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Granzyme B+ CD4 T cells accumulate in the colon during chronic HIV-1 infection
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ABSTRACT
Chronic HIV-1 infection results in the sustained disruption of gut homeostasis culminating in 
alterations in microbial communities (dysbiosis) and increased microbial translocation. Major 
questions remain on how interactions between translocating microbes and gut immune cells 
impact HIV-1-associated gut pathogenesis. We previously reported that in vitro exposure of 
human gut cells to enteric commensal bacteria upregulated the serine protease and cytotoxic 
marker Granzyme B (GZB) in CD4 T cells, and GZB expression was further increased in HIV-1-infected 
CD4 T cells. To determine if these in vitro findings extend in vivo, we evaluated the frequencies of 
GZB+ CD4 T cells in colon biopsies and peripheral blood of untreated, chronically infected people 
with HIV-1 (PWH). Colon and blood GZB+ CD4 T cells were found at significantly higher frequencies 
in PWH. Colon, but not blood, GZB+ CD4 T cell frequencies were associated with gut and systemic 
T cell activation and Prevotella species abundance. In vitro, commensal bacteria upregulated GZB 
more readily in gut versus blood or tonsil-derived CD4 T cells, particularly in inflammatory T helper 
17 cells. Bacteria-induced GZB expression in gut CD4 T cells required the presence of accessory cells, 
the IL-2 pathway and in part, MHC Class II. Overall, we demonstrate that GZB+ CD4 T cells are 
prevalent in the colon during chronic HIV-1 infection and may emerge following interactions with 
translocated bacteria in an IL-2 and MHC Class II-dependent manner. Associations between GZB+ 

CD4 T cells, dysbiosis and T cell activation suggest that GZB+ CD4 T cells may contribute to gut HIV- 
1 pathogenesis.
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Introduction

Chronic immune activation and inflammation are 
major pathogenic features of HIV-1 infection. 
These features have been linked to the sustained 
disruption of intestinal mucosal homeostasis which 
persists even in the presence of effective viral sup-
pression with antiretroviral therapy (ART).1,2 Early 
in infection, HIV-1 replicates to high levels in 
intestinal CD4 T cells, resulting in the massive 
depletion of T helper (Th) 17 and Th22 subsets 
that play critical roles in maintaining intestinal 
homeostasis.3 Disruption of gut homeostasis leads 
to mucosal inflammation and epithelial barrier 
damage, culminating in increased microbial trans-
location of enteric bacteria and their inflammatory 
products into the underlying tissue and systemic 
circulation.4 Furthermore, numerous studies, 
including our own, have demonstrated an altered 
intestinal microbiome (dysbiosis) among people 

with HIV-1 (PWH), with dysbiotic profiles corre-
lating with local and systemic immune activation, 
inflammation and microbial translocation 
(reviewed in5), metabolic syndrome,6 and various 
inflammation-associated comorbidities.7

To understand the crosstalk between translocat-
ing dysbiotic enteric bacteria and the human gut 
immune system, we and others have utilized cell 
culture models with primary human intestinal 
lamina propria mononuclear cells (LPMC). Data 
obtained from these ex vivo models highlighted 
that enteric pathogenic and commensal bacteria- 
reactive CD4 T cells are normal components of 
the gut CD4 T cell repertoire.8–11 Furthermore, 
commensal enteric bacteria, including species of 
Gram-negative bacteria that are increased in abun-
dance in PWH, drive LP CD4 T cell activation and 
proliferation and increase productive HIV infection 
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and CD4 T cell death in vitro.9,12–14 To probe path-
ways that may be involved in gut mucosal HIV-1 
pathogenesis, we recently performed unbiased 
transcriptomics to profile LP CD4 T cell gene 
expression following in vitro exposure to enteric 
commensal Prevotella stercorea in the presence or 
absence of experimental HIV-1 infection.15 We 
observed that exposure of LPMC to enteric bacteria 
induced significant Granzyme A (GZA) and GZB 
expression in gut CD4 T cells, and the expression of 
these granzymes was further enhanced in the pre-
sence of replicating HIV-1. Granzymes are serine 
proteases, best known as markers of cytotoxic 
CD8  T cells and natural killer cells, and are not 
commonly associated with the ‘helper’ function of 
CD4 T cells. Mechanistically, granzymes initiate 
apoptosis and cell death in target cells in conjunc-
tion with perforin-mediated trafficking.16 In addi-
tion, granzymes could promote inflammatory 
cytokine release, potentiate cytokine responses 
initiated by bacterial lipopolysaccharide (LPS) or 
Gram-negative bacteria, promote extracellular 
matrix remodeling, and directly kill bacteria.17–20 

Thus, our in vitro observations suggested that 
translocating dysbiotic bacteria in PWH could 
lead to high expression of GZB in gut CD4 
T cells. Induction of these potentially highly inflam-
matory cells may then contribute to gut-associated 
HIV-1-pathogenesis.

Several studies have detailed the emergence of 
CD4 T cells with cytolytic activity and HIV-1-spe-
cificity in the blood during HIV infection.21–33 

Frequencies of cytotoxic CD4 T cells (CD4 CTLs), 
variably identified by granzyme type (i.e. GZA, 
GZB, GZK) and co-expression of other cytolytic 
molecules such as perforin and/or degranulation 
molecules (e.g. CD107a), increased early during 
HIV-1 infection. CD4 CTLs were present through-
out disease, remained detectable in the presence of 
ART and had cytolytic activity against HIV- 
1-infected cells. GZA-expressing blood CD4 T cell 
frequencies were linked to lower viral set point, 
suggesting a host-protective role.23,30 Notably, 
lymph nodes of PWH with or without ART con-
tained few CD4 CTLs, contrasting with the higher 
frequencies observed in blood.33 This finding sug-
gested that CD4 CTL-mediated control of HIV-1 
may be compartmentalized in vivo. However, few 
studies have directly investigated the presence of 

CD4 CTLs in human gut tissue from either PWH 
or uninfected persons. A CD4 CTL phenotype was 
induced in blood CCR5+ Th1 and Th17 cells in -
vitro34 suggesting a similar phenotype may be 
observed in the gut given the preponderance of 
these Th subsets in this tissue site. One study 
showed that nonhuman primate species that sup-
port pathogenic SIV infection (uninfected rhesus 
and pigtail macaques) harbored more GZB+ CD4 
T cells in the colon compared to nonpathogenic 
SIV hosts (uninfected sooty mangabeys and 
African green monkeys).35 The authors postulated 
that GZB release from CD4 T cells may be 
a contributing factor to epithelial barrier disruption 
and contribute to SIV pathogenesis, but the impact 
of SIV infection on these cells was not investigated.

Dysbiotic microbiome profiles in PWH have 
been linked to mucosal and systemic inflammation 
and microbial translocation,36 and GZB expression 
in both uninfected and HIV-1-infected LP CD4 
T cells was driven by exposure to commensal bac-
teria in vitro.15 Thus, we hypothesized that GZB 
expression in gut CD4 T cells of PWH would be 
elevated and linked to dysbiosis and to local and 
systemic features of HIV-1 pathogenesis. To test 
this hypothesis, we evaluated the frequencies of 
GZB+ CD4 T cells in archived colonic biopsies 
from untreated PWH and uninfected controls 
from a completed clinical study36,37 and explored 
in vivo relationships with markers of mucosal and 
systemic inflammation. To determine if GZB 
expression was specific to gut CD4 T cells, we 
similarly evaluated GZB expression in study 
participant-matched blood CD4 T cells. To probe 
potential pathways linking induction of GZB- 
expressing cells to translocating enteric commensal 
bacteria, we used a human LPMC in vitro model38 

to gain mechanistic insights on how commensal 
bacteria upregulated GZB in human gut CD4 
T cells.

Results

Clinical study participant characteristics and study 
design

GZB-expressing CD4 T cells were quantified in 
archived, formalin-fixed, paraffin-embedded 
(FFPE) colon LP tissue sections obtained from 

e2045852-2 S. M. DILLON ET AL.



chronically infected PWH (N = 10) and uninfected 
controls (N = 10) by immunofluorescence. PWH 
were ART-naive or had not been on treatment for 
>7 days in the preceding 6 months (see 
Supplementary Methods for additional inclusion/ 
exclusion details). The study participants were 
selected from a larger, previously completed clinical 
study that included 17 PWH and 14 uninfected 
controls with previously acquired colonic mucosa- 
associated bacterial microbiome datasets.36,37 Data 
on systemic and colonic indicators of inflammation 
and immune activation were also previously com-
piled for these cohorts.36,37 PWH were retrospec-
tively selected for this current study based on blood 
CD4 counts ≥400 cells/μl to enrich for participants 
with an adequate number of colon CD4 T cells and 
permit accurate histological enumeration of GZB+ 

cells. To address our hypothesis that GZB expres-
sion would be linked to dysbiosis and to local and 
systemic features of HIV-1 pathogenesis, the final 
cohort of PWH was then selected based on the 
highest ranking of the following features of HIV-1 

pathogenesis: (1) colonic tissue HIV-1 RNA levels 
(HIV-1 replication), (2) systemic IL-6 levels 
(inflammation) and (3) systemic LPS levels (micro-
bial translocation). Uninfected controls with blood 
CD4 counts ≥400 cells/μL were selected to balance 
both age and sex of the PWH cohort. Study parti-
cipant characteristics are detailed in Table S1. Due 
to downregulation of CD4 by HIV-1,39 CD4 T cells 
were identified as CD3+CD8neg T cells (Figure 1a).

Frequencies of LP GZB-expressing CD4 T cells are 
increased in colons of untreated, 
chronically-infected PWH

LP GZB+ CD4 T cells were present at low frequen-
cies in the absence of HIV-1 infection (controls: 
median 1.8% of CD4 T cells, range: 0.37–3.0; 
Figure 1b). In contrast, LP GZB+ CD4 T cells 
were readily detected at significantly higher fre-
quencies in PWH versus controls, both as 
a fraction of total CD4 T cells (PWH: 9.8%, 3.6– 
22.3; P < .001) (Figure 1b) and per area of LP tissue 
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Figure 1. People with HIV have higher frequencies of colonic Granzyme B-expressing lamina propria CD4 T cells versus 
controls. Colonic formalin-fixed paraffin-embedded (FFPE) tissue sections were obtained from uninfected controls (N = 10) and from 
people with HIV (PWH; N = 10) who were not receiving anti-retroviral therapy and frequencies of lamina propria (LP) granzyme B (GZB)- 
expressing T cells evaluated using immunofluorescence microscopy. (a) Representative colonic tissue section from a PWH stained with 
CD3 (white; top left panel), CD8 (green; top right panel), GZB (red; bottom left panel) and DAPI (blue). Due to down-regulation of CD4 
by HIV,39 CD4 T cells were identified as CD8neg. The yellow arrow highlights the same cell identified as CD3+ CD8− GZB+ (red) and 
merged (bottom right panel). Images are shown as 40x and a scale bar indicated. (b) Percentages and (c) number of GZB+ colonic LP 
CD4 (CD8−) T cells and (d) percentages and (e) number of colonic LP total CD4 (CD8−) T cells in controls (circles) and PWH (squares). 
Lines indicate median values. Statistical analysis: two-sample Mann-Whitney U tests.
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(PWH: 39/mm2, 16–104; Controls: 17/mm2, 6–33; 
P = .005) (Figure 1c). As expected, percentages of 
LP CD4 T cells as a fraction of total LP CD3+ 

T cells, and as the number of CD4 T cells per area 
of LP tissue, were significantly lower in PWH con-
sistent with gut CD4 T cell depletion3 (PWH: 
17.7%, 12.5–25.7 versus Controls: 72.7%, 62.2– 
82.7, P < .001; PWH: 400/mm2, 226–622 versus 
Controls: 930/mm2, 517–1090, P < .001) 
(Figure 1d, e).

γδ T cells can express GZB as well as CD4 and 
CD8, and small populations of γδ T cells have been 
reported in human gut LP.40–42 Therefore, to con-
firm that LP GZB+ CD8neg T cells measured in our 
study did not reflect γδ T cells, we performed 
a histological analysis of LP GZB+ γδ cells in 
a subset of study participants (N = 3 per group) 
using the same staining panel (CD3, CD8, GZB) 
and included an antibody directed against γδ T Cell 
Receptor (TCR). LP γδ TCR+ cells constituted 
a small fraction of total CD3+ T cells in both con-
trols (mean ± SEM: 3.7 ± 1.1%) and PWH 
(2.7 ± 0.3%); the majority of LP γδ TCR+ cells did 
not express CD8 (controls: 78.8 ± 6.8%; PWH: 
61.9 ± 7.5%) (Figure S1). Of these CD8neg γδ 
TCR+ cells, less than 5% expressed GZB in both 
controls (3.7 ± 0.8%) and PWH (4.8 ± 0.5%). 
Importantly, LP GZB+ CD8neg γδ TCR+ cells only 
accounted for a small fraction of total GZB+ CD8neg 

T cells in both controls (10.9 ± 3.9%) and PWH 
(7.9 ± 4.6%). Thus, the majority of the accumulated 
GZB CD8neg T cells in PWH were likely canonical 
CD4 T cells.

Frequencies of LP GZB-expressing CD4 T cells 
associate with systemic and colonic T cell activation

To determine if the frequencies of LP GZB+ CD4 
T cells correlated with features of HIV-1 pathogen-
esis, linear regression models adjusting for age, sex 
and HIV-1 status were used to determine associa-
tions between GZB+ CD4 T cells and various 
archived clinical, systemic and colon biopsy 
readouts.36,37 Variables were measured in at least 
18 participants. HIV-associated differences in sys-
temic and colonic readouts noted in the larger 
cohort were similarly observed in the smaller 
group (Figure S2).36,37 These included higher levels 
of blood T cell activation and biomarkers indicative 

of inflammation (IL-6, hs-CRP), immune activa-
tion (soluble CD14 (sCD14), sCD27) and microbial 
translocation (LPS, LTA) in PWH (Figure S2A). 
We additionally measured serum levels of both 
GZA and GZB. Notably, serum GZA, but not 
GZB levels were significantly higher in PWH 
(Figure S2A), profiles likewise reflected in the larger 
cohorts (GZA: PWH 64.8 pg/ml, 3.6–167, Controls: 
18.3, 0–75.5, P < .0001; GZB: PWH 8.5, 0–18.4, 
Controls 6.5, 0–12.2, P = .38) (Figure S3). Within 
colonic tissue, frequencies of CD8 T cells were 
higher in PWH, whereas the frequencies of CD4 
T cells and CD11c+ myeloid dendritic cells (mDCs) 
were similar between the groups (Figure S2B,D). 
Levels of colon T cell and mDC activation were 
higher in PWH (Figure S2C,E).

Frequencies of LP GZB+ CD4 T cells, enumer-
ated as the number per area of tissue and as 
a percentage of total LP CD4 T cells, significantly 
associated with the percentage of blood CD4 and 
CD8 T cell co-expressing CD38 and HLA-DR (i.e., 
activated) (Table 1). Estimates provided by the 
modeling indicated that the number of LP GZB+ 

Table 1. Associations between colonic granzyme B-expressing 
lamina propria CD4 T cells and systemic and colonic T cell 
activation.

Predictor

Outcome: 
GZB+ CD4 

T cells* Estimate
Unadjusted 

P value
FDR 

value

Peripheral blood T cell activation
CD38+ HLA-DR+ CD4 

T cells†
Number 16.3 0.002 0.02

Percentage 0.03 0.0009 0.006
CD38+HLA-DR+ CD8 

T cells†
Number 2.76 0.004 0.02

Percentage 0.004 0.03 0.13

Colonic T cell activation
CD38+ HLA-DR+ CD4 

T cells‡
Number 0.0002 0.00002 0.0004

Percentage 0.0000003 0.0007 0.006
CD38+ HLA-DR+ CD8 

T cells‡
Number 0.00006 0.0001 0.002

Percentage 0.0000001 0.0004 0.006

*GZB-expressing lamina propria CD4 T cells were identified as CD3+ CD8− 

and reported as either the number of GZB+ CD8− T cells per tissue area 
(mm2) or as the percentage of total CD8− T cells. Archived study partici-
pant-matched measurements of peripheral blood or colonic T cell activa-
tion were obtained from a previously completed clinical study.36,37 Multi- 
color flow cytometry was used to evaluate peripheral blood (PB) or colonic 
CD4 and CD8 T cells co-expressing CD38 and HLA-DR and were expressed 
as the †percentage of PB CD4 or CD8 T cells or as the ‡number of colonic 
CD4 or CD8 T cells per gram of mucosa. Linear regression models were 
used to evaluate the association between predictor and each outcome in 
all study participants when adjusting for age, sex and HIV status. P values 
were adjusted for multiple tests using Benjamini-Hochberg False Discovery 
Rate (FDR). Bold P values indicate significant associations for the unad-
justed p-value < 0.05 or for an alpha of 0.05 between predictor and 
outcome.
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CD4 T cells increased by 16.3 for each 1% increase 
in the percentage of activated blood CD4 T cells 
and by 2.8 for activated blood CD8 T cells. 
Moreover, both the number and percentage of LP 
GZB+ CD4 T cells significantly associated with the 
number of colonic CD38+HLA-DR+ CD4 or CD8 
T cells per gram of tissue (Table 1). Significant 
associations were also noted between LP CD4 
GZB+ T cells and the number of colonic CD11c+ 

mDCs (Table S2). Percentages of LP GZB+ CD4 
T cells did associate with the number of plasmacy-
toid DCs (pDCs), but this weak association 
(P = .04) was lost when adjusting for multiple 
tests. No significant associations (either with or 
without adjustment for multiple tests) were 
observed between LP GZB+ CD4 T cell frequencies 
and colonic CD4 and CD8 T cell frequencies, mDC 
activation or HIV-1 RNA levels (Table S2). 
Similarly, LP GZB+ CD4 T cells did not signifi-
cantly associate with blood CD4 T cell count, 
HIV-1 viral load (PWH only), systemic levels of 
inflammation (IL-6, hs-CRP, IFABP, sCD14, 
sCD27), granzymes (GZA, GZB) or microbial 
translocation markers (LPS, LTA) (Table S3).

Frequencies of LP GZB-expressing CD4 T cells 
associate with the relative abundance of Prevotella 
species

We previously reported that HIV-associated altera-
tions in the colonic mucosa bacterial microbiome 
were linked to mucosal and systemic immune 
activation.36 To probe potential relationships 
between LP GZB+ CD4 T cells and the colonic 
mucosa-associated microbiota, we performed lin-
ear regression analysis (adjusting for age, sex and 
HIV status) using the same bacterial taxa (and 
relative abundance (RA) values) previously shown 
to be altered in abundance in the larger cohort of 
PWH relative to controls.12,36,37,43 Of note, differ-
ences in RA between controls and PWH for the 
specific taxa investigated were generally reflected in 
the smaller cohort studied here (Figure S4, Table 
S4). These included higher RA of Proteobacteria 
(e.g. Acinetobacter junii) and Prevotella species 
and decreased abundances of taxa belonging to 
Ruminococcaceae, Lachnospiraceae (e.g. Blautia, 

Coprococcus), Bacteroides and butyrate- 
producing species (i.e. summed RA of colonic bac-
terial species known to produce butyrate, and 
Roseburia intestinalis).

Significant positive associations between fre-
quencies of LP GZB+ CD4 T cells and the RA of 
specific Prevotella species, and the RA of multiple 
taxa to which those species belong (i.e. Phylum: 
Bacteroidetes, Family: Prevotellaceae and Genus: 
Prevotella) were observed (Table 2). For example, 
each 1% increase in RA of P. stercorea was asso-
ciated with an estimated increase of 249.3 LP GZB+ 

CD4 T cells and each 1% increase in P. copri with an 
estimated increase of 79.5 LP GZB+ CD4 T cells. 
The association between the percentage of LP GZB+ 

CD4 T cells and P. copri RA did not reach statistical 
significance (unadjusted P value = .07). No statisti-
cally significant associations (either with or without 
adjustment for multiple tests), were observed 
between LP GZB+ CD4 T cell frequencies and RA 
of the other phyla, families, genera (Table S5) or 
species investigated (Table S6). In secondary ana-
lyses, multivariate linear regression models were 
adjusted for age, sex, HIV and MSM status 
(recorded as Yes/No) and similar relationships 

Table 2. Associations between colonic granzyme B-expressing 
lamina propria CD4 T cells and relative abundance of colonic 
mucosa-associated Prevotella species.

Predictor 
[Prevalence¥]

Outcome: 
GZB+ CD4 T cells* Estimate

Unadjusted 
P value

FDR 
value

Phylum: Bacteroidetes† Number 71.1 0.002 0.02
[100%] Percentage 0.101 0.01 0.16
Family: 

Prevotellaceae*†
Number 69.9 0.0009 0.01

[100%] Percentage 0.091 0.02 0.16
Genus: Prevotella*† Number 76.4 0.0004 0.01
[100%] Percentage 0.099 0.01 0.16
Prevotella stercorea*‡ Number 249.3 0.005 0.03
[80%] Percentage 0.470 0.001 0.03
Prevotella copri*‡ Number 79.5 0.003 0.02
[95%] Percentage 0.09 0.07 0.43

*GZB-expressing CD4 T cells were identified as CD3+ CD8− and reported as 
either the number of GZB+ CD8− T cells per tissue area (mm2) or as the 
percentage of total CD8− T cells. Archived study participant-matched 
measurements of colonic mucosa-associated bacterial taxa were obtained 
from a previously completed clinical study.36,37 Units: †relative abundance 
as percentage of total bacteria or as ‡percentage of classified species. 
¥Prevalence of each taxa across the study cohort (% of study participants 
with detectable taxa). Linear regression models were used to evaluate the 
association between predictor and each outcome in in all study partici-
pants when adjusting for age, sex and HIV status. P values were adjusted 
for multiple tests using Benjamini-Hochberg False Discovery Rate (FDR). 
Bold P values indicate significant associations for the unadjusted p-value < 
0.05 or for an alpha of 0.05 between parameter and outcome.
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between LP GZB+ CD4 T cells frequencies and RA 
of Prevotella species (and higher taxa) were 
observed (data not shown).

Frequencies of peripheral blood GZB+ CD4 T cells 
are higher in PWH, but do not associate with 
measured features of HIV-1 pathogenesis

To determine if the increased frequencies of LP 
GZB+ CD4 T cells in PWH were unique to the 
colon or were also observed systemically, GZB+ 

CD4 T cells were enumerated in study participant- 
matched peripheral blood (PB) using multicolor 
flow cytometry (Figure S5). Similar to colon tissue, 
the percentages of PB CD4 T cells expressing GZB 
(as a fraction of total CD4 T cells) were generally 
low in controls (0.4%, 0.01–3.8) and significantly 
higher in PWH (8.7%, 0.8–15.1; P = .0006) 
(Figure 2a). However, in contrast to LP GZB+ 

CD4 T cells, the percentages of PB GZB+ CD4 
T cells did not significantly associate with any sys-
temic or colon measurements (Table S7) or with 
microbiota RA (Table S8), when adjusting for age, 
sex and HIV-1 status and multiple testing. Similar 
to the percentage of LP GZB+ CD4 T cells (Table 2), 
the RA of P. copri was weakly associated with the 
percentage of PB GZB+ CD4 T cells (Table S8).

Given that the majority of colonic CD4 T cells are 
effector memory cells,44 we also evaluated the expres-
sion of GZB in memory and naïve PB CD4 T cell 
populations (Figure S5). Percentages of naïve (CCR 
7+CD45RO−), central memory (CCR7+CD45RO+; 
CM) and effector memory (CCR7−CD45RO+; EM) 
PB CD4 T cells were generally similar between con-
trols and PWH (Figure 2b). Terminally differentiated 
memory (CCR7−CD45RO−; TD) CD4 T cells were 
significantly higher in PWH (P = .006) although con-
stituted less than 2% of the total CD4 T cells. In both 

Figure 2. People with HIV have higher frequencies of blood granzyme B-expressing CD4 T cells. PBMC samples were obtained 
from uninfected controls (circles; N = 9) and people with HIV (PWH) (squares, N = 10) who were not receiving anti-retroviral therapy. (a) 
Percentages of granzyme B (GZB)-expressing CD4 T cells. (b) Percentages of naïve (CCR7+CD45RO−), central memory (CM; 
CCR7+CD45RO+), effector memory (EM; CCR7−CD45RO+) and terminally-differentiated effector memory (TD; CCR7−CD45RO−) CD4 
T cells. (c) Pie-chart illustrating the average percentage of GZB-expressing cells in naïve, CM, EM or TD CD4 T cells in controls and PWH. 
(d) Percentages of GZB+ CD4 T cells naïve, CM, EM and TD T cell subsets in controls and PWH. Lines indicate median values. Statistical 
analysis: two-sample Mann-Whitney U tests.
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controls and PWH, GZB was preferentially expressed 
in EM and TD populations and percentages of GZB+ 

EM and TD CD4 T cells were significantly higher in 
PWH (Figure 2c).

Local reactivation of murine skin tissue-resident 
CD8+ T cells lead to their migration into the circu-
lation (termed ‘ex-resident memory T cells’).45 To 
explore if the observed higher frequencies of PB 
GZB+ EM CD4 T cells in PWH potentially reflected 
LP GZB+ CD4 T cells migrating into the blood as 
a result of the ongoing gut immune activation, we 
regressed frequencies of PB GZB+ EM CD4 T cells 
on frequencies of LP GZB+ CD4 T cells in PWH 
only (N = 10, adjusted for age and sex). A significant 
positive relationship between the percentage of PB 
GZB+ EM CD4 T cells with the number of LP GZB+ 

CD4 T cells was noted (estimate 0.9227, P = .003).

LP CD4 T cells upregulate GZB expression 
following exposure to a panel of enteric bacteria 
in vitro

Our in vivo findings suggest a significant relation-
ship between LP GZB+ CD4 T cells, T cell activation 
and the colonic bacterial microbiome. Previously, 
we showed that Prevotella abundance in PWH is 
associated with colonic T cell activation.36 We sub-
sequently utilized an in vitro human LPMC model 
(using healthy gut tissue) to demonstrate that LP 
CD4 T cells were not only activated in response to 
exposure to various Prevotella species,12 but expo-
sure to Prevotella stercorea also stimulated high 
levels of GZB expression.15 We therefore utilized 
the same in vitro human LPMC model to dissect 
potential mechanisms driving microbe-induced 
GZB expression in human gut LP CD4 T cells. 
These experiments were performed in the absence 
of HIV-1 to avoid the confounding impact of HIV- 
1-associated LP CD4 T cell death.

We first evaluated GZB expression in LP CD4 
and CD8 T cells measured directly ex vivo (base-
line) using flow cytometry (Figure S6A). In keeping 
with the histological analysis of tissue in uninfected 
controls (Figure 1), a very low fraction of LP CD4 
T cells expressed GZB at baseline (mean ± SEM: 
0.09 ± 0.05% of CD4 T cells), whereas LP CD8 
T cells constitutively expressed GZB to a greater 
degree (15.5 ± 6.5% of CD8 T cells) (Figure S6B).

To determine if other bacterial species (in addi-
tion to P. stercorea),15 could induce GZB expression 
in LP CD4 T cells, LPMC were similarly cultured in 
broad spectrum antibiotics for 4 days with a panel 
of commensal enteric bacteria (whole cell (WC) or 
lysates) (Figure S7). This panel including enteric 
species representing Gram-negative pathogenic 
(Salmonella typhimurium) and commensal 
(Escherichia coli) bacteria, a Gram-positive probio-
tic (Bifidobacterium infantis) and species previously 
shown to be higher (A. junii, Bacteroides thetaio-
taomicron; both Gram-negative) or lower 
(Ruminococcus bromii; Gram-positive) in abun-
dance in colonic tissue of PWH.12,37 

S. typhimurium and E. coli induced the greatest 
percentages of GZB+ LP CD4 T cells above unsti-
mulated conditions (S. typhimurium average fold 
increase WC 65×; lysate 93×; E. coli WC 72×; lysate 
181×) (Figure 3). Other Gram-negative bacteria 
also increased GZB+ LP CD4 T cells, but to 
a lesser degree (A. junii WC 29×; lysate 17×; 
B. thetaiotaomicron WC 15×; lysate 12×). GZB 
expression was also noted in response to stimula-
tion with Gram-positive bacteria (B. infantis WC 
26×; lysate18x; R. bromii WC 5×; lysate 12×). These 
data demonstrate that diverse enteric commensal 
bacteria could drive GZB expression in gut CD4 
T cells, although not to the same extent.

GZB is induced rapidly in LP CD4 T cells in 
response to stimulation of LPMC with E. coli lysate

Given the robust GZB induction in response to 
E. coli (Figure 3c), further mechanistic studies on 
bacteria-induced GZB expression in human gut 
CD4 T cells were undertaken with E. coli lysate 
and measured using multi-color flow cytometry. 
To determine the kinetics of GZB induction, 
LPMCs were exposed to E. coli for 24 hours, 
48 hours and 4 days (96 hours) and GZB expres-
sion evaluated. By 24 hours, variable levels of 
GZB expression were noted (range 2.5–38.9%) 
(Figure S8). At 48 hours, GZB expression levels 
increased a further 4.2× with values significantly 
higher than baseline (0 hours). A plateau was 
reached for GZB induction in LP CD4 T cells 
by 4 days, which was the time point used in 
downstream experiments.
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Commensal E. coli stimulation induces robust GZB 
expression in CD4 T cells from gut, but not blood 
or lymphoid tissue
To determine if induction of GZB expression by 
enteric bacteria in vitro was a common feature 
among CD4 T cells from multiple sites or specific 
to those in gut tissue, PB mononuclear cells 
(PBMC) and disaggregated tonsil cells were simi-
larly cultured with or without E. coli lysate for 
4 days (Figure 4a). In contrast to the robust induc-
tion of GZB in LP CD4 T cells (693×), E. coli 
exposure of PBMC induced a significant increase 
of PB CD4 T cells expressing GZB, but the average 

increase above unstimulated PBMC was only 4-fold 
(Figure 4b). No significant increase in GZB expres-
sion in tonsil CD4 T cells was observed.

Bacteria-reactive CD4 T cells are less frequent in 
blood than gut tissue,10 which may explain the appar-
ent site-specific differences in GZB expression in 
response to bacterial stimulation in vitro. Therefore, 
the capacity of LP, PB or tonsil CD4 T cells to express 
GZB in response to direct TCR stimulation using 
TCR-stimulatory beads (anti-CD3, CD2, CD28) was 
investigated (Figure 4c). TCR stimulation of PBMC 
significantly increased percentages of GZB+ PB CD4 
T cells above no stimulation (30×), but remained 
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Figure 3. Exposure of LPMC to enteric bacteria induce granzyme B expression in lamina propria CD4 T cells. LPMC (N = 6) were 
exposed in vitro to a panel of (a) whole bacteria [2.5 bacteria:1 lamina propria mononuclear cell (LPMC); (+)] or (b) bacterial lysates 
[10 μg/ml; (+)] or were cultured without exogenous stimuli (-) for 4 days. (c) Percentages of granzyme B (GZB)+ LP CD4 T cells induced 
in response to in vitro exposure to whole bacteria or bacterial cell lysates were compared. Values are shown as percentage of GZB+ LP 
CD4 T cells in response to stimulation minus percentages detected in unstimulated conditions (net). Bars indicate mean+SEM. 
Statistical analysis: Paired t-tests; *P < .05, **P < .01.
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significantly lower than GZB+ LP CD4 T cells (433×; 
P = .009) (Figure 4d). TCR stimulation did not sig-
nificantly induce GZB in tonsil CD4 T cells.

E. coli-induced GZB expression in LP CD4 T cells 
occurs indirectly and is partially mediated by 
HLA-DR

We previously demonstrated robust proliferation 
and increased frequencies of activated (CD38+ 

HLA-DR+) LP CD4 T cells following bacterial sti-
mulation of gut LPMC in vitro.9,11,12 We also 
reported that bacteria-induced proliferation of LP 
CD4 T cells in vitro was dependent on antigen 
presenting cells (APC; e.g., mDCs) and was 
mediated in an MHC Class II-dependent 
manner.9,11,12 To determine the degree to which 
microbe-induced GZB expression tracked with 

proliferation and activation of LP CD4 T cells, 
LPMC were exposed to E. coli and fractions of 
proliferating or activated cells co-expressing GZB 
enumerated 4 days later (Figure S9). On average, 
19.1 ± 2.4% of LP CD4 T cells proliferated (CFSElo) 
in the presence of E. coli versus minimal prolifera-
tion in unstimulated conditions (0.5 ± 0.2%; N = 7). 
A majority of proliferated LP CD4 T cells expressed 
GZB (69.7 ± 7.2%) (Figure S9a). E. coli stimulation 
of LPMC also increased the percentages of LP CD4 
T cells co-expressing CD38 and HLA-DR 
(10.5 ± 0.6%) above unstimulated LPMC 
(4.3 ± 1.6%; N = 3), with approximately half 
(54.7 ± 1.7%) of activated LP CD4 T cells expres-
sing GZB (Figure S9b). Moreover, only 23.8% (± 
5.9%; N = 4) of E. coli-induced GZB+ LP CD4 
T cells were CD38+HLA-DR+.
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Figure 4. E. coli and T cell receptor-mediated stimulation induce substantial granzyme B expression in lamina propria but not 
in blood or tonsil CD4 T cells. Lamina propria mononuclear cells (LPMC, N = 5), peripheral blood mononuclear cells (PBMC, N = 5) or 
tonsil mononuclear cells (TMC, N = 5) were exposed in vitro to E. coli (10 μg/ml) or T cell receptor (TCR)-stimulatory beads (1 bead: 25 
LPMC or TMC; 1 TCR bead: 2 PBMC) or cultured without exogenous stimuli (no stimuli) for 4 days. Representative flow profiles of 
granzyme B (GZB) expression in CD4 T cells following stimulation with (a) E. coli or (c) TCR-stimulatory beads. LP CD4 T cells were 
identified in viable, single cell CD3+ lymphocytes. A matched isotype control was used to established GZB expression. Percentages of 
CD4+ T cells expressing GZB in response to exposure to (b) E. coli or (d)TCR-stimulatory beads with isotype values removed. Bars 
indicate mean+SEM. Statistical analysis: Paired t-test; *P < .05, **P < .01. (x) indicates average fold increase in percentage of GZB+ CD4 
T cells in stimulated versus unstimulated conditions.
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Exposure of purified LP CD4 T cells to E. coli 
resulted in significantly lower percentages of GZB+ 

LP CD4 T cells relative to GZB+ LP CD4 T cells 
within similarly stimulated autologous LPMCs 
(Figure 5a). We next determined if GZB expression 
was dependent on the MHC. The presence of an 
HLA-DR (MHC Class II) blocking antibody signif-
icantly decreased the percentage of GZB+ LP CD4 
T cells in response to E. coli stimulation of LPMC 
by an average of 32% versus no blocking antibody 
(Figure 5b). A strong correlation between GZB 
expression and proliferation of LP CD4 T cells fol-
lowing the HLA-DR blockade suggested the 
decreased percentage of GZB+ LP CD4 T cells in 
the presence of HLA-DR blocking was related to 

lower levels of proliferation (Figure S10). HLA-DP 
and HLA-DQ blockade did not further decrease 
GZB expression relative to HLA-DR blocking 
alone (Figure 5c). LPMC cultured with E. coli and 
HLA-A,B,C (MHC Class I) blocking antibodies 
resulted in marginally higher percentages of GZB+ 

LP CD4 T cells (Figure 5d).

GZB+ LP CD4 T cells co-express proteins indicative of 
cytolytic capability

We next measured GZB and co-expression of other 
molecules associated with cytolytic potential 
including GZA, perforin and CD107a (Lysosome- 
associated membrane glycoprotein-1, LAMP-1), 
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Figure 5. Granzyme B expression in lamina propria CD4 T cells in response to E. coli primarily occurs in an indirect manner and 
is mediated, in part, by HLA-DR. (a) Donor-matched total lamina propria mononuclear cells (LPMC) or purified lamina propria (LP) 
CD4 T cells (N = 4) were exposed in vitro to E. coli (10 μg/ml) for 4 days. (b-d) LPMC were pre-treated (30 mins) with 10 μg/ml of (b) anti- 
HLA-DR (αHLA-DR) (N = 7), (c) αHLA-DR, DP, DQ (N = 3) or (d) αHLA-A,B,C (N = 4) antibodies or matched isotype controls and cultured 
with and without E. coli (10 μg/ml) for 4 days. Values are shown as percentage of granzyme B (GZB)+ LP CD4 T cells in response to 
stimulation minus percentages detected in unstimulated conditions (net). Bars indicate mean+SEM. (%) indicates (a) average decrease 
in percentage of GZB+ LP CD4 T cells in purified CD4 T cell cultures versus total LPMC or (b-d) average percentage change in GZB+ LP 
CD4 T cells in conditions with blocking antibodies versus isotype control condition. Statistical analysis: Paired t-test; *P < .05.
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a marker of degranulation (Figure 6). On average, 
33.4 ± 8.8% of GZB+ LP CD4 T cells co-expressed 
GZA following E. coli lysate exposure (Figure 6a). 
Of note, almost all GZA-expressing cells co- 
expressed GZB (85.2 ± 6.0%). Perforin was 
expressed in 33.1 ± 2.3% of GZB+. Of 
GZB+Perforin+ LP CD4 T cells, 55.3 ± 4.5% 
expressed CD107a in response to E. coli lysate 
stimulation.

GZB+ LP CD4 T cells expanded with E. coli lysate 
are enriched for cells capable of co-expressing IL- 
17 and IFNγ

To evaluate the potential Th cytokine profile of 
in vitro-expanded GZB+ LP CD4 T cells, LPMC 
were cultured with E. coli for 4 days and exposed 
to mitogenic stimulation during the last 4 hours of 
culture. Flow cytometry was used to determine the 
percentage of GZB+ LP CD4 T cells capable of 
expressing IFNγ only (Th1 cells), IL-17 only 
(Th17 cells), both IL-17 and IFNγ (Th17*IFNγ 
cells) or IL-22 only (Th22 cells) (Figure 7a). E. coli- 

expanded GZB+ cells primarily co-expressed IFNγ 
only or both IL-17 and IFNγ (Figure 7b). GZB+ LP 
CD4 T cells contained a significantly higher frac-
tion of Th17*IFNγ cells versus GZBneg cells 
(Figure 7c). The fraction of Th1 cells within GZB+ 

LP CD4 T cells was significantly lower than Th1 
cells in GZBneg LP CD4 T cells. In general, low 
percentages (average <5%) of Th17 and Th22 cells 
were observed in GZB+ (and GZBneg) cells in 
response to E. coli.

Rapid induction of GZB in response to E. coli lysate 
exposure is mediated by IL-2 and increased 
expression of IL-2Rα

Cytokines such as IL-2, IL-15 and IL-12p70 have 
been implicated as important drivers of murine and 
human cytotoxic cells.46–50 Therefore, to under-
stand the mechanistic pathways driving GZB 
expression in response to bacterial stimulation, we 
next determined the ability of these cytokines (in 
the absence of bacteria) to drive the rapid induction 
of GZB in human LP CD4 T cells. LPMC were 
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Figure 6. Granzyme B+ lamina propria CD4 T cells co-express proteins indicative of cytolytic capacity. Lamina propria 
mononuclear cells (LPMC) were exposed in vitro to E. coli (10 μg/ml) for 4 days. Expression of granzyme B (GZB+) in LP CD4 T cells 
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**P < .01.
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exposed to recombinant IL-2, (rIL-2), rIL-15 and 
rIL-12p70 and GZB expression in LP CD4 T cells 
evaluated after 48 hours (Figure 8a). Addition of 
rIL-15 to LPMC induced the greatest GZB expres-
sion in LP CD4 T cells, while rIL-2 also increased 
percentages of GZB+ LP CD4 T cells but to a lesser 
degree. Conversely, exposure of LPMC to rIL- 
12p70 induced minimal GZB+ LP CD4 T cells.

Given the ability of rIL-15 and rIL-2 to induce 
GZB expression in unstimulated LPMC, we next 
dissected the role of these cytokines in E. coli- 
induced GZB expression. Levels of secreted IL-2 
and IL-15 significantly increased following E. coli 
exposure of LPMC, although the levels of IL-15 
were generally low (<1 pg/ml) (Figure 8b). LPMC 
were next cultured with E. coli in the presence of 

antibodies directed against IL-2 and IL-15 
(Figure 8c). Neutralizing IL-2 in the presence of 
E. coli significantly reduced GZB expression in LP 
CD4 T cells by an average of 91%. Conversely, 
neutralizing IL-15 had minimal effect (Figure 8c) 
even though the dose used effectively inhibited rIL- 
15-induced GZB expression (Figure S11). Given 
our observation that the RA of Prevotella species 
was predictive of frequencies of LP GZB+ CD4 
T cells in vivo, we further investigated if IL-2 was 
critical in driving GZB expression in response to 
P. stercorea. In keeping with our published 
observations,15 in vitro exposure of LPMC (N = 4) 
to P. stercorea induced GZB expression in LP CD4 
T cells within 48 hours (Figure S12a). Critically, 
blocking IL-2 resulted in an average decrease in 
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matched isotype controls and cultured with or without E. coli (10 μg/ml) for 48 hours. GZB expression in a representative sample is 
shown (left panel). Summary data (right panel) is shown as the percentage of GZB+ LP CD4 T cells in the presence of blocking 
antibodies relative to no blocking. (%) represents the mean percentage decrease in presence of αIL-2 relative to no blocking. (d) LPMC 
(N = 4) were exposed in vitro to E. coli, rIL-2, E. coli + rIL-2 or left untreated for 48 hours and IL-2 Rα expression measured. Left panel: 
representative flow plots illustrating percentages of IL-2 Rα+ LP CD4 T cells with expression established using the unstimulated 
condition. Right panel: Summary data is shown as the percentage of IL-2 R+ LP CD4 T cells. Bars indicate mean+SEM. Statistical analysis: 
Repeated Measures ANOVA relative to (a) no recombinant cytokine or (c) no cytokine blocking (normalized values), (b) Paired t-test, 
(d) analyzed by fitting a mixed model due to a missing value (E. coli + rIL-2). *P = .02, **P < .01, ***P < .001, #P = .07.
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GZB expression of 80% and in 3 of the 4 donor 
LPMC samples this decrease was greater than 90% 
(Figure S12b). Thus, IL-2 was also important for 
the induction of GZB in response to P. stercorea, 
the RA of which is predicative of higher colon LP 
GZB+ CD4 T cells in vivo (Table 2).

To further explore the observation that IL-2 was 
required for bacteria-mediated GZB (Figure 8c), 
but was less efficient at inducing expression when 
added in the absence of bacteria (Figure 8a), we 
next determined if this was related to the regulation 
of the IL-2Rα subunit (CD25). Exposure of LPMC 
to E. coli significantly increased IL-2Rα expression 
on LP CD4 T whereas the addition of rIL-2 to 
unstimulated LPMC only marginally increased 
GZB (Figure 8d). No reduction in IL-2Rα expres-
sion was noted with the combination (E. coli + rIL- 
2) demonstrating that rIL-2 did not block the abil-
ity to measure IL-2Rα expression.

Discussion

HIV-1 infection is associated with epithelial barrier 
dysfunction that results in microbial translocation 
into the underlying lamina propria and systemic 
circulation.2,4 Our previous study modeling the 
interactions between the microbiome and gut lym-
phocytes in vitro led to a surprising discovery: 
enteric bacteria readily upregulated the cytotoxic 
marker GZB in gut CD4 T cells.15 However, to 
date, it remained unknown if these findings were 
just an artifact of cell culture. In this study, we 
readily detected and observed higher frequencies 
of GZB-expressing CD4 T cells in the colon of 
untreated, chronically infected PWH. These find-
ings confirm that GZB+ CD4 T cells are 
a characteristic feature of HIV-1 infection in the 
gastrointestinal tract in vivo. We show that multiple 
enteric bacteria could induce GZB in gut CD4 
T cells in vitro, but in vivo, the accumulation of 
colon GZB+ CD4 T cells positively associated with 
gut and systemic T cell activation and with the 
relative abundance of mucosa-associated 
Prevotella species. Prevotella species are commensal 
enteric bacteria abundant in PWH (likely related to 
sexual practices; i.e., receptive anal intercourse), 
and Prevotella enrichment is associated with altera-
tions in gut homeostasis, including mucosal inflam-
mation and T cell and mDC activation.7,36,37,51–57 

Thus, our current study suggests a potential host– 
microbiome relationship that may shape the nature 
of gut mucosal CD4 T cells in PWH, especially 
those with abundant Prevotella species.

In addition to the gut, we also observed increased 
GZB+ CD4 T cells in the peripheral blood of PWH. 
The frequency of blood GZB+ CD4 T cells did not 
correlate with Prevotella species abundance. 
Instead, we noted a positive association between 
frequencies of blood effector memory GZB+ CD4 
T cells and colonic GZB+ CD4 T cells in PWH. 
Human gut CD4 T cells are mostly composed of 
effector memory cells,44 and studies in mice 
demonstrated that tissue-resident CD8+ T cells 
can contribute to the circulating memory T cell 
pool following activation.45 Thus, the HIV-1-asso-
ciated increase in blood GZB+ CD4 T cells may 
reflect recently activated gut GZB+ CD4 T cells 
migrating into the systemic circulation rather than 
differentiation of these cells in peripheral blood. 
Indeed, we observed that commensal bacteria- 
driven GZB induction in CD4 T cells in vitro was 
more robust in the gut versus blood, suggesting gut 
CD4 T cells are more prone to upregulate GZB in 
response to bacteria. This may be reflective of their 
residency and close proximity to gut microbiota 
and/or related to the fact that bacteria-reactive 
T cells are more frequent in gut tissue versus the 
blood.10

Major mechanistic questions remain on how gut 
CD4 T cells upregulate GZB expression following 
microbial exposure. While GZB induction was 
associated with T cell activation in vivo, not all 
GZB+ CD4 T cells induced by bacteria in vitro 
expressed T cell activation markers. Although 
GZB expression was most pronounced in Th17 
cells co-producing IFNγ, it was also detected in 
Th1 and Th17 cells. By contrast, our in vitro studies 
demonstrated that the rapid induction of GZB was 
dependent on IL-2 with GZB expression likely 
further enhanced by bacteria-associated increases 
in IL-2Rα, the critical subunit of the high-affinity 
IL-2R.58 Of note, previous studies demonstrated 
that GZB expression was IL-2 dependent in murine 
CD4 T cells46,49,50,59,60 and in human blood Th1 
and Th17 cells.34 High IL-2Rα expression was 
necessary for maximal GZB expression in vivo in 
response to Influenza A virus infection.50 We also 
described that GZB expression in LP CD4 T cells in 
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response to bacterial stimulation of LPMC was not 
primarily an intrinsic feature of LP CD4 T cells. 
The expansion of GZB-expressing LP CD4 T cells 
in response to commensal E. coli was in part depen-
dent on MHC Class II, as we had previously noted 
for mDC-dependent bacteria-induced proliferation 
of total CD4 T cells.11,61 Notably, our in vivo obser-
vations indicated positive associations between the 
frequencies of colon GZB+ CD4 T cells and CD11c+ 

mDCs. We therefore speculate that mDCs may 
drive GZB expression in gut CD4 T cells of PWH. 
Indeed, murine DCs rapidly produced IL-2 in 
response to multiple Toll-like receptor (TLR) 
ligands derived from both Gram-negative (e.g. 
LPS) and Gram-positive (e.g. LTA) bacteria and 
in response to E. coli,62,63 in keeping with our 
observations that both Gram-negative and Gram- 
positive enteric bacteria induced GZB expression in 
LP CD4 T cells. Human monocyte-derived DCs 
were also capable of producing IL-2, although 
only when derived in the presence of IL-15 and 
stimulated with CD40L, suggesting a requirement 
for T cell contact. Interestingly, IL-15 did not 
appear to play a critical role in bacteria-mediated 
induction of GZB in LP CD4 T cells in vitro. Given 
the retrospective nature of our current clinical 
study, we were unable to address the role of IL-2 
in driving GZB expression in LP CD4 T cells in 
PWH. Both the source and regulation of IL-2, as 
well as the mechanisms by which it induces GZB 
expression in human gut LP CD4 T cells, requires 
further exploration.

The reason(s) for why gut CD4 T cells appeared 
to be primed for rapid GZB expression following 
microbial exposure remains unknown. Numerous 
studies showed that the presence of HIV-1-specific 
CD4 CTLs in the peripheral blood of PWH and that 
these cells may contribute to anti-viral 
immunity.21–33 By contrast, the lack of associations 
between frequencies of colon GZB+ CD4 T cells 
and either tissue or plasma HIV-1 RNA levels in 
PWH, and the fact that HIV-1 kills infected CD4 
T cells, would suggest that the majority of GZB+ LP 
CD4 T cells in PWH may not be HIV-1 specific. 
Our in vitro studies did demonstrate that 
a considerable fraction of microbe-expanded 
GZB+ LP CD4 T cells expressed canonical cytolytic 
and degranulation markers. Thus, a fraction of the 
accumulated gut GZB+ CD4 T cells observed in 

untreated, chronically infected PWH may have 
cytolytic ability directed against cells harboring 
bacteria. If so, we predict that the activity of these 
CD4 CTLs in the gut may sustain gut barrier dys-
function and exacerbate mucosal inflammation. 
Additional studies will be required to dissect the 
targets and anti-bacterial cytolytic mechanisms of 
these LP CD4 CTLs. Moreover, it would be impor-
tant to determine if these CD4 CTLs persist in the 
setting of ART, as ART-treated PWH still display 
features of dysbiosis and microbial translocation.4,5

Of note, a large fraction (average 67%) of bac-
teria-stimulated LP CD4 T cells expressed GZB in 
the absence of perforin. This finding raises the 
possibility that GZB expression may not completely 
equate to cytolytic killing. In recent years, a number 
of studies have investigated the non-cytolytic role 
of GZB. Specifically, extracellular GZB expression 
was linked to impaired wound healing,64 epithelial 
barrier disruption,34,65 induction of IL-1α and IL- 
18,66,67 and enhancing LPS-induced inflammatory 
cytokine production by APC.20,68 Intriguingly, 
GZB secretion in activated memory blood CD4 
T cells was less strictly regulated than that of mem-
ory CD8 T cells, suggesting that CD4 T cells may be 
a major source of extracellular GZB.69 Thus, the 
non-cytolytic, pro-inflammatory properties of bac-
teria-induced GZB+ LP CD4 T cells may be yet 
another driver of pathogenic outcomes in vivo.

There are several limitations to our study. First, 
enumeration of GZB+ T cells was conducted using 
archived samples available from a small number of 
study participants, imbalanced for sexual practice 
which limits our ability to attribute the higher fre-
quency of LP GZB+ CD4 T cells directly to HIV 
itself. A skewed distribution for some of the read-
outs may affect the fitting of the linear model. 
Furthermore, a larger study would allow for more 
complex modeling and also confirm the lack of 
significant associations truly reflected no relation-
ship between the predictor and LP GZB+ CD4 T cell 
frequencies, rather than low statistical power for 
detecting relationships. Analysis of GZB expression 
in vivo was limited to histological examination of 
colon tissue that restricted our options for immu-
nophenotypic analysis. Additional mechanistic stu-
dies are required to comprehensively evaluate the 
phenotype and function of microbe-expanded 
GZB-expressing LP CD4 T cells in the setting of 
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HIV infection including determining whether the 
higher frequencies of LP CD4 T cells detected in 
PWH despite overall CD4 T cell depletion is related 
to a GZB-associated protective phenotype. The 
in vitro model used in this current study reflects 
the ability of bacterial antigens to induce GZB 
expression in human LP CD4 T cells. We recently 
demonstrated the bacterial metabolite butyrate, 
a short-chain fatty acid produced by bacteria follow-
ing fermentation of non-digestible dietary fiber, 
reduced TCR-mediated gut CD4 T cell activation, 
proliferation, and inflammatory cytokine production 
in vitro.70 However, butyrate has also been shown to 
enhance IFNγ and GZB expression in murine CD8 
CTLs.71 Therefore, given the altered gut microbiome 
of PWH typically reflects lower abundances of bac-
teria associated with the production of immune- 
modulating metabolites including butyrate,5–7,43 it 
would be critical to investigate how bacteria- 
associated metabolites modulate bacteria-induced 
GZB expression in human gut LP CD4 T cells.

In summary, this exploratory study provides evi-
dence that GZB+ CD4 T cells may accumulate in 
colon tissue of untreated, chronically infected 
PWH. GZB was rapidly induced by diverse enteric 
bacteria primarily in gut but not blood or tonsil 
CD4 T cells, and this induction was dependent on 
IL-2 and in part, MHC Class II. Given the potential 
of these cells to cause inflammation via cytolytic 
and non-cytolytic mechanisms, these GZB+ CD4 
T cells may be a critical factor in driving and sus-
taining gut mucosal HIV-1 pathogenesis, especially 
in the setting of epithelial barrier disruption, micro-
bial translocation and dysbiosis. Further studies on 
the ontogeny, heterogeneity and function of these 
CD4 T cells in the gut may inform strategies to curb 
inflammation-associated comorbidities in PWH, as 
well as other diseases in which dysbiosis and micro-
bial translocation contribute to altered gut immu-
nity, such as in inflammatory bowel diseases.72

Materials and Methods

Clinical study participants and study design

Archived formalin-fixed, paraffin-embedded (FFPE) 
colonic tissue and PBMC were obtained from 10 
chronically-infected PWH who were not receiving 
ART and 10 HIV-1 uninfected adult control 

participants enrolled in a completed IRB-approved 
cross-sectional study at the University of Colorado 
Anschutz Medical Campus.36,37,43,73,74 All study par-
ticipants voluntarily gave written, informed consent. 
Inclusion and exclusion criteria and the collection, 
storage and processing of colon biopsies, PBMCs, 
plasma and serum have been extensively detailed in 
previous publications.36,37,74 The study participants 
were selected from a larger, previously completed 
clinical study that included 17 PWH and 14 unin-
fected controls with previously acquired gut bacterial 
microbiome datasets36,37 and an adequate amount of 
FFPE tissue to permit histological assessment of at 
least 1.0 mm2 of total tissue area (see below). PWH 
were then retrospectively selected for this current 
study based on blood CD4 counts ≥400 cells/μl to 
enrich for participants with an adequate number of 
colonic CD4 T cells to permit accurate histological 
enumeration of GZB+ cells. The final cohort of PWH 
(N = 10) was then selected based on the highest 
ranking of (1) colonic tissue HIV-1 RNA levels 
(HIV-1 replication), (2) systemic IL-6 levels (inflam-
mation) and (3) systemic LPS levels (microbial trans-
location). Uninfected controls with blood CD4 
counts ≥400 cells/μl were selected to balance both 
age and sex of the PWH cohort (Table S1).

Histological staining and analysis of GZB expression 
in human colonic biopsies

Archiving of FFPE colon biopsy tissue occurred 
between November 2011 and November 2012. 
For all staining protocols, tissue sections were 
freshly cut prior to histology and any tissue 
area/sections that were poorly stained (e.g. 
weak signal) were excluded from the analyses. 
Biopsy tissue was cut into 4 μm thick sections 
(CU AMC Tissue Biobanking and Histology 
Shared Resource Center). Three sequential sec-
tions from each of three biopsies per study 
participant were analyzed. Multispectral ima-
ging was performed by the CU-AMC Human 
Immune Monitoring Shared Resource (HIMSR) 
using the Vectra 3.0 Automated Quantitative 
Pathology Imaging System (Akoya Biosciences, 
Inc.). Slides were sequentially stained for 
human CD3 (LN10, Leica Biosystems), 
EPCAM (MOC31, Leica Biosystems), 
Granzyme B (GrB-7, Invitrogen) and CD8 (C8/ 
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144B, Agilent-Dako) using the Leica Bond RX auto-
stainer (Leica Biosystems). Slides were deparaffi-
nized, heat treated in ER2 (epitope retrieval 
solution 2) antigen retrieval buffer (Leica), blocked 
in antibody diluent (Akoya Biosciences, Inc) and 
incubated with the primary Ab, followed by horse-
radish peroxidase (HRP)-conjugated secondary anti-
body polymer (HRP, Akoya Biosciences) and HRP- 
reactive OPAL fluorescent reagents (Opal 650, 620, 
540, 690); Akoya Biosciences). Slides were washed 
between staining steps with Bond Wash (Leica) and 
stripped between each round of staining with heat 
treatment in appropriate antigen retrieval buffer. 
After the final staining round, the slides were heat- 
treated in ER1 antigen retrieval buffer, stained with 
spectral DAPI (Akoya Biosciences), and cover-
slipped with Prolong Diamond mounting media 
(Thermo-Fisher Scientific, Waltham, MA). Whole 
slide scans were collected using the 4x objective 
and up to 18 regions of interests identified using 
Phenochart 1.0 (Akoya Biosciences) for an addi-
tional scan at 20X. Scanned images were spectrally 
separated and prepared using inForm Tissue Finder 
(v.2.4, Akoya Biosciences). Images were blinded and 
Granzyme B+ CD3+ CD8± T cells identified in the 
lamina propria using Image J Software (NIH). On 
average, a total area of 1.5 mm2 (range 1.0–1.8 mm2) 
was analyzed for Control participants and 1.6 mm2 

(range 1.2–2.0 mm2) for PWH. Due to down- 
regulation of CD4 by HIV,39 CD4 T cells were iden-
tified as CD3+ CD8neg and GZB-expressing CD8neg 

T cells reported as percentage of total CD8neg T cells 
and as number of GZB+ CD8neg T cells per mm2 of 
tissue area. In a subset of study participants (N = 3 
controls, N = 3 PWH), tissue sections were stained 
with γδ TCR (5A6.E9, Invitrogen; Opal 570) in addi-
tion to the previously detailed antibodies (CD3, Opal 
650; CD8, Opal 690; EPCAM, Opal 620) and ana-
lyzed for frequencies of γδ TCR+ cells expressing 
GZB (average total area analyzed: controls 
2.6 ± 0.6 mm2, PWH: 2.5 ± 0.2 mm2).

Measurement of GZB expression in peripheral blood 
CD4 T cells

PBMC were isolated by standard Ficoll- 
Hypaque (GE Healthcare) density gradient cen-
trifugation, cryopreserved and stored in liquid 

nitrogen as previously described.36 PBMC were 
thawed and surface and intracellular expression 
of various markers expressed by peripheral 
blood CD4 T cells was determined using multi- 
color flow cytometry. Specifically, standard flow 
cytometry staining protocols were used to 
determine expression of viable cells (Aqua 
Zombie Live/Dead Fixable cell dye, Biolegend), 
cell surface markers CD3 (BV605 CD3, clone 
UCHT1; Biolegend), CD4 (BUV395 CD4, clone 
SK2, BD Biosciences), CD8 (PE Dazzle, clone 
RPA-T8, Biolegend), CCR7 (APC-Cy7 CCR7, 
clone G043H7, Biolegend) and CD45RO (PE 
CD45RO, clone UCHL1, Biolegend) and intra-
cellular expression of GZB (Pacific Blue GZB, 
clone GB11, Biolegend) in Medium A Fixation 
buffer and Medium B Permeabilization buffer 
(both Life Technologies, Thermo Fisher 
Scientific) as previously detailed.8,9,12 

Fluorochrome matched isotype controls were 
used to establish naïve (CCR7+CD45RO−), cen-
tral memory (CM, CCR7+CD45RO+), effector 
memory (EM, CCR7−CD45RO+), and termin-
ally differentiated effector memory (TD, 
CCR7−CD45RO−) CD4 T cells and intracellular 
GZB expression (mouse IgG1). Data was 
acquired on an LSRII flow cytometer (BD 
Biosciences) with routine quality control by 
Cytometer Setup and Tracking feature within 
the BD FACSDiva software version 6.1.2 (BD 
Biosciences) performed routinely. Flow cytome-
try data analysis was performed using FlowJo 
v10.0. The gating strategy for a representative 
sample is shown in Figure S5. In one control 
study participant, the percentage of GZB- 
expressing blood CD4 T cells was identified as 
an outlier (Grubbs Outlier Test; GraphPad 
Software) and all associated PBMC values were 
excluded from the analyses.

Measurement of serum GZA and GZB levels

Serum levels of GZA and GZB were measured 
using commercially available ELISAs 
(Invitrogen) following manufacturers protocols. 
Limits of sensitivity were 0.73 pg/ml and 
0.2 pg/ml for Granzyme A and Granzyme 
B respectively.
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Previously obtained immunological, virological and 
microbial measurements

Methods for measuring the immunological, virolo-
gical and microbial variables are extensively 
detailed elsewhere36,37,74 and briefly detailed in 
supplementary methods.

Statistical analysis for clinical study

Participant demographics and characteristics are 
reported as median (minimum, maximum) for 
continuous measures and as frequency (percent) 
for categorical measures (Table S1). Mann- 
Whitney U tests were used to compare medians 
of continuous characteristics between the control 
and PWH groups. Fisher’s exact tests were used 
to compare categorical characteristics between 
the control and PWH groups. Frequencies of 
colonic CD8neg T cells (reported as percentage 
of total CD3− T cells and as number/mm2) and 
frequencies of GZB+ CD8neg T cells (reported as 
percentage of CD8neg T cells and number of 
GZB+ CD8neg T cells/mm2) were compared 
between control and PWH groups using two- 
sample Mann-Whitney U tests. Linear models 
were used to evaluate the association between 
study participant variables (see above; predic-
tors) and GZB-expressing CD8neg T cells (out-
come) in controls versus PWH when adjusting 
for sex, age, and HIV status. P-values were 
adjusted using Benjamini–Hochberg False 
Discovery Rate (FDR). Variables were only 
included if measured in at least 18 of the 20 
participants. Outlier tests were run on all GZB 
expression values using Grubbs Outlier Tests, 
GraphPad Prism version 8 and 9 for Windows 
(GraphPad Software).

Collection and isolation of human LPMC, TMC 
and PBMC for in vitro studies

LPMC: Jejunum samples (N = 31) were acquired 
from patients undergoing elective abdominal sur-
gery and were designated discarded tissue from 
macroscopically normal sites. Samples from 
patients with a history of Inflammatory Bowel 
Disease, HIV-1 infection, treatment with immu-
nosuppressive drugs, or recent chemotherapy 

(within 8 weeks) were excluded from the study. 
LPMC were isolated from tissue samples in a two 
step-procedure to remove epithelial cells followed 
by collagenase-digestion to release LPMC as pre-
viously described.8,9,11,12,38 LPMC were cryopre-
served and stored in liquid nitrogen. All patients 
undergoing surgery signed a release form to allow 
unrestricted use of discarded tissue for research 
purposes. Protected patient information was de- 
identified to the laboratory investigators. 
Research associated with the use of LPMC was 
reviewed by the Colorado Multiple Institutional 
Review Board (COMIRB) at UC-AMC and 
deemed Not Human Subject Research as defined 
by their polices in accordance with OHRP and 
FDA regulations. Each patient who provided 
a tissue specimen was considered a single sample 
and a minimum of 3 samples was used for each 
assay.

TMC: Human tonsillar tissue samples (N = 5) 
were obtained from pediatric patients at low risk 
for HIV-1 infection undergoing routine tonsillec-
tomies at Colorado Children’s Hospital, Aurora, 
CO. TMC were isolated by mincing, straining 
through a 70uM nylon filter followed by RBC lysis 
and additional straining and washing with DPBS. 
Isolated TMC were cryopreserved and stored in 
liquid nitrogen. Protected patient information was 
de-identified to the laboratory investigators and 
research associated with the use of TMC was 
reviewed by COMIRB and deemed Not Human 
Subject Research.

PBMC: Blood samples were obtained from 
healthy adults (N = 5) and PBMC isolated using 
standard Ficoll-Hypaque density gradient centrifu-
gation, cryopreserved and stored in liquid nitrogen 
as previously detailed.75–77 All the study subjects 
participated voluntarily and gave written, informed 
consent. This study was approved by COMIRB.

In vitro stimulation of LPMC, TMC or PBMC with 
whole bacteria, bacterial lysates or 
TCR-stimulatory beads

In vitro cell culture: LPMC, TMC or PBMC were 
thawed and cultured in RPMI with 10% human AB 
serum (Gemini Bioproducts), 1% Penicillin/ 
Streptomycin/Glutamine (Life Technologies), and 
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500 μg/ml Zosyn (Piperacillin and Tazobactam) at 
1.0 × 106 cells/ml in a 48-well plate (unless noted) at 
37°C, 5% CO2 for 1–4 days.

Stimulation with whole bacteria or bacterial 
lysates: Escherichia coli (ATCC 25922), Salmonella 
typhimurium (ATCC 35986), Acinetobacter junii 
(ATCC 17908), Bifidobacterium longum subsp. 
infantis (B. infantis; ATCC 15697), Bacteroides the-
taiotaomicron (ATCC 29148), Ruminococcus bro-
mii (ATCC 27255) and Prevotella stercorea (DSM 
No. 18206, DSMZ, Braunschweig, Germany) were 
expanded in appropriate aerobic or anaerobic 
media as previously detailed.12,78 Bacterial cell 
counts were determined using the BD Cell 
Viability Kit (BD Bioscience) and all stocks were 
stored as single use aliquots at −80°C. Bacterial 
lysates were prepared from the same whole-cell 
bacterial stocks via bead beating and heating, and 
the protein concentration was determined using 
Pierce BCA assay (Thermo-Fisher Scientific) prior 
to storage at −80°C as previously described.8 LPMC 
were stimulated with whole bacteria at a ratio of 2.5 
bacteria to 1 LPMC. Bacterial lysates were added to 
LPMC, TMC or PBMC cultures at 10 μg/ml.

Stimulation with TCR-stimulatory beads: T cell 
activation was achieved using beads directed 
against CD3, CD2 and CD28 (T cell Activation/ 
Expansion Kit, Miltenyi Biotec) at a ratio of 1 
bead to 25 LPMC/TMC or 1 bead to 2 PBMC.

T cell proliferation and MHC Class II (HLA-DR, 
DP, DQ) or MHC Class I (HLA-ABC) blocking 
assays

LPMC were pre-labeled with 1 μM CellTrace CFSE 
(Invitrogen) per manufacturer’s instructions. CFSE- 
LPMC (1x106 cells/ml) were pre-treated with anti-
bodies directed against HLA-DR, HLA-ABC (Leaf; 
BioLegend) or HLA-DR, DP, DQ (BD Biosciences) 
(all at 10 μg/ml) or matched isotype controls for 
30 mins at 37°C and 5% CO2 with gentle swirling 
after 15 mins. LPMC were plated in triplicate in 
96 V-bottom plate and stimulated with or without 
E. coli lysate (10 μg/ml). . LPMC were cultured at 
37°C with 5% CO2 for 4 days with additional block-
ing antibodies (or isotypes) added after 24 hours.

Mitogenic stimulation of LPMC to determine 
frequencies of Th cells

LPMCs were stimulated with 25 ng/ml phorbol 
myristate acetate (PMA; Sigma-Aldrich) and 1 μg/ 
ml ionomycin (Sigma-Aldrich) in the presence of 
1 μg/ml Golgi Plug (Brefeldin A; BD Biosciences) 
for the last 4 hours of culture.

Isolation and in vitro culture of purified LP CD4 
T cells

LP CD4 T cells were isolated from the total LPMC 
using immunomagnetic negative selection (EasySep 
Human CD4+ T cell isolation kit; Stemcell 
Technologies) according to the manufacturer’s 
instructions. To control for differences in cell 
responses due to the isolation process itself, total 
LPMCs also underwent magnetic negative selection, 
but the EasySep separation buffer was used in place 
of the CD4 T cell Isolation Antibody Cocktail. On 
average LP CD4 T cells were enriched to 94.5 ± 0.8% 
(SEM) of viable CD45+ cells (n = 4). Total LPMC 
and purified LP CD4 T cells were cultured at 
1.0 × 106 cells/ml in the presence of E. coli lysates 
(10 μg/ml) or left unstimulated at 37°C, 5% CO2 for 
4 days.

Short-term in vitro exposure of LPMC to 
recombinant cytokines

LPMCs were cultured with or without recombinant 
IL-2 (10 ng/ml; rIL-2; Tonbo Biosciences), rIL-15 
(50 ng/ml; R&D Systems) or rIL-12p70 (50 ng/ml; 
BioLegend) at 37°C with 5% CO2 for 2 days.

Short-term in vitro exposure of LPMC to 
cytokine neutralizing antibodies

LPMC were pre-treated with antibodies directed 
against IL-2 or IL-15 (all 10 μg/ml; R & 
D Systems) or with matched isotype controls for 
30 mins with gentle swirling after 15 mins. LPMC 
were cultured with or without E. coli or P. stercorea 
lysate (both 10 μg/ml) at 37°C with 5% CO2 for 
2 days.
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Measurement of secreted cytokines

Levels of IL-2 and IL-15 in culture supernatants 
collected after 2 days of in vitro culture of LPMC 
in the presence or absence of E. coli lysates (10 μg/ 
ml) were measured using a U-PLEX Assay and 
quantified on the QuickPlex SQ 120 Instrument 
according to manufacturer’s instructions 
(Mesoscale Discovery).

Flow cytometry staining, acquisition, and 
analysis

Standard flow cytometry staining protocols to 
determine expression of cell surface markers 
(CD45, CD3, CD4, CD8, IL-2 receptor (IL-2R; 
CD25), proliferation (CFSE) and intracellular 
expression of granzymes, perforin, IFNγ, IL-17 
and IL-22 using Medium A Fixation buffer and 
Medium B Permeabilization buffer (both Life 
Technologies) were followed as previously 
detailed.8,9,12 All antibodies and dyes are listed in 
Table S9. Data was acquired on an LSRII flow 
cytometer and flow cytometry data analysis per-
formed using FlowJo v10.0 as detailed above.

To identify GZB-expressing LP CD4 T cells 
directly ex vivo (i.e. baseline) and following 1– 
2 days of in vitro culture, total CD4+ T cells were 
identified as CD3+ CD8neg T cells within CD45+, 
viable (aqua dye-) lymphocytes (based on forward 
and side scatter properties) with doublets excluded 
based on forward-scatter-height versus forward- 
scatter-width properties. For identification of GZB- 
expressing LP CD4 T cells following 4 days of 
culture a similar gating strategy was employed, 
but without the inclusion of CD45. Due to down- 
regulation of CD4 following mitogenic stimulation, 
CD4 T cells were gated as CD3+ CD8neg T cells 
when determining frequencies of cytokine- 
expressing GZB+ cells. Isotype controls were used 
to establish GZB, GZA, perforin, IFNγ, IL-17 and 
IL-22 expression. Proliferating LP CD4 T cells were 
enumerated as the percentage of CFSElo CD4 
T cells with the unstimulated condition used to 
establish the CFSE gate. To measure CD107a 
expression by GZB+ perforin+ LP CD4 T cells fol-
lowing E. coli or TCR bead stimulation, fluores-
cently labeled CD107a was added during the last 
16 hours of culture with an unstimulated condition 

used as the control to establish stimulation-specific 
CD107a expression. Specific gating strategies are 
shown in Figures 4 (GZB expression in LPMC, 
TMC and PBMC), Figure 6 (GZB+ and GZBneg 

cells expressing GZA, perforin or CD107a), 
Figure 7 (GZB+ and GZBneg cells co-expressing 
IFNγ, IL-17 or IL-22), Figure 8 (IL-2Rα expres-
sion), Figure S6 (baseline expression of GZB in 
CD4 and CD8 T cells), Figure S7 (GZB expression 
following bacterial stimulation), and Figure S9 
(GZB expression in proliferated or activated LP 
CD4 T cells).

Statistical analysis for in vitro studies

Statistical analysis and graphing were performed 
using GraphPad Prism version 8 for Windows 
(GraphPad Software, San Diego, CA, USA). 
Paired t-tests were used to compare LP CD4 versus 
CD8 T cells, stimulated versus unstimulated condi-
tions, GZB+ LP CD4 T cells versus GZBneg T cells, 
purified CD4 T cells versus total LPMC and block-
ing versus no blocking conditions. Repeated 
Measures ANOVA test was used for multiple com-
parisons. Each patient who provided a tissue speci-
men was considered a single sample for data 
analysis and the number of samples used in each 
assay are detailed in text and/or figure legends.

Acknowledgments

We gratefully acknowledge all the clinical study participants as 
well as the physicians and staff at the University of Colorado 
Infectious Disease Group Practice Clinic. We thank Christine 
Riley (nee Purba) for technical assistance and other previous 
laboratory members for assistance with processing of gut tissue 
and with the completion of the primary clinical study. We 
acknowledge and thank the personnel of the Shared Resources 
Program, University of Colorado Cancer Center including the 
Human Immune Monitoring Shared Resource within the 
University of Colorado Human Immunology and 
Immunotherapy Initiative, and the Research Histology and 
Biobanking Sections, part of the Pathology Shared Resource, for 
assistance with histological analysis and sectioning and with 
surgical sample procurement.

Disclosure statement

No potential conflict of interest was reported by the author(s).

e2045852-20 S. M. DILLON ET AL.



Author contributions

SD, MS and CCW designed the study and coordinated the 
project. SD, KM, TT, SN, AC, MC and KG performed experi-
ments. TT, SN, AC analyzed histological samples. DF was 
responsible for the 16S rRNA sequencing analysis. EC, CW, 
KK provided statistical support for the clinical study analyses. 
SD analyzed the results. SD, MS and CCW interpreted the 
results. MS and CCW secured funding. SD, MS and CW wrote 
the manuscript. All authors reviewed the final version of the 
manuscript and agreed to its content.

Data availability

Raw paired-end Illumina MiSeq reads were submitted to the 
NCBI Small Read Archive under BioProject accession number 
PRJNA227062 as previously reported.36 The data that support 
the findings of this study are available from the corresponding 
author [CCW], upon reasonable request.

Funding

This work was supported by the National Institutes of Health 
under Grant R01AI145428 (CCW, MLS), R01AI134220 
(CCW, MLS), R01DK088663 (CCW), and in part by the 
Cancer Center Support Grant (P30CA046934).

References

1. Burgener A, McGowan I, Klatt NR. HIV and mucosal 
barrier interactions: consequences for transmission and 
pathogenesis. Curr Opin Immunol. 2015;36:22–30. 
doi:10.1016/j.coi.2015.06.004.

2. Tincati C, Douek DC, Marchetti G. Gut barrier 
structure, mucosal immunity and intestinal micro-
biota in the pathogenesis and treatment of HIV 
infection. AIDS Res Ther. 2016;13:19. doi:10.1186/ 
s12981-016-0103-1.

3. Veazey RS. Intestinal CD4 depletion in HIV/SIV 
infection. Curr Immunol Rev. 2019;15:76–91. 
doi:10.2174/1573395514666180605083448.

4. Klatt NR, Funderburg NT, Brenchley JM. Microbial 
translocation, immune activation, and HIV disease. 
Trends Microbiol. 2013;21:6–13. doi:10.1016/j. 
tim.2012.09.001.

5. Vujkovic-Cvijin I, Somsouk M. HIV and the gut micro-
biota: composition, consequences, and avenues for 
amelioration. Curr HIV/AIDS Rep. 2019;16:204–213. 
doi:10.1007/s11904-019-00441-w.

6. Gelpi M, Vestad B, Hansen SH, Holm K, Drivsholm N, 
Goetz A, Kirkby NS, Lindegaard B, Lebech A-M, 
Hoel H, et al. Impact of human immunodeficiency 

virus-related gut microbiota alterations on metabolic 
comorbid conditions. Clin Infect Dis. 2020;71:e359– 
e67. doi:10.1093/cid/ciz1235.

7. Vujkovic-Cvijin I, Sortino O, Verheij E, Sklar J, 
Wit FW, Kootstra NA, Sellers B, Brenchley JM, 
Ananworanich J, Loeff MSVD, et al. HIV-associated 
gut dysbiosis is independent of sexual practice and 
correlates with noncommunicable diseases. Nat 
Commun. 2020;11:2448. doi:10.1038/s41467-020- 
16222-8.

8. Dillon SM, Liu J, Purba CM, Christians AJ, Kibbie JJ, 
Castleman MJ, McCarter MD, Wilson CC. Age-related 
alterations in human gut CD4 T cell phenotype, 
T helper cell frequencies, and functional responses to 
enteric bacteria. J Leukoc Biol. 2020;107:119–132. 
doi:10.1002/JLB.5A0919-177RR.

9. Dillon SM, Manuzak JA, Leone AK, Lee EJ, Rogers LM, 
McCarter MD, Wilson CC. HIV-1 infection of human 
intestinal lamina propria CD4 + T cells in vitro is 
enhanced by exposure to commensal Escherichia coli. 
J Immunol. 2012;189:885–896. doi:10.4049/ 
jimmunol.1200681.

10. Hegazy AN, West NR, Stubbington MJT, Wendt E, 
Suijker KIM, Datsi A, This S, Danne C, Campion S, 
Duncan SH, et al. Circulating and tissue-resident CD4 
(+) T cells with reactivity to intestinal microbiota are 
abundant in healthy individuals and function is altered 
during inflammation. Gastroenterology. 
2017;153:1320–37 e16. doi:10.1053/j.gastro.2017.07.047.

11. Howe R, Dillon S, Rogers L, McCarter M, Kelly C, 
Gonzalez R, Madinger N, Wilson CC. Evidence for 
dendritic cell-dependent CD4(+) T helper-1 type 
responses to commensal bacteria in normal human 
intestinal lamina propria. Clin Immunol. 
2009;131:317–332. doi:10.1016/j.clim.2008.12.003.

12. Dillon SM, Lee EJ, Donovan AM, Guo K, Harper MS, 
Frank DN, McCarter MD, Santiago ML, Wilson CC. 
Enhancement of HIV-1 infection and intestinal CD4+ 
T cell depletion ex vivo by gut microbes altered during 
chronic HIV-1 infection. Retrovirology. 2016;13:5. 
doi:10.1186/s12977-016-0237-1.

13. Neff CP, Krueger O, Xiong K, Arif S, Nusbacher N, 
Schneider JM, Cunningham AW, Armstrong A, Li S, 
McCarter MD, et al. Fecal microbiota composition 
drives immune activation in HIV-infected individuals. 
EBioMedicine. 2018;30:192–202. doi:10.1016/j. 
ebiom.2018.03.024.

14. Steele AK, Lee EJ, Manuzak JA, Dillon SM, 
Beckham JD, McCarter MD, et al. Microbial exposure 
alters HIV-1-induced mucosal CD4+ T cell death path-
ways Ex vivo. Retrovirology. 2014;11:14.

15. Yoder AC, Guo K, Dillon SM, Phang T, Lee EJ, 
Harper MS, Helm K, Kappes JC, Ochsenbauer C, 
McCarter MD, et al. The transcriptome of HIV-1 

GUT MICROBES e2045852-21

https://doi.org/10.1016/j.coi.2015.06.004
https://doi.org/10.1186/s12981-016-0103-1
https://doi.org/10.1186/s12981-016-0103-1
https://doi.org/10.2174/1573395514666180605083448
https://doi.org/10.1016/j.tim.2012.09.001
https://doi.org/10.1016/j.tim.2012.09.001
https://doi.org/10.1007/s11904-019-00441-w
https://doi.org/10.1093/cid/ciz1235
https://doi.org/10.1038/s41467-020-16222-8
https://doi.org/10.1038/s41467-020-16222-8
https://doi.org/10.1002/JLB.5A0919-177RR
https://doi.org/10.4049/jimmunol.1200681
https://doi.org/10.4049/jimmunol.1200681
https://doi.org/10.1053/j.gastro.2017.07.047
https://doi.org/10.1016/j.clim.2008.12.003
https://doi.org/10.1186/s12977-016-0237-1
https://doi.org/10.1016/j.ebiom.2018.03.024
https://doi.org/10.1016/j.ebiom.2018.03.024


infected intestinal CD4+ T cells exposed to enteric 
bacteria. PLoS Pathog. 2017;13:e1006226. doi:10.1371/ 
journal.ppat.1006226.

16. Chowdhury D, Lieberman J. Death by a thousand cuts: 
granzyme pathways of programmed cell death. Annu 
Rev Immunol. 2008;26:389–420. doi:10.1146/annurev. 
immunol.26.021607.090404.

17. Boivin WA, Cooper DM, Hiebert PR, Granville DJ. 
Intracellular versus extracellular granzyme B in immu-
nity and disease: challenging the dogma. Lab Invest. 
2009;89:1195–1220. doi:10.1038/labinvest.2009.91.

18. Dotiwala F, Lieberman J. Granulysin: killer lymphocyte 
safeguard against microbes. Curr Opin Immunol. 
2019;60:19–29. doi:10.1016/j.coi.2019.04.013.

19. Turner CT, Hiroyasu S, Granville DJ. Granzyme B as 
a therapeutic target for wound healing. Expert Opin 
Ther Targets. 2019;23:745–754. doi:10.1080/ 
14728222.2019.1661380.

20. Wensink AC, Hack CE, Bovenschen N. Granzymes 
regulate proinflammatory cytokine responses. 
J Immunol. 2015;194:491–497. doi:10.4049/ 
jimmunol.1401214.

21. Appay V, Zaunders JJ, Papagno L, Sutton J, Jaramillo A, 
Waters A, Easterbrook P, Grey P, Smith D, 
McMichael AJ, et al. Characterization of CD4 + CTLs 
ex vivo. J Immunol. 2002;168:5954–5958. doi:10.4049/ 
jimmunol.168.11.5954.

22. Chen B, Morris SR, Panigrahi S, Michaelson GM, 
Wyrick JM, Komissarov AA, Potashnikova D, 
Lebedeva A, Younes S-A, Harth K, et al. 
Cytomegalovirus coinfection is associated with 
increased vascular-homing CD57 + CD4 T cells in 
HIV Infection. J Immunol. 2020;204:2722–2733. 
doi:10.4049/jimmunol.1900734.

23. Johnson S, Eller M, Teigler JE, Maloveste SM, 
Schultz BT, Soghoian DZ, Lu R, Oster AF, 
Chenine A-L, Alter G, et al. Cooperativity of 
HIV-specific cytolytic CD4 T cells and CD8 T cells in 
control of HIV Viremia. J Virol. 2015;89:7494–7505. 
doi:10.1128/JVI.00438-15.

24. Laher F, Ranasinghe S, Porichis F, Mewalal N, 
Pretorius K, and Ismail N. HIV controllers exhibit 
enhanced frequencies of major histocompatibility com-
plex class ii tetramer(+) gag-specific CD4(+) T cells in 
chronic clade C HIV-1 infection. J Virol . 2017;91: 
e02477–16. doi:10.1128/JVI.02477-16.

25. Munier CML, van Bockel D, Bailey M, Ip S, Xu Y, 
Alcantara S, Liu SM, Denyer G, Kaplan W, Suzuki K, 
et al. The primary immune response to Vaccinia virus 
vaccination includes cells with a distinct cytotoxic effec-
tor CD4 T-cell phenotype. Vaccine. 2016;34:5251–5261. 
doi:10.1016/j.vaccine.2016.09.009.

26. Nemes E, Bertoncelli L, Lugli E, Pinti M, Nasi M, 
Manzini L, Manzini S, Prati F, Borghi V, Cossarizza A, 
et al. Cytotoxic granule release dominates gag-specific 

CD4+ T-cell response in different phases of HIV 
infection. AIDS. 2010;24:947–957. doi:10.1097/ 
QAD.0b013e328337b144.

27. Norris PJ, Moffett HF, Yang OO, Kaufmann DE, 
Clark MJ, Addo MM, Rosenberg ES. Beyond help: 
direct effector functions of human immunodeficiency 
virus Type 1-Specific CD4 + T cells. J Virol. 
2004;78:8844–8851. doi:10.1128/JVI.78.16.8844- 
8851.2004.

28. Phetsouphanh C, Aldridge D, Marchi E, Munier CML, 
Meyerowitz J, Murray L, Van Vuuren C, Goedhals D, 
Fidler S, Kelleher A, et al. Maintenance of functional 
CD57+ cytolytic CD4+ T cells in HIV+ Elite controllers. 
Front Immunol. 2019;10:1844. doi:10.3389/ 
fimmu.2019.01844.

29. Ranasinghe S, Cutler S, Davis I, Lu R, Soghoian DZ, 
Qi Y, Sidney J, Kranias G, Flanders MD, Lindqvist M, 
et al. Association of HLA-DRB1-restricted CD4(+) 
T cell responses with HIV immune control. Nat Med. 
2013;19:930–933. doi:10.1038/nm.3229.

30. Soghoian DZ, Jessen H, Flanders M, Sierra-Davidson K, 
Cutler S, Pertel T, Ranasinghe S, Lindqvist M, Davis I, 
Lane K, et al. HIV-specific cytolytic CD4 T cell 
responses during acute HIV infection predict disease 
outcome. Sci Transl Med. 2012;4:123ra25. doi:10.1126/ 
scitranslmed.3003165.

31. Zaunders JJ, Dyer WB, Wang B, Munier ML, 
Miranda-Saksena M, Newton R. Identification of cir-
culating antigen-specific CD4+ T lymphocytes with 
a CCR5+, cytotoxic phenotype in an HIV-1 
long-term nonprogressor and in CMV infection. 
Blood. 2004;103:2238–2247. doi:10.1182/blood-2003- 
08-2765.

32. Zheng N, Fujiwara M, Ueno T, Oka S, Takiguchi M. 
Strong ability of Nef-specific CD4+ cytotoxic T cells to 
suppress human immunodeficiency virus type 1 
(HIV-1) replication in HIV-1-infected CD4+ T cells 
and macrophages. J Virol. 2009;83:7668–7677. 
doi:10.1128/JVI.00513-09.

33. Buggert M, Nguyen S, McLane LM, Steblyanko M, 
Anikeeva N, Paquin-Proulx D, Del Rio Estrada PM, 
Ablanedo-Terrazas Y, Noyan K, Reuter MA, et al. 
Limited immune surveillance in lymphoid tissue by 
cytolytic CD4+ T cells during health and HIV disease. 
PLoS Pathog. 2018;14:e1006973. doi:10.1371/journal. 
ppat.1006973.

34. Couturier J, Hutchison AT, Medina MA, Gingaras C, 
Urvil P, Yu X, Nguyen C, Mahale P, Lin L, 
Kozinetz CA, et al. HIV replication in conjunction 
with granzyme B production by CCR5+ memory 
CD4 T cells: implications for bystander cell and 
tissue pathologies. Virology. 2014;462-463:175–188. 
doi:10.1016/j.virol.2014.06.008.

35. Hutchison AT, Schmitz JE, Miller CJ, Sastry KJ, 
Nehete PN, Major AM, Ansari AA, Tatevian N, 
Lewis DE. Increased inherent intestinal granzyme 
B expression may be associated with SIV 

e2045852-22 S. M. DILLON ET AL.

https://doi.org/10.1371/journal.ppat.1006226
https://doi.org/10.1371/journal.ppat.1006226
https://doi.org/10.1146/annurev.immunol.26.021607.090404
https://doi.org/10.1146/annurev.immunol.26.021607.090404
https://doi.org/10.1038/labinvest.2009.91
https://doi.org/10.1016/j.coi.2019.04.013
https://doi.org/10.1080/14728222.2019.1661380
https://doi.org/10.1080/14728222.2019.1661380
https://doi.org/10.4049/jimmunol.1401214
https://doi.org/10.4049/jimmunol.1401214
https://doi.org/10.4049/jimmunol.168.11.5954
https://doi.org/10.4049/jimmunol.168.11.5954
https://doi.org/10.4049/jimmunol.1900734
https://doi.org/10.1128/JVI.00438-15
https://doi.org/10.1128/JVI.02477-16
https://doi.org/10.1016/j.vaccine.2016.09.009
https://doi.org/10.1097/QAD.0b013e328337b144
https://doi.org/10.1097/QAD.0b013e328337b144
https://doi.org/10.1128/JVI.78.16.8844-8851.2004
https://doi.org/10.1128/JVI.78.16.8844-8851.2004
https://doi.org/10.3389/fimmu.2019.01844
https://doi.org/10.3389/fimmu.2019.01844
https://doi.org/10.1038/nm.3229
https://doi.org/10.1126/scitranslmed.3003165
https://doi.org/10.1126/scitranslmed.3003165
https://doi.org/10.1182/blood-2003-08-2765
https://doi.org/10.1182/blood-2003-08-2765
https://doi.org/10.1128/JVI.00513-09
https://doi.org/10.1371/journal.ppat.1006973
https://doi.org/10.1371/journal.ppat.1006973
https://doi.org/10.1016/j.virol.2014.06.008


pathogenesis in Asian non-human primates. J Med 
Primatol. 2011;40:414–426. doi:10.1111/j.1600- 
0684.2011.00482.x.

36. Dillon SM, Lee EJ, Kotter CV, Austin GL, Dong Z, 
Hecht DK, Gianella S, Siewe B, Smith DM, 
Landay AL, et al. An altered intestinal mucosal micro-
biome in HIV-1 infection is associated with mucosal 
and systemic immune activation and endotoxemia. 
Mucosal Immunol. 2014;7:983–994. doi:10.1038/ 
mi.2013.116.

37. Dillon SM, Lee EJ, Kotter CV, Austin GL, Gianella S, 
Siewe B, Smith DM, Landay AL, McManus MC, 
Robertson CE, et al. Gut dendritic cell activation links 
an altered colonic microbiome to mucosal and systemic 
T-cell activation in untreated HIV-1 infection. Mucosal 
Immunol. 2016;9:24–37. doi:10.1038/mi.2015.33.

38. Dillon SM, Guo K, Castleman MJ, Santiago ML, 
Wilson CC. Quantifying HIV-1-mediated gut CD4+ 
T cell death in the lamina propria aggregate culture 
(LPAC) model. Bio-protocol. 2020;10:e3486. 
doi:10.21769/BioProtoc.3486.

39. Lindwasser OW, Chaudhuri R, Bonifacino JS. 
Mechanisms of CD4 downregulation by the Nef and 
Vpu proteins of primate immunodeficiency viruses. 
Curr Mol Med. 2007;7:171–184. doi:10.2174/ 
156652407780059177.

40. Dunne MR, Elliott L, Hussey S, Mahmud N, Kelly J, 
Doherty DG, Feighery CF. Persistent changes in circu-
lating and intestinal gammadelta T cell subsets, invar-
iant natural killer T cells and mucosal-associated 
invariant T cells in children and adults with coeliac 
disease. PLoS One. 2013;8:e76008. doi:10.1371/journal. 
pone.0076008.

41. Lawand M, Dechanet-Merville J, Dieu-Nosjean MC. 
Key features of gamma-delta T-cell subsets in human 
diseases and their immunotherapeutic implications. 
Front Immunol. 2017;8:761. doi:10.3389/ 
fimmu.2017.00761.

42. McCarthy NE, Eberl M. Human gammadelta T-cell 
control of mucosal immunity and inflammation. Front 
Immunol. 2018;9:985. doi:10.3389/fimmu.2018.00985.

43. Dillon SM, Kibbie J, Lee EJ, Guo K, Santiago ML, 
Austin GL, Gianella S, Landay AL, Donovan AM, 
Frank DN, et al. Low abundance of colonic 
butyrate-producing bacteria in HIV infection is asso-
ciated with microbial translocation and immune 
activation. AIDS. 2017;31:511–521. doi:10.1097/ 
QAD.0000000000001366.

44. Dillon SM, Thompson TA, Christians AJ, 
McCarter MD, Wilson CC. Reduced 
immune-regulatory molecule expression on human 
colonic memory CD4 T cells in older adults. Immun 
Ageing. 2021;18:6. doi:10.1186/s12979-021-00217-0.

45. Fonseca R, Beura LK, Quarnstrom CF, Ghoneim HE, 
Fan Y, Zebley CC, Scott MC, Fares-Frederickson NJ, 
Wijeyesinghe S, Thompson EA, et al. Developmental 

plasticity allows outside-in immune responses by resi-
dent memory T cells. Nat Immunol. 2020;21:412–421. 
doi:10.1038/s41590-020-0607-7.

46. Brown DM, Kamperschroer C, Dilzer AM, Roberts DM, 
Swain SL. IL-2 and antigen dose differentially regulate 
perforin- and FasL-mediated cytolytic activity in anti-
gen specific CD4+ T cells. Cell Immunol. 
2009;257:69–79. doi:10.1016/j.cellimm.2009.03.002.

47. Mucida D, Husain MM, Muroi S, van Wijk F, 
Shinnakasu R, Naoe Y, Reis BS, Huang Y, Lambolez F, 
Docherty M, et al. Transcriptional reprogramming of 
mature CD4(+) helper T cells generates distinct MHC 
class II-restricted cytotoxic T lymphocytes. Nat 
Immunol. 2013;14:281–289. doi:10.1038/ni.2523.

48. Popescu I, Pipeling MR, Mannem H, Shah PD, 
Orens JB, Connors M, Migueles SA, McDyer JF. IL- 
12–Dependent cytomegalovirus-specific CD4 + T cell 
proliferation, T-bet induction, and effector multifunc-
tion during primary infection are key determinants for 
early immune control. J Immunol. 2016;196:877–890. 
doi:10.4049/jimmunol.1501589.

49. Tamang DL, Redelman D, Alves BN, Vollger L, 
Bethley C, Hudig D. Induction of granzyme B and 
T cell cytotoxic capacity by IL-2 or IL-15 without anti-
gens: multiclonal responses that are extremely lytic if 
triggered and short-lived after cytokine withdrawal. 
Cytokine. 2006;36:148–159. doi:10.1016/j. 
cyto.2006.11.008.

50. Workman AM, Jacobs AK, Vogel AJ, Condon S, 
Brown DM, Thomas PG. Inflammation enhances IL-2 
driven differentiation of cytolytic CD4 T cells. PLoS 
One. 2014;9:e89010. doi:10.1371/journal.pone.0089010.

51. Armstrong AJS, Shaffer M, Nusbacher NM, Griesmer C, 
Fiorillo S, Schneider JM, Preston Neff C, Li SX, 
Fontenot AP, Campbell T, et al. An exploration of 
Prevotella-rich microbiomes in HIV and men who 
have sex with men. Microbiome. 2018;6:198. 
doi:10.1186/s40168-018-0580-7.

52. Kelley CF, Kraft CS, de Man TJ, Duphare C, Lee HW, 
Yang J, Easley KA, Tharp GK, Mulligan MJ, Sullivan PS, 
et al. The rectal mucosa and condomless receptive anal 
intercourse in HIV-negative MSM: implications for 
HIV transmission and prevention. Mucosal Immunol. 
2017;10:996–1007. doi:10.1038/mi.2016.97.

53. Li SX, Sen S, Schneider JM, Xiong KN, Nusbacher NM, 
Moreno-Huizar N, Shaffer M, Armstrong AJS, Severs E, 
Kuhn K, et al. Gut microbiota from high-risk men who 
have sex with men drive immune activation in gnoto-
biotic mice and in vitro HIV infection. PLoS Pathog. 
2019;15:e1007611. doi:10.1371/journal.ppat.1007611.

54. Mutlu EA, Keshavarzian A, Losurdo J, Swanson G, 
Siewe B, Forsyth C, French A, DeMarais P, Sun Y, 
Koenig L, et al. A compositional look at the human 
gastrointestinal microbiome and immune activation 
parameters in HIV infected subjects. PLoS Pathog. 
2014;10:e1003829. doi:10.1371/journal.ppat.1003829.

GUT MICROBES e2045852-23

https://doi.org/10.1111/j.1600-0684.2011.00482.x
https://doi.org/10.1111/j.1600-0684.2011.00482.x
https://doi.org/10.1038/mi.2013.116
https://doi.org/10.1038/mi.2013.116
https://doi.org/10.1038/mi.2015.33
https://doi.org/10.21769/BioProtoc.3486
https://doi.org/10.2174/156652407780059177
https://doi.org/10.2174/156652407780059177
https://doi.org/10.1371/journal.pone.0076008
https://doi.org/10.1371/journal.pone.0076008
https://doi.org/10.3389/fimmu.2017.00761
https://doi.org/10.3389/fimmu.2017.00761
https://doi.org/10.3389/fimmu.2018.00985
https://doi.org/10.1097/QAD.0000000000001366
https://doi.org/10.1097/QAD.0000000000001366
https://doi.org/10.1186/s12979-021-00217-0
https://doi.org/10.1038/s41590-020-0607-7
https://doi.org/10.1016/j.cellimm.2009.03.002
https://doi.org/10.1038/ni.2523
https://doi.org/10.4049/jimmunol.1501589
https://doi.org/10.1016/j.cyto.2006.11.008
https://doi.org/10.1016/j.cyto.2006.11.008
https://doi.org/10.1371/journal.pone.0089010
https://doi.org/10.1186/s40168-018-0580-7
https://doi.org/10.1038/mi.2016.97
https://doi.org/10.1371/journal.ppat.1007611
https://doi.org/10.1371/journal.ppat.1003829


55. Noguera-Julian M, Rocafort M, Guillén Y, Rivera J, 
Casadellà M, Nowak P, Hildebrand F, Zeller G, 
Parera M, Bellido R, et al. Gut microbiota linked to 
sexual preference and HIV infection. EBioMedicine. 
2016;5:135–146. doi:10.1016/j.ebiom.2016.01.032.

56. Tuddenham S, Koay WL, Sears CHIV. Sexual orienta-
tion, and gut microbiome interactions. Dig Dis Sci. 
2020;65:800–817. doi:10.1007/s10620-020-06110-y.

57. Pinacchio C, Scagnolari C, Iebba V, Santinelli L, 
Innocenti GP, Frasca F, Bitossi C, Scordio M, 
Oliveto G, Ceccarelli G, et al. High abundance of 
genus Prevotella is associated with dysregulation of 
IFN-I and T cell response in HIV-1-infected patients. 
AIDS. 2020;34:1467–1473. doi:10.1097/ 
QAD.0000000000002574.

58. Ross SH, Cantrell DA. Signaling and function of 
Interleukin-2 in T Lymphocytes. Annu Rev Immunol. 
2018;36:411–433. doi:10.1146/annurev-immunol 
-042617-053352.

59. Hua L, Yao S, Pham D, Jiang L, Wright J, Sawant D, 
Dent AL, Braciale TJ, Kaplan MH, Sun J, et al. 
Cytokine-dependent induction of CD4+ T cells with 
cytotoxic potential during influenza virus infection. 
J Virol. 2013;87:11884–11893. doi:10.1128/JVI.01461- 
13.

60. Qui HZ, Hagymasi AT, Bandyopadhyay S, St Rose MC, 
Ramanarasimhaiah R, Menoret A, Mittler RS, 
Gordon SM, Reiner SL, Vella AT, et al. CD134 plus 
CD137 dual costimulation induces Eomesodermin in 
CD4 T cells to program cytotoxic Th1 differentiation. 
J Immunol. 2011;187:3555–3564. doi:10.4049/ 
jimmunol.1101244.

61. Dillon SM, Rogers LM, Howe R, Hostetler LA, 
Buhrman J, McCarter MD, Wilson CC. Human 
Intestinal Lamina Propria CD1c + Dendritic cells dis-
play an activated phenotype at steady state and produce 
IL-23 in response to TLR7/8 stimulation. J Immunol. 
2010;184:6612–6621. doi:10.4049/jimmunol.1000041.

62. Granucci F, Feau S, Angeli V, Trottein F, Ricciardi- 
Castagnoli P. Early IL-2 production by mouse dendritic 
cells is the result of microbial-induced priming. 
J Immunol. 2003;170:5075–5081. doi:10.4049/ 
jimmunol.170.10.5075.

63. Granucci F, Vizzardelli C, Pavelka N, Feau S, Persico M, 
Virzi E, Rescigno M, Moro G, Ricciardi-Castagnoli P. 
Inducible IL-2 production by dendritic cells revealed by 
global gene expression analysis. Nat Immunol. 
2001;2:882–888. doi:10.1038/ni0901-882.

64. Hiebert PR, Wu D, Granville DJ. Granzyme B degrades 
extracellular matrix and contributes to delayed wound 
closure in apolipoprotein E knockout mice. Cell Death 
Differ. 2013;20:1404–1414. doi:10.1038/cdd.2013.96.

65. Medina MA, Couturier J, Feske ML, Mahne AE, 
Turner M, Yu X, Kozinetz CA, Orozco AF, 
Hutchison AT, Savidge TC, et al. Granzyme B- and 
Fas ligand-mediated cytotoxic function induced by 

mitogenic CD28 stimulation of human memory CD4 
+ T cells. J Leukoc Biol. 2012;91:759–771. doi:10.1189/ 
jlb.0511264.

66. Afonina IS, Tynan GA, Logue SE, Cullen SP, Bots M, 
Luthi AU, Reeves E, McElvaney N, Medema J, Lavelle E, 
et al. Granzyme B-dependent proteolysis acts as a switch 
to enhance the proinflammatory activity of IL-1alpha. 
Mol Cell. 2011;44:265–278. doi:10.1016/j. 
molcel.2011.07.037.

67. Omoto Y, Yamanaka K, Tokime K, Kitano S, Kakeda M, 
Akeda T, Kurokawa I, Gabazza EC, Tsutsui H, 
Katayama N, et al. Granzyme B is a novel 
interleukin-18 converting enzyme. J Dermatol Sci. 
2010;59:129–135. doi:10.1016/j.jdermsci.2010.05.004.

68. Wensink AC, Kemp V, Fermie J, Garcia Laorden MI, 
van der Poll T, Hack CE, Bovenschen N. Granzyme 
K synergistically potentiates LPS-induced cytokine 
responses in human monocytes. Proc Natl Acad Sci 
U S A. 2014;111:5974–5979. doi:10.1073/ 
pnas.1317347111.

69. Lin L, Couturier J, Yu X, Medina MA, Kozinetz CA, 
Lewis DE. Granzyme B secretion by human memory 
CD4 T cells is less strictly regulated compared to mem-
ory CD8 T cells. BMC Immunol. 2014;15:36. 
doi:10.1186/s12865-014-0036-1.

70. Kibbie JJ, Dillon SM, Thompson TA, Purba CM, 
McCarter MD, Wilson CC. Butyrate directly decreases 
human gut lamina propria CD4 T cell function through 
histone deacetylase (HDAC) inhibition and GPR43 
signaling. Immunobiology. 2021;226:152126. 
doi:10.1016/j.imbio.2021.152126.

71. Luu M, Weigand K, Wedi F, Breidenbend C, Leister H, 
Pautz S, Adhikary T, Visekruna A. Regulation of the 
effector function of CD8(+) T cells by gut 
microbiota-derived metabolite butyrate. Sci Rep. 
2018;8:14430. doi:10.1038/s41598-018-32860-x.

72. Riaz T, Sollid LM, Olsen I, de Souza GA. Quantitative 
proteomics of gut-derived Th1 and Th1/Th17 clones 
reveal the presence of CD28+ NKG2D- Th1 cytotoxic 
CD4+ T cells. Mol Cell Proteomics. 2016;15:1007–1016. 
doi:10.1074/mcp.M115.050138.

73. Dillon SM, Castleman MJ, Frank DN, Austin GL, 
Gianella S, Cogswell AC, Landay AL, Barker E, 
Wilson CC. Brief report: inflammatory colonic innate 
lymphoid cells are increased during untreated HIV-1 
infection and associated with markers of gut dysbiosis 
and mucosal immune activation. J Acquir Immune 
Defic Syndr. 2017;76:431–437. doi:10.1097/ 
QAI.0000000000001523.

74. Dillon SM, Guo K, Austin GL, Gianella S, Engen PA, 
Mutlu EA, Losurdo J, Swanson G, Chakradeo P, 
Keshavarzian A, et al. A compartmentalized type 
I interferon response in the gut during chronic HIV-1 
infection is associated with immunopathogenesis. 
AIDS. 2018;32:1599–1611. doi:10.1097/ 
QAD.0000000000001863.

e2045852-24 S. M. DILLON ET AL.

https://doi.org/10.1016/j.ebiom.2016.01.032
https://doi.org/10.1007/s10620-020-06110-y
https://doi.org/10.1097/QAD.0000000000002574
https://doi.org/10.1097/QAD.0000000000002574
https://doi.org/10.1146/annurev-immunol-042617-053352
https://doi.org/10.1146/annurev-immunol-042617-053352
https://doi.org/10.1128/JVI.01461-13
https://doi.org/10.1128/JVI.01461-13
https://doi.org/10.4049/jimmunol.1101244
https://doi.org/10.4049/jimmunol.1101244
https://doi.org/10.4049/jimmunol.1000041
https://doi.org/10.4049/jimmunol.170.10.5075
https://doi.org/10.4049/jimmunol.170.10.5075
https://doi.org/10.1038/ni0901-882
https://doi.org/10.1038/cdd.2013.96
https://doi.org/10.1189/jlb.0511264
https://doi.org/10.1189/jlb.0511264
https://doi.org/10.1016/j.molcel.2011.07.037
https://doi.org/10.1016/j.molcel.2011.07.037
https://doi.org/10.1016/j.jdermsci.2010.05.004
https://doi.org/10.1073/pnas.1317347111
https://doi.org/10.1073/pnas.1317347111
https://doi.org/10.1186/s12865-014-0036-1
https://doi.org/10.1016/j.imbio.2021.152126
https://doi.org/10.1038/s41598-018-32860-x
https://doi.org/10.1074/mcp.M115.050138
https://doi.org/10.1097/QAI.0000000000001523
https://doi.org/10.1097/QAI.0000000000001523
https://doi.org/10.1097/QAD.0000000000001863
https://doi.org/10.1097/QAD.0000000000001863


75. Dillon SM, Friedlander LJ, Rogers LM, Meditz AL, 
Folkvord JM, Connick E, McCarter MD, Wilson CC. 
Blood myeloid dendritic cells from HIV-1-infected 
individuals display a proapoptotic profile characterized 
by decreased Bcl-2 levels and by caspase-3+ frequencies 
that are associated with levels of plasma viremia and 
T cell activation in an exploratory study. J Virol. 
2011;85:397–409. doi:10.1128/JVI.01118-10.

76. Dillon SM, Lee EJ, Bramante JM, Barker E, Wilson CC. 
The natural killer cell interferon-gamma response to 
bacteria is diminished in untreated HIV-1 infection 
and defects persist despite viral suppression. J Acquir 
Immune Defic Syndr. 2014;65:259–267. doi:10.1097/01. 
qai.0000435603.50598.2b.

77. Dillon SM, Robertson KB, Pan SC, Mawhinney S, 
Meditz AL, Folkvord JM, Connick E, McCarter MD, 
Wilson CC. Plasmacytoid and myeloid dendritic cells 
with a partial activation phenotype accumulate in lym-
phoid tissue during asymptomatic chronic HIV-1 
infection. J Acquir Immune Defic Syndr. 2008;48:1–12. 
doi:10.1097/QAI.0b013e3181664b60.

78. Castleman MJ, Dillon SM, Purba CM, Cogswell AC, 
Kibbie JJ, McCarter MD, Santiago ML, Barker E, 
Wilson CC. Commensal and pathogenic bacteria indir-
ectly induce IL-22 but not IFNgamma production from 
human colonic ILC3s via multiple mechanisms. Front 
Immunol. 2019;10:649. doi:10.3389/fimmu.2019.00649.

GUT MICROBES e2045852-25

https://doi.org/10.1128/JVI.01118-10
https://doi.org/10.1097/01.qai.0000435603.50598.2b
https://doi.org/10.1097/01.qai.0000435603.50598.2b
https://doi.org/10.1097/QAI.0b013e3181664b60
https://doi.org/10.3389/fimmu.2019.00649

	Abstract
	Introduction
	Results
	Clinical study participant characteristics and study design
	Frequencies of LP GZB-expressing CD4 T cells are increased in colons of untreated, chronically-infected PWH
	Frequencies of LP GZB-expressing CD4 T cells associate with systemic and colonic T cell activation
	Frequencies of LP GZB-expressing CD4 T cells associate with the relative abundance of Prevotella species
	Frequencies of peripheral blood GZB<sup>+</sup> CD4 T cells are higher in PWH, but do not associate with measured features of HIV-1 pathogenesis
	LP CD4 T cells upregulate GZB expression following exposure to a panel of enteric bacteria <italic>in vitro</italic>
	GZB is induced rapidly in LP CD4 T cells in response to stimulation of LPMC with <italic>E. coli</italic> lysate
	Commensal <italic>E. coli</italic> stimulation induces robust GZB expression in CD4 T cells from gut, but not blood or lymphoid tissue
	E. coli-induced GZB expression in LP CD4 T cells occurs indirectly and is partially mediated by HLA-DR
	GZB<sup>+</sup> LP CD4 T cells co-express proteins indicative of cytolytic capability
	GZB<sup>+</sup> LP CD4 T cells expanded with <italic>E. coli</italic> lysate are enriched for cells capable of co-expressing IL-17 and IFNγ
	Rapid induction of GZB in response to <italic>E. coli</italic> lysate exposure is mediated by IL-2 and increased expression of IL-2Rα

	Discussion
	Materials and Methods
	Clinical study participants and study design
	Histological staining and analysis of GZB expression in human colonic biopsies
	Measurement of GZB expression in peripheral blood CD4 T cells
	Measurement of serum GZA and GZB levels
	Previously obtained immunological, virological and microbial measurements
	Statistical analysis for clinical study

	Collection and isolation of human LPMC, TMC and PBMC for <italic>in vitro</italic> studies
	<italic>In vitro</italic> stimulation of LPMC, TMC or PBMC with whole bacteria, bacterial lysates or TCR-stimulatory beads
	T cell proliferation and MHC Class II (HLA-DR, DP, DQ) or MHC Class I (HLA-ABC) blocking assays
	Mitogenic stimulation of LPMC to determine frequencies of Th cells
	Isolation and <italic>in vitro</italic> culture of purified LP CD4 T cells
	Short-term <italic>in vitro</italic> exposure of LPMC to recombinant cytokines
	Short-term <italic>in vitro</italic> exposure of LPMC to cytokine neutralizing antibodies
	Measurement of secreted cytokines
	Flow cytometry staining, acquisition, and analysis
	Statistical analysis for <italic>in vitro</italic> studies
	Acknowledgments
	Disclosure statement
	Author contributions
	Data availability
	Funding
	References

