in our HIV cohort as well, IL-17 did not directly associate with markers of epithelial function as 

initially expected, however A20 and other related genes did. It is thus possible that the cytokines 

themselves are less critical in driving the disease phenotype, but rather that A20 plays a key 

modulatory role. In this way, we believe our findings could be relevant to a greater category of 

intestinal disease and should be explored as such.  

 

The Induction of Repair Pathways during Treated HIV Disease 

In Chapter II, we determined that reparative factor TFF3 was upregulated in ART-treated 

subjects. This is likely indicative of a specific effort to repair the intestinal epithelium after the 

experience of high levels of inflammation during ART, which we demonstrated in Chapter I as 

driving epithelial damage. Curiously, TFF3 levels in IECs associated positively with multiple 

readouts of inflammation and immune activation, including IFNγ, and inversely with tight junction 

and mucin expression. Our findings in Chapter I revealed that A20 protects from IFNγ-mediated 



	67	

inhibition of tight junction and mucin genes, including the two genes (TJP1, MUC13) we found to 

be related TFF3. Combining these data with the fact that anti-inflammatory A20 is itself induced 

by inflammation, we expect that these positive associations reflect a similar type of regulation 

for TFF3, whereby inflammation causes induction of repair responses (4,11-17).  As such, we 

expect that further investigation of TFF3 in the context of chronic inflammation. 

 

Precedence for Epithelial-Derived Factors Modulating the Immune Response 

The associations in Chapter II also led us to hypothesize that perhaps TFF3 has a role in 

modulating immune cell phenotypes and/or their function. While our experiments with IL-17 

producing cells did not yield clear relationships, the correlations found to other aspects of T cell 

function suggest potential ways in which TFF3 can be immunomodulatory and should be 

addressed as proposed.  

 It is important to note that there is evidence of epithelial-derived factors playing a key 

role in coordination of the immune response. Thymic stromal lymphopoietin (TSLP) is a 

secreted factor that is produced primarily by epithelial cells at barrier surfaces (including in the 

intestine) and has been shown to drive the differentiation and maintenance of T helper Type 2 

(Th2) CD4+ cells 1819. Furthermore, previous work has demonstrated that TSLP, via the 

promotion of a Th2 response, is critical for anti-helminthic immunity. Importantly, Th2-related 

cytokines IL-4 and IL-13 can directly induce TFF3 and thus TFF3 is thought to be involved in the 

control of helminthic parasites as well, likely through its regulation of goblet cell function and the 

critical nature of goblet-cell-produced mucus in anti-parasite immune responses (20-22).  

Our work here proposes that TFF3 may be important in the context of HIV infection, 

which is primarily driven by a Th1 response and relative lack of Th17. Further study will be 

necessary to determine if TFF3 is capable of having a similar role in differentiation and/or 

maintenance of Th1 or Th17 cells the way TSLP does for the Th2 subpopulation.  
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Potential of a Therapeutic Application for TFF3 

While our data on the role of TFF3 in treated HIV disease is limited, we believe this work sets up 

a number of important avenues that should be expanded upon in the future. To our knowledge, 

this is the first investigation of epithelial repair pathways in the context of HIV disease. 

Understanding how repair pathways are altered in and how these changes are regulated in HIV 

or other conditions of chronic inflammation are altered and how they are regulated will be of 

great significance if improving intestinal health in patients with residual inflammation is the 

ultimate goal.  

Studies investigating exogenous TFF3 administration to treat gastrointestinal damage 

have been done with success, primarily in small animal models (23-25). Should it turn out that 

TFF3 is important in promoting epithelial function during treated HIV infection, this precedence 

as a therapeutic strategy will be an important foundation to build upon. The importance of TFF3 

in epithelial restitution highlights the significance of pursuing the work outlined here and 

warrants further investigation of the role of TFF3 in diseases characterized by intestinal 

inflammation. 

 

Overall, the work in this thesis highlights the importance of intestinal epithelial-specific pathways 

in the context of HIV infection, and more broadly in scenarios of chronic inflammation. Our 

findings demonstrate that modulation of anti-inflammatory and/or (TFF3) pathways specifically 

in epithelial cells has significant implications for whether or not intestinal homeostasis can be 

established. Further work will help clarify the role of these pathways in epithelial dysfunction and 

will elucidate whether targeting them therapeutically will be effective in optimizing intestinal 

health in a clinical setting. 
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