
����������
�������

Citation: Augustin, M.; Horn, C.;

Ercanoglu, M.S.; Sandaradura de

Silva, U.; Bondet, V.; Suarez, I.; Chon,

S.-H.; Nierhoff, D.; Knops, E.; Heger,

E.; et al. CXCR3 Expression Pattern

on CD4+ T Cells and IP-10 Levels

with Regard to the HIV-1 Reservoir in

the Gut-Associated Lymphatic Tissue.

Pathogens 2022, 11, 483. https://

doi.org/10.3390/pathogens11040483

Academic Editors: Natalia

Soriano-Sarabia and Ezequiel

Ruiz-Mateos

Received: 10 March 2022

Accepted: 12 April 2022

Published: 18 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

pathogens

Brief Report

CXCR3 Expression Pattern on CD4+ T Cells and IP-10 Levels
with Regard to the HIV-1 Reservoir in the Gut-Associated
Lymphatic Tissue
Max Augustin 1,2,3,† , Carola Horn 1,2,3,†, Meryem Seda Ercanoglu 2,4, Ute Sandaradura de Silva 1,2,3,
Vincent Bondet 5 , Isabelle Suarez 1,3, Seung-Hun Chon 6 , Dirk Nierhoff 7, Elena Knops 4 , Eva Heger 4,
Carlo Vivaldi 8, Hartmut Schäfer 8, Mark Oette 9, Gerd Fätkenheuer 1,3, Florian Klein 2,3,4 , Darragh Duffy 5 ,
Michaela Müller-Trutwin 10 and Clara Lehmann 1,2,3,*

1 Division of Infectious Diseases, Department I of Internal Medicine,
Medical Faculty and University Hospital Cologne, University of Cologne, 50937 Cologne, Germany;
max.augustin@uk-koeln.de (M.A.); carola.horn@uk-koeln.de (C.H.);
ute.sandaradura-de-silva@uk-koeln.de (U.S.d.S.); isabelle.suarez@uk-koeln.de (I.S.);
gerd.faetkenheuer@uk-koeln.de (G.F.)

2 Center for Molecular Medicine Cologne (CMMC), Medical Faculty and University Hospital Cologne,
University of Cologne, 50937 Cologne, Germany; meryem.ercanoglu@uk-koeln.de (M.S.E.);
florian.klein@uk-koeln.de (F.K.)

3 German Center for Infection Research (DZIF), Partner Site Bonn-Cologne, 50931 Cologne, Germany
4 Institute of Virology, Medical Faculty and University Hospital Cologne, University of Cologne,

50937 Cologne, Germany; elena.knops@uk-koeln.de (E.K.); eva.heger@uk-koeln.de (E.H.)
5 Translational Immunology Unit, Institut Pasteur, Université de Paris, CEDEX 15, 75015 Paris, France;

vincent.bondet@pasteur.fr (V.B.); darragh.duffy@pasteur.fr (D.D.)
6 Department of General, Visceral Surgery and Cancer Surgery,

Medical Faculty and University Hospital Cologne, University of Cologne, 50937 Cologne, Germany;
seung-hun.chon@uk-koeln.de

7 Clinic for Gastroenterology and Hepatology, Medical Faculty and University Hospital Cologne,
University of Cologne, 50937 Cologne, Germany; dirk.nierhoff@uk-koeln.de

8 Clinic for Coloproctology, PanKlinik, 50667 Cologne, Germany; c.vivaldi@enddarmpraxis-koeln.de (C.V.);
h.schaefer@enddarmpraxis-koeln.de (H.S.)

9 Department of General Medicine, Gastroenterology and Infectious Diseases, Augustinerinnen Hospital,
50678 Cologne, Germany; moette@severinskloesterchen.de

10 Unité HIV, Inflammation & Persistence, Institut Pasteur, Université Paris Cité, CEDEX 15, 75015 Paris, France;
mmuller@pasteur.fr

* Correspondence: clara.lehmann@uk-koeln.de
† These authors contributed equally to this work.

Abstract: (1) Background: The gut-associated lymphatic tissue (GALT) represents the largest lym-
phoid organ, and is considered to be the largest HIV reservoir. The exact size of the GALT reservoir
remains unclear. Several markers, such as the chemokine receptor CXCR3 and its pro-inflammatory
ligand IP-10, have been proposed to define the size of HIV reservoirs in the peripheral blood (PB).
However, little is known about the role of CXCR3 and IP-10 within the GALT. (2) Methods: We
compared the CXCR3 expression, IP-10 levels, and cell-associated HIV DNA of distinct memory
CD4+ T cell subsets from the terminal ileum (TI), PB and rectum (RE) of 18 HIV+ patients with
antiretroviral therapy (ART), 6 HIV+ treatment-naive patients and 16 healthy controls. (3) Results:
While the relative distributions of CD4+ T cell subsets were similar in PB, TI and RE, HIV DNA and
CXCR3 expression were markedly increased and IP-10 levels were decreased in TI when compared to
PB. No significant correlation was found between the CXCR3 expression and memory CD4+ T cell
subsets, IP-10 levels and the HIV DNA amounts measured in PB, TI or RE. (4) Conclusions: During
a chronic HIV-1 infection, neither CXCR3 nor IP-10 are indicative of the size of the viral reservoir in
the GALT (TI and RE).
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1. Introduction

Despite combined antiretroviral therapy (cART), human immunodeficiency virus
(HIV-1) reservoirs of the gut-associated lymphatic tissue (GALT) are very difficult to cure [1].
A particularly large, localized collection of lymphocytes can be found in the terminal ileum
(TI), organized in so-called Peyer’s patches [2,3]. In this context, it is essential to understand
how large the reservoir is, especially in the GALT. However, sampling biopsies from TI is
challenging, which limits our knowledge of the HIV cellular reservoir in TI. The current
understanding of the human GALT results from research into human rectal tissues (RE)
or animal models [4–7]. Nevertheless, this does not adequately reflect the real conditions
in TI.

Several markers have been proposed to define the sizes of cellular HIV reservoirs. The
first, and probably best known, is the surface marker CD32. After its first scientific descrip-
tion in the context of HIV reservoirs in 2017 [8], several studies discordantly discussed CD32
as a reliable marker [9–11]. However, CD32 re-emerged as a marker of HIV reservoirs in a
highly purified cell population in 2020 [12]. To date, the role of CD32 in HIV latency remains
controversial. The second is the chemokine receptor CXCR3 and its pro-inflammatory lig-
and IP-10 [13,14]. In chronically SIV-infected non-human primates (NHP), CXCR3 and
IP-10 were found more frequently in the GALT than in the peripheral blood (PB) [14], and
have been associated with the size of the viral reservoir. CXCR3 is preferentially expressed
on Th1 cells, and when co-expressed with CCR6, it defines a subset of TCD4 that prefer-
entially accumulates with HIV DNA in HIV-infected individuals on ART [15]. In HIV+
patients, blood IP-10 levels are increased and CXCR3 is up-regulated on memory CD4+ T
cells [15–17]. In particular, the exposure of resting CD4+ T cells to chemokines, such as
IP-10, allows efficient HIV-1 nuclear localization and integration of the HIV-1 provirus [18].
Thus, CXCR3/IP-10 may fuel peripheral and mucosal HIV-1 replication, and, therefore,
chronic immune activation. In addition, replication-competent HI viruses were primarily
found in CXCR3-expressing CD4+ T cells in the PB of HIV+ patients [19], and blood IP-10
levels correlate with the size of the viral reservoirs in the blood and semen [14,20]. CXCR3
and IP-10, which stimulate HIV target T cells to migrate to inflamed and peripheral tissues,
are produced in high amounts in the small intestine [14] and stimulate HIV replication
in vitro [15,21]. In addition, monoclonal blocking of CXCR3/IP-10 has been shown to
reduce HIV-1 replication in vitro [21]. However, CXCR3’s role in latently infected memory
CD4+ T cell subsets in the human terminal ileum and rectum remains unknown.

We, therefore, determined the levels and cellular distribution of HIV in the TI—the
largest immune compartment in the GALT—in cART-treated (HIV+

cART) versus treatment-
naïve HIV-positive patients (HIV+

NAIVE). We evaluated the local IP-10 levels and expression
of the biomarkers CXCR3 on CD4+ T cell subsets, compared to the PB and GALT (TI + RE).

2. Results
2.1. Patient Characteristics

The median ages of the 18 cART-treated HIV-positive patients (HIV+
cART) and

treatment-naive HIV-positive patients (HIV+
NAIVE) were 55 years (interquartile range(IQR)

47–62 years) and 49 years (IQR 42–50 years), respectively (Table 1). HIV+
cART had a CD4 cell

count of 745 (IQR 464–973) per microliter (µL) and a plasma viral load below 20 ribonucleic
acid (RNA) copies per milliliter (mL). In contrast, HIV+

NAIVE presented with a CD4+ cell
count of 70/µL (IQR 20–270) per µL and a plasma viral load of 792,300 (IQR 17,280–3,700,000)
copies/mL (Table 1).

2.2. Loss of CD4+ T Cells in GALT of All HIV+ Patients (cART-Treated and Treatment Naive)

CD4+ T cells (TCD4) were significantly decreased in (i) the PB and TI of HIV+ when
compared to the CTRL (PB: p < 0.0001, TI: p = 0.0002, and RE: p = 0.3408) and (ii) the GALT
of HIV+ when compared to PB (TCD4: PB vs. TI p < 0.0001, and PB vs. RE p = 0.0002) [%
median (IQR), TCD4: HIV+: PB: 23.9 (14.6–28.3), TI: 7.4 (3.8–13.0), R: 10.5 (6.0–13.9); CTRL:
PB: 41.7 (37.6–47.8), TI: 16.8 (4.6–18.8), R: 12.3 (6.5–16.9); Figure 1a].
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Table 1. Clinical characteristics of cART-treated and treatment-naive HIV-positive individuals (HIV+)
and healthy controls (CTRL).

Patients n Age,
(Years)

HIV-1,
(Years)

cART,
(Years)

CD4+,
(Cells/mm3)

CD4+,
(%)

CD4+ Nadir,
(Cells/mm3)

Plasma Viral
Load, (RNA
Copies/mL)

Aviremia,
(Years)

HIV+
cART 18(16♂, 2♀) 55(IQR 47–61) 14(IQR 11–20) 8(IQR 5–10) 745(IQR 464–973) 33(IQR 27–36) 280(IQR 197–423) 20(IQR 20–40) 8(IQR 6–14)

HIV+
NAIVE 6(6♂, 0♀) 49(IQR 42–50) 4(IQR 2–14) 0 70(IQR 20–270) 16(IQR 3–30) 40(IQR 20–270) 792k(IQR 17 k–3.7 M) 0

CTRL 16(7♂, 9♀) 58(IQR 49–65) n.a. n.a. 1075(IQR 952–1289) 35(IQR 33–36) n.a. n.a. n.a.
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Figure 1. Quantitative features of CD4+ T cells (TCD4), memory (TM) and antigen-naive (TN), and
distinct CD4+ T cell subsets (TCM, TEM and TTM), in the peripheral blood (PB) and gut-associated
lymphatic tissue (GALT = terminal ileum (TI) and rectum (RE)) of HIV+ and CTRL. (a) Percentage
distribution [%] of CD4+ T cells (TCD4), cART-treated (HIV+

cART, marked black) plus treatment-naive
(HIV+

NAIVE, marked red) HIV-positive patients versus control (CTRL). (b,c) Percentage distribution
[%] of (b) memory (TM) and antigen-naïve (TN) CD4+ T cells and (c) distinct CD4+ T cell subsets
(TCM, TEM and TTM) in HIV+. Data are expressed as median (IQR) in graph (a,c), and minimum to
maximum in graph b. Significant differences (p-values < 0.05) were tested with a two-tailed Mann-
Whitney test or Wilcoxon matched-pairs test, as applicable. p < 0.05 shows statistical significance:
*** p ≤ 0.001, **** p ≤ 0.0001, and ns, not significant. HIV+, all HIV-positive individuals (n = 24);
CTRL, control; TCM, central memory T cells; TEM, effector memory T cells; TTM, transitional memory
T cells; IQR, interquartile range; mL, milliliter.

2.3. Similar Distribution of Memory CD4+ T Cell Subsets in HIV+ and Healthy Individuals

While the frequency of memory CD4+ T cells (TM) increased significantly from the
PB to TI and RE, the frequencies of antigen-naive CD4+ T cells (TN) decreased (Figure 1b).
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Transitional memory T cells (TTM) were the most common memory cell subset in all
three compartments (%, TTM-PB: 76.6 (53.9–85.5), TI: 67.9 (55.0–83.7), RE: 80.1 (69.8–87.5);
Figure 2b), followed by effector memory (TEM) and central memory T cells (TCM): TTM >
TEM > TCM (Figure 1c).
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Figure 2. Qualitative features of memory (TM), antigen-naïve (TN) CD4+ T cells and distinct CD4+ T
cell subsets (TCM, TEM and TTM) in the peripheral blood (PB) and gut-associated lymphatic tissue
(GALT = terminal ileum (TI) and rectum (RE)) of HIV+. CXCR3 expression [gMFI] on (a) antigen-
naïve (TN) and memory (TM) CD4+ T cells and (b) distinct CD4+ T cell subsets (TCM, TEM and TTM).
(c) IP-10 levels in HIV+ and healthy controls in all sites. In HIV+ blood, HIV+NAIVE are marked
red. Correlations of (d,e) HIV DNA measured in the TI and (f,g) systemic CD4 cell count to ileal
CXCR3 expression and ileal IP-10 levels, respectively. Data are expressed as median (IQR) in graphs
a and c, and minimum to maximum in graph b. Significant differences (p-values < 0.05) were tested
with a two-tailed Mann-Whitney test or Wilcoxon matched-pairs test, as applicable. p < 0.05 shows
statistical significance: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, and ns, not significant.
HIV+, HIV-positive individuals; cART, combined antiretroviral therapy; HIV+

NAIVE, treatment-naïve
HIV+; HIV+

cART, cART-treated HIV+; TCM, central memory T cells; TEM, effector memory T cells;
TTM, transitional memory T cells; gMFI, geometric mean fluorescence intensity; IQR, interquartile
range; mL, milliliter; pg, picograms; PB, peripheral blood; TI, terminal ileum; WBC, white blood cells.

2.4. Terminal Ileum (TI) Is the Preferential HIV DNA Reservoir

Similarly to our previous analyses [22], HIV+
cART harbored less HIV DNA compared

to HIV+
NAIVE in all sites (PB: 21-fold, TI: 11-fold, and RE: 92-fold; not shown). However,

the HIV DNA levels of solely HIV+
cART were significantly higher in (i) the GALT when

compared to the PB (PB vs. TI + RE; p = 0.0327) and (ii) in the TI when compared to the
RE (median (IQR) HIV/TM × 106, PB: 5866 (2098–11,855), TI: 13280 (5490–75,460), and
RE: 5150 (0–32,280): TI > RE = PB; not shown). While TEM carried the most HIV DNA
in the PB (median (IQR) HIV/TM × 106, PB TEM: 1780 (1123–3890); TCM: 873 (128–1615);
TTM: 642 (0–208)), TTM did in the TI and RE (median (IQR) HIV/TM × 106 PB: TEM: 1780
(1123–3890), TCM: 873 (128–1615), and TTM: 642 (0–208); TI: TTM: 5490 (1650–34,700),
TEM: 2960 (0–18,200), and TCM: 0 (0–5850); RE: TCM: 0 (0–17,700), TEM: 0 (0–2790), and
TTM: 1510 (0–6080); not shown). The HIV-1 detection rates were, on average, 89%, 67%,
and 67% in the PB, TI, and RE of HIV+

NAIVE, and 80%, 70%, and 53%, respectively, of
cART-treated patients.

2.5. Increased Expression of CXCR3 in the GALT of HIV+ Patients

In the PB, TI and RE, we found higher expression of CXCR3 on both antigen-naive T
cells (TN: CD3+CD4+CD45RO−) and CD4+ T memory cells (TM: CD3+CD4+CD45RO+)
in HIV+ patients compared to healthy controls (TN: CXCR3 2.7-fold increase and TM:
CXCR3 1.7-fold increase; not shown). In addition, TM showed significantly higher CXCR3
expression than TN in the PB and TI (Figure 2a). A comparison of the sites showed that
HIV+ patients had higher CXCR3 expression on TM in the TI and RE than in the PB (median
(IQR) of CXCR3 gMFI, TM: PB: 124 (89–157), TI: 160 (131–212), RE: 223 (128–685), TN: PB: 60
(45–78), TI: 88 (64–118), and RE: 557 (227–1261); Figure 2b). Central memory T cells (TCM)
had the highest CXCR3 expression in all three compartments (Figure 2b). In addition, TCM
in the TI and RE showed significantly higher CXCR3 expression than the TCM in the PB
(Figure 2b).
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2.6. No Correlation between IP-10/CXCR3 and CD4 Cell Count and Measured HIV DNA in the
Blood and GALT of HIV+

cART

The IP-10 levels were significantly higher in the HIV+ patients than in the healthy
controls, and higher in the PB than in the GALT (Figure 2c). HIV+

NAIVE patients showed
higher IP-10 levels in the PB than HIV+

cART (Figure 2c). We found no correlation (p > 0.05)
between the CXCR3 expression on memory CD4+ T cell subsets or IP-10 levels and the
levels of measured HIV DNA in the blood (CXCR3: r = −0.2, p > 0.05; IP-10: r = 0.09,
p > 0.05); not shown) and the GALT (CXCR3: r = −0.19, p > 0.05; IP-10: r = −0.15, p > 0.05;
Figure 2d,e). Importantly, clinical characteristics, such as CD4+ count (CXCR3: r = −0.2,
p > 0.05; IP-10: r = 0.2, p > 0.05) and viral load (CXCR3: r = 0.00, p > 0.05; IP-10: r = 0.00,
p > 0.05; not shown), had no impact on HIV DNA, IP-10 levels and CXCR3 expression in
the blood (Table 1) and the GALT of HIV+

cART (CXCR3: r = 0.03, p > 0.05; IP-10: r = −0.25,
p > 0.05; Figure 2f,g).

3. Discussion

A key mechanism in the pathogenesis of HIV infection is the gradual decline in CD4+ T
cells (TCD4) [23], which occurs to a greater extent in the GALT [24–26] than in the PB [27–29].
It is also recognized that the gut is a large reservoir of HIV, but it is poorly quantified.
Therefore, biomarkers such as CXCR3 and its ligand, the chemokine IP-10, may be helpful
to gain a better understanding of the size of the reservoir. However, CXCR3’s and IP-10’s
roles in latently infected memory CD4+ T cell subsets in the human terminal ileum and
rectum remain unknown.

We, therefore, performed a comparative analysis of cell-associated HIV DNA, the
expression of the biomarker CXCR3 on CD4+ T cell subsets, and IP-10 levels in the TI, PB,
and RE of HIV-infected individuals with and w/o cART.

It was shown that the TI contains more cell-associated HIV DNA than the RE, and is,
therefore, the most important anatomical reservoir during chronic HIV infection. These
particular findings are consistent with previous work of ours [22], which investigated the
role of PD-1 in fueling cellular HIV-1 reservoirs [22]. However, the role of CXCR3 and IP-10
in this issue is the subject of the present study.

In our study, the lowest number of TCD4 occurred (i) in HIV+ compared to CTRL, (ii) in
the GALT compared to the PB (Figure 1a), and (iii) in HIV+

NAIVE compared to HIV+
cART.

These findings confirm that effective combined antiretroviral therapy (cART) restores the
TCD4 count primarily in the PB. In contrast, no complete recovery of TCD4 was observed
in the TI, despite cART (Figure 1a). In addition, we showed that the GALT—reflecting
increased immune activation—harbored significantly (i) more memory CD4+ T cells (TM)
and (ii) fewer antigen-naive T cells (TN) compared to the PB (Figure 1b). These observations
are consistent with previous work by us and others [30–33], and highlights the crucial role
of the TI in HIV pathogenesis and HIV persistence in the GALT, despite cART. In contrast
to previous studies, in which TCM was the most frequent subset in the PB and TEM in
TI [30,34], TTM was the most frequent subset in our study (Figure 1c). Distinct (i) clinical
characteristics, (ii) gating strategy or (iii) techniques may explain the contrast observed.
Despite cART for a median duration of eight years (IQR 5–11), more HIV DNA was detected
(i) in the GALT, when compared to the PB, and (ii) in the TI, when compared to the PB and
RE (TI > RE = PB). Previous studies had already shown that the GALT harbored more HIV
DNA when compared to the PB [35–38].

Distinct cellular subsets (TCD4: TM, TCM, TEM and TTM) were examined, as antigenic
proliferation and maturation alter the qualitative features of potential HIV reservoirs.
Regarding CXCR3 expression on these subsets, and IP-10 levels in the blood and gut, the
role of the TI as the most decisive HIV reservoir is emphasized. CXCR3 patterns and IP-10
levels had already been associated with the establishment of HIV reservoirs in the intestine
of non-human primates [14], as well as in the peripheral blood [19], lymph nodes [39] and
duodenum [40] of HIV-positive patients. Here, these findings were described for the first
time in the cellular HIV reservoir in the terminal ileum and rectum of the human GALT. In
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detail, CXCR3 expressions were higher (i) in HIV+ when compared to the healthy controls,
(ii) in the GALT when compared to the PB, (iii) on TM when compared to TN, and (iv) on
TCM when compared to TEM or TTM, in all three sites (Figure 2a,b).

Next, we tested whether CXCR3 expression correlated with cell-associated HIV DNA
in the TI, as CXCR3 marks blood memory CD4+ T cells that contain replication-competent
virus [41], and is associated with chronic immune activation in human blood [41]. In
particular, TCM is considered a significant replication-competent HIV-1 reservoir [34], and,
in our study, it showed the highest CXCR3 expression in all sites (Figure 2b). However,
we observed no links between CXCR3 expression, on either blood or ileal memory T cells,
and HIV DNA (Figure 2d,f). These findings are in line with previous studies, in which
CCR6+Th17 subsets predominantly contribute to HIV persistence in the PB [39,42,43],
lymph nodes [39] and colon [43] during cART.

Similarly, in the PB, the levels of CXCR3’s proinflammatory ligand IP-10 were increased
in treatment-naïve HIV+ compared to healthy and cART-treated individuals (Figure 2c).
By contrast, in the TI, the IP-10 levels were similar in treatment-naïve and cART-treated
HIV+. As in our observations with HIV DNA, cART reduces IP-10 more effectively in the
PB than in the TI. Given that elevated IP-10 levels were found to be associated with CD4+
T cell decline and an increased risk of rapid progression towards AIDS [14], the reduction
in blood IP-10 levels may signal successful antiretroviral treatment. During primary HIV
infection, systemic IP-10 levels correlate with cell-associated HIV DNA in the PB and
semen [14,20]. Exposure to IP-10 allows efficient HIV-1 nuclear localization and integration
of the HIV-1 provirus [18], characterizing the HIV reservoir. We, thus, tested for correlations
of IP-10 levels and CXCR3 expression with HIV DNA (Figure 2d–g). In our study, neither
CXCR3 nor IP-10 levels were indicative of the size of the cellular HIV reservoir in the TI
or RE (Figure 2d–g). This could have several reasons. For instance, the majority of our
patients were in the chronic rather than acute phase of infection. Another reason might be
that in chronic, treated infection, other parameters, such as persisting tissue damage or the
metabolic state of the cell, have a stronger impact on the HIV reservoir size than local IP-10
levels [13,44,45]. While we measured serum levels in the PB, gut IP-10 levels arose from
the ongoing production of collected biopsies. Although this method does not allow for
a comparison between sites, it does allow for a valid comparison between patient groups
within a single site. However, the total HIV DNA was measured in cell lysates, so we cannot
provide any information about the type of DNA and its replication ability. Measuring the
total cell-associated HIV DNA is only one of many imperfect surrogates of HIV-1 reservoirs.
Other limitations of our study were (i) the small sample size, (ii) few biopsies and, thus,
limited cell count, (iii) low cell yield, and (iv) no viral outgrowth assay. Nevertheless, the
increase in CXCR3 expression observed in both the TI and PB indicates CXCR3-mediated
processes that are stimulating or impairing, and require further investigation. Whether
CXCR3 is a competent indicator for replication-competent HIV reservoirs will have to be
examined in future qualitative analyses of the HIV reservoir of the GALT.

In conclusion, our study highlights (i) the role of the TI as an important anatomic
sanctuary for HIV, (ii) the failure of cART to eliminate HIV DNA, IP-10, and CXCR3
expression in the TI, (iii) that neither CXCR3 expression nor IP-10 levels are indicative of
the size of the cellular reservoir determined by the amount of HIV DNA, and (iv) CXCR3-
mediated processes that affect HIV persistence in the GALT. The crucial role of the TI as
an anatomical HIV reservoir had been significantly underrepresented in studies to date.
Despite the difficult accessibility of the TI, the analysis of samples from the TI is crucial for
understanding HIV immunopathogenesis, to develop translational intervention strategies
for HIV-1 eradication and for the control of viral HIV reservoirs in the future. In our study,
neither CXCR3 expression nor IP-10 levels were indicative of the quantitative size of the
cellular HIV reservoir in the blood and GALT (TI and RE), as determined by the amount of
HIV DNA. Future research will have to investigate whether CXCR3 and IP-10 qualitatively
allow us to find replication-competent HIV reservoirs in the human GALT.
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4. Materials and Methods
4.1. Resources

After informed consent, 23 mL of PB, as well as six to ten ileal and rectal biopsies
from colonoscopy, were obtained from 18 cART-treated (HIV+

cART) and 6 treatment-naïve
(HIV+

NAIVE) HIV+ patients, and 16 healthy individuals, from the (i) University Hospital
Cologne, (ii) Augustinerinnen Hospital, Cologne, and (iii) PanKlinik—Clinic for Coloproc-
tology, Cologne. All biomaterials were collected at the University Hospital Cologne.

Inclusion criteria: 18–65 years old and infection with HIV-1. Exclusion criteria: con-
traindications for sedation or endoscopy and inflammatory bowel diseases. Clinical char-
acteristics were documented (Table 1). The ileal and rectal biopsies from colonoscopy
were immediately placed in 5 mL tissue culture medium (RPMI 1640, F 1215, Biochrom,
Cambridge, UK), equipped with 10% penicillin/streptomycin and 25 µg/mL amphotericin
B, used as supernatant after removal of biopsies.

4.2. Cell Isolation and FACS Sorting

Density centrifugation on a Ficoll gradient (L 6115, Biochrom, Cambridge, UK) was
used to separate peripheral blood mononuclear cells (PBMCs) and lamina propria mononu-
clear cells (LPMCs), as described by Lehmann et al. [46], and were kept frozen at −180 ◦C.
Thawed mononuclear cells were stained (CD3-APC-H7 (1:40, 560176, Becton Dickinson
(BD), Franklin Lakes, NJ, USA), CD4-FITC (1:40, 555346, BD, Franklin Lakes, NJ, USA),
CD45RO APC (1:10, 130-109-430, Miltenyi Biotec, Bergisch Gladbach, Germany), CCR7 Pe-
Cy7 (1:80, 557648, BD, Franklin Lakes, NJ, USA), CD27 PE (1:40, 560985, BD, Franklin Lakes,
NJ, USA) and CXCR3-BV510 (1:20, 353726, Biolegend, San Diego, CA, USA) and expres-
sion of CXCR3 (gMFI, geometric mean fluorescence intensities) on sorted CD4+CD45RO+
memory T-cell subsets (TM) was assessed (TCM, T central memory: CD27+CCR7+; TTM, T
transitional memory: CD27+CCR7−; and TEM, T effector memory cells: CD27−CCR7−)
(Figure 1b). Exemplary FACS plots are accessible in previous work of ours [22]. Samples
were sorted on a BD (Franklin Lakes, NJ, USA) FACSAria Fusion flow cytometer into 2 mL
collection tubes at 4-way purity and incubated without prior culturing with the following
antibodies. Isolation did not affect the detection of membrane proteins by antibodies.
Flow cytometry was performed on a BD (Franklin Lakes, NJ, USA) FACSAria Fusion
flow cytometer.

4.3. DNA Extraction and HIV-1 Quantification

Total HIV DNA was extracted from sorted memory CD4+ T cell subsets using QI-
Aamp DNA Blood Kit (51104, Qiagen, Hilden, Germany), according to the manufacturer’s
instructions. HIV copies of the eluate were quantified using the Versant HIV-1 RNA 1.5
Assay (kPCR) from Siemens (Munich, Germany), with a range of quantification of 37 to
11 × 106 copies/mL. Cell-associated HIV-1 DNA copies/mL were normalized to β-globin
levels and expressed as HIV copies per TM × 106.

4.4. Ultrasensitive IP-10 Quantification

Ultrasensitive digital ELISA (Simoa; Quanterix, Billerica, MA, USA; pg/mL) was per-
formed on thawed serum and gut tissue supernatants to quantify IP-10 levels as previously
described [47]. Gut biopsies remained for, on average, 4 h in tissue culture medium, which
was later used for ultrasensitive IP-10 quantification.

4.5. Statistical Analyses

Statistical analysis was conducted with GraphPad Prism Software Version 9.3.1.
(GraphPad Software, La Jolla, CA, USA). Significant differences (p-values < 0.05) were
tested with a two-tailed Mann-Whitney test or Wilcoxon matched-pairs test, as applicable.
Spearman’s r was used to describe non-parametric correlations. Correlation analyses were
performed in HIV+

cART only. All values are represented as the median with interquartile
ranges (IQR), unless otherwise stated.
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