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Abstract

Introduction: Colonic infiltration by HIV occurs soon after infection, establishing a persistent viral reservoir and a barrier to cure.
We investigated virologic and immunologic correlates of detectable colonic HIV RNA during acute HIV infection (AHI) and their
response to antiretroviral treatment (ART).

Methods: From 49,458 samples screened for HIV, 74 participants were enrolled during AHI and 41 consented to optional
sigmoidoscopy, HIV RNA was categorized as detectable ( > 50 copies/mg) or undetectable in homogenized colon biopsy specimens.
Biomarkers and HIV burden in blood, colon and cerebrospinal fluid were compared between groups and after 24 weeks of ART.

Results: Colonic HIV RNA was detectable in 31 participants (76%) and was associated with longer duration since HIV exposure
(median 16 vs. 11 days, p =0.02), higher median plasma levels of cytokines and inflammatory markers (CXCL10 476 vs. 148
pg/mL, p =0.02; TNF-RII 1036 vs. 649 pg/mL, p <0.01; neopterin 2405 vs. 1368 pg/mL, p =0.01) and higher levels of CD8+ T
cell activation in the blood (human leukocyte antigen - antigen D related (HLA-DR)/CD38 expression 14.4% vs. 7.6%, p <0.01)
and colon (8.9% vs. 4.5%, p =0.01). After 24 weeks of ART, participants with baseline detectable colonic HIV RNA demonstrated
persistent elevations in total HIV DNA in colonic mucosal mononuclear cells (CMMCs) (median 61 vs. O copies/10° CMMCs,
p =0.03) and a trend towards higher total HIV DNA in peripheral blood mononuclear cells (PBMC) (41 vs. 1.5 copies/10° PBMCs,
p =0.06). There were no persistent differences in immune activation and inflammation.

Conclusions: The presence of detectable colonic HIV RNA at the time of ART initiation during AHI is associated with higher levels
of proviral DNA after 24 weeks of treatment. Seeding of HIV in the gut may have long-lasting effects on the size of persistent
viral reservoirs and may represent an important therapeutic target in eradication strategies.
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Introduction

The gut-associated lymphoid tissue (GALT) is one of the first
sites infiltrated by HIV during acute infection [1,2] and
represents a major reservoir of latently infected cells that
create a barrier to HIV eradication [3—6]. Early infiltration of
gut tissues is facilitated by the local abundance of CD4+ /C-C
chemokine receptor type 5 (CCR5)+ T cells that are targeted
for infection by the virus [7—10] and potentially by interaction
between the HIV envelope and gut-homing integrin receptors
such as a4f7, although the clinical significance of this
interaction remains unclear [11]. This reservoir of infection
persists in patients who begin antiretroviral therapy (ART)
during the chronic phase of HIV infection, who often still

demonstrate detectable proviral HIV DNA [12—17], HIV RNA
[15-20] and replication-competent virus [21] in the gut
despite years of treatment that suppresses the virus in the
periphery.

Acute HIV infection (AHI) is associated with a surge in
peripheral blood cellular and inflammatory biomarkers such as
alpha interferon (IFN-a), C-X-C motif chemokine ligand 10
(CXCL10; also known as interferon gamma-induced protein
10), tumour necrosis factor alpha (TNF-a), monocyte chemo-
tactic protein 1 (MCP-1) and CD8+ T cell activation [22-28].
Studies have shown that ART initiation during acute or early
HIV infection reduces inflammation, reduces HIV reservoir size
and improves immune reconstitution in the peripheral blood
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[29—-32]. However, even ART initiated during AHI fails to induce
complete reconstitution of gut mucosal immunity in most
patients [19,33—35].

Identifying correlates of initial gut mucosal infiltration can
help improve our understanding of HIV pathogenesis and
may inform efforts at viral eradication. Understanding the
dynamics of HIV burden and gut mucosal immunity that
surround gut mucosal infiltration could inform interventions
to prevent or reverse the deleterious effects of this event. In
this study, we investigate associations between markers of
HIV burden, immune activation and inflammation across
multiple body compartments in participants who initiated
ART during AHI, stratified by whether HIV RNA was detectable
in colonic mucosal biopsy specimens at the time of ART
initiation. We also assessed the impact of 24 weeks of ART on
these parameters.

Methods

Study population

The ongoing RV254/SEARCHO10 cohort study (clinicaltrials.
gov NCT00796146) prospectively enrols participants at the
Thai Red Cross AIDS Research Centre in Bangkok. Individuals
presenting for HIV testing during AHI are identified in real-time
according to a previously published algorithm [36]. Briefly,
samples are screened using a fourth generation (4thG)
immunoassay (IA) detecting HIV antigen and HIV immunoglo-
bulin M (IgM). Non-reactive samples undergo pooled nucleic
acid testing (NAT) and reactive samples are tested using a less-
sensitive second generation (2ndG) IA sensitive to HIV IgG only.
Individuals are offered enrolment into the study if they have
either a non-reactive 4thG IA and a positive NAT or a reactive
4thG IA and a non-reactive 2ndG IA.

Individuals are also offered initiation of ART during AHI via
a separately funded protocol, as previously described [37].
All participants receive ART that includes efavirenz, tenofovir
and either emtricitabine or lamivudine. The first 10 partici-
pants to enrol received intensified therapy that also included
raltegravir and maraviroc. Subsequent participants were
randomized in a 1:1 ratio to receive either the three-drug
or five-drug regimen.

Participants who enrol in RV254/SEARCHO010 undergo serial
interviews, physical examinations and phlebotomy. Partici-
pants may also participate in optional procedures including
leukapheresis, colon biopsy and lumbar puncture to collect
cerebrospinal fluid (CSF). Participants diagnosed with AHI
between May 2009 and March 2012 who underwent colon
biopsy at the time of enrolment are included in this analysis.

All participants provided written informed consent prior to
enrolment in the RV254/SEARCH010 cohort and separate
consent for optional procedures. The study protocol was
approved by institutional review boards at Chulalongkorn
University, Bangkok, Thailand, and the Walter Reed Army
Institute of Research, Silver Spring, MD, USA.

Staging of acute HIV infection and determination of HIV
subtype

AHI was staged using blood from the day of enrolment into
the cohort according to the system described by Fiebig et al.
[38]. Fiebig stages | to V were considered AHI. HIV subtype

was determined using the multiregion hybridization assay
[39] or HIVSeq [40] programme.

Estimation of HIV exposure date

A detailed sexual history was obtained upon enrolment for
each participant and reviewed by a committee of at least
three study staff. Sexual encounters prior to diagnosis with
HIV were categorized as very high risk (such as condomless
sex or injection drug use), medium risk (such as anal or vaginal
sex with a condom) or low risk (such as insertive oral sex
or receptive oral sex without ejaculation). The estimated
HIV exposure date was calculated as the mean of the dates of
encounters in the highest risk category reported by each
participant within 30 days prior to diagnosis. Sexual encoun-
ters up to 60 days prior to diagnosis were included in the
calculation if a participant reported no sexual activity within
30 days or the participant was determined to be in Fiebig
stage Il or later with very high risk behaviour in the period
30 to 60 days prior to diagnosis and lower risk behaviour
within 30 days. The duration since HIV exposure was
calculated by subtracting the estimated HIV exposure date
from the date of HIV diagnosis.

Biopsy processing

Participants underwent a routine sigmoidoscopy procedure
under moderate conscious sedation. Approximately 30 endo-
scopic biopsies were randomly collected from the sigmoid
colon using Radial Jaw 3 biopsy forceps (Boston Scientific,
Natick, MA, USA). Participants were screened for incidental
histopathology using one or two of these biopsy pieces.

Flow cytometry was performed on freshly isolated colonic
mucosal mononuclear cells (CMMCs) from 20 to 25 biopsy
pieces that were processed within 30 minutes of collection.
In groups of five, the biopsies were weighed and placed in
500 mL of Roswell Park Memorial Institute (RPMI) media
containing 10% human AB serum (Gemini Bio-Product, West
Sacramento, CA, USA), 1% HEPES, 1% L-glutamine, 0.1%
gentamicin (Invitrogen, Carlsbad, CA, USA), 1% penicillin/
streptomycin and 2.5 mg/mL amphotericin B (Invitrogen).
Samples were then digested using 0.5 mg/mL Collagenase I
(Sigma, St. Louis, MO, USA). After digestion, samples were
filtered through a cell strainer using a syringe with a 16-gauge
blunt end needle. This procedure was repeated once or twice
in case undigested tissue remained. After being washed twice
with RPMI containing 1% HEPES, 1% L-glutamine, 1% penicillin/
streptomycin, 0.1% gentamicin and 2.5 mg/mL amphotericin B,
CMMCs were counted and viable cell enumeration was
determined using trypan blue exclusion and Beckman Coulter
AcT 5 haematology analyzer (Fullerton, CA, USA).

One or two biopsy pieces were collected in phosphate
buffered saline and subsequently stored in 1 mL of RNAlater
(Ambion, Foster, CA, USA) at —80°C for HIV RNA quantifica-
tion to be performed at a later time. If sufficient material was
available, then biopsy pieces stored in RNA later were also
used for HIV DNA quantification.

Quantification of HIV RNA and DNA

Colonic HIV RNA was measured using one to two frozen biopsy
specimens that were weighed, homogenized using a mortar
and pestle and suspended in AVL buffer as provided in the
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QlAamp Viral RNA Mini Kit (Cat No. 52904, Qiagen NV, Hilden,
Germany). Extraction was completed according to the kit
instructions. HIV RNA was quantified using the Siemens
Quantiplex HIV-1 3.0 assay with a lower limit of detection of
50 copies/mg (Siemens Healthcare, Erlangen, Germany). The
average amount of tissue used for this assay was 5.2 mg (range
1to 16 mg).

HIV RNA was measured in the plasma and CSF using either
the Roche Amplicor HIV-1 Monitor Test v1.5 or the Roche
COBAS AmpliPrep/COBAS TagMan HIV-1 Test v2.0 (Roche
Diagnostics, Branchburg, NJ, USA). In the serum, the lower
limits of detection for these assays are 50 and 20 copies/mL,
respectively. In the CSF, the lower limits of detection are 100
and 80 copies/mL.

Total HIV DNA quantification was performed using a
modified nested PCR with primers and probes specifically
designed for HIV subtypes CRFO1_AE and B as previously
described [30,41].

Measurement of soluble inflammatory markers

Levels of inflammatory cytokines and chemokines, including
TNF-RII, IL-6, IL-17 and MCP-1, were assayed in citrate plasma
in duplicate using Luminex multiplex technology according to
the manufacturer’s instructions (Millipore, Billerica, MA, USA).
Single-analyte ELISAs were performed to measure CXCL10
(Life Technologies, Grand Island, NY, USA), neopterin (GenWay
Biotech, San Diego, CA, USA), IFN-a., I-FABP and sCD14 (R&D
Systems, Minneapolis, MN, USA) and analyzed using SoftMax
Pro (Molecular Devices, Sunnyvale, CA, USA). D-dimer was
measured by ELISA on a VIDAS instrument (bioMerieux Inc.,
Durham, NC, USA), and C-reactive protein was measured by
electrochemiluminescence (Meso Scale Discovery, Gaithers-
burg, MD, USA).

Immunophenotyping

Immunophenotyping was performed on cryopreserved per-
ipheral blood mononuclear cells (PBMCs) and freshly-isolated
CMMCs from sigmoid colon. Cells were first stained with
Aqua Live/Dead dye (Invitrogen, Eugene, OR, USA). Subse-
quently the activation status of CD4+ and CD8+ T cells was
determined by staining cells using anti-CD3 PE-Cy7 (Invitro-
gen), anti-CD4 ECD (Beckman Coulter, Brea, CA, USA), anti-
CD8 PerCP-Cy5.5, anti-HLA-DR V450 and anti-CD38 APC
(BD Bioscience, San Jose, CA, USA) for 20 minutes at room
temperature. Post staining cells were resuspended in 1%
formaldehyde and acquired within 24 hours using a custom-
built BD LSRII or Fortessa flow cytometer (BD, San Jose, CA,
USA) and analyzed using FlowJo software version 9.6.3 or
higher (TreeStar, Ashland, OR, USA). At least 80,000 live cells
were acquired in the lymphocyte gate.

Calculation of absolute numbers of colonic T cell subsets

Absolute numbers of CD4+ and CD8+ Tcell subsets per gram
of gut tissue were calculated by multiplying the total viable cell
count per gram by percentages obtained from flow cytometry
analysis. The total cell count per gram of tissue was calculated
by dividing the viable cell count by the tissue weight. This
proportion was then multiplied by the percent of cells in
the live lymphocyte gate and that number was subsequently
multiplied by the percent of CD3 4+ lymphocytes. The absolute

number of colonic CD3+ T cells was used in conjunction with
the subset percentages to determine the absolute number of
each T cell subset per gram of biopsy tissue.

Statistical analyses

Colonic HIV RNA was characterized as detectable ( > 50 copies/
mg) or undetectable ( <50 copies/mg). Variables of interest
were stratified according to colonic HIV RNA detectability before
the initiation of ART. Comparisons were made using the Mann-
Whitney U test for continuous variables, Fisher’s exact test for
categorical variables and Wilcoxon paired signed rank test to
compare values before and after 24 weeks of ART. Spearman’s
rank correlation coefficient was calculated to evaluate correla-
tion between baseline colonic HIV RNA as a continuous variable
and various markers of HIV burden and immune activation
across multiple compartments. If values were undetectable for
any given assay, then the lower limit of detection of the assay
was used for statistical analyses. A two-sided type | error of 5%
was considered statistically significant for all analyses and no
formal adjustment was made for multiple comparisons. Ana-
lyses were performed using GraphPad Prism 6.0 (GraphPad
Software, San Diego, CA, USA) and Stata 13.0 (StataCorp LP,
College Station, TX, USA).

Results

Study population

During the study period, 49,458 samples were prospectively
screened and 74 participants were enrolled in the cohort
during AHI. Of these, 41 underwent colon biopsy at the time
of enrolment, including 40 who also initiated ART during AHI
(Supplementary file 1). The untreated participant was in-
cluded in analyses performed on baseline data but not
analyses of data after 24 weeks of follow-up in the cohort.
The subgroup of participants who underwent colon biopsy did
not differ from the subgroup who declined this procedure in
terms of age, gender, HIV risk factor, body weight, days since
HIV exposure, Fiebig stage, HIV subtype or ART regimen. Colon
biopsy was performed a median of two (interquartile range
(IQR) 1 to 3) days after enrolment, five (IQR 4 to 6) days after
HIV diagnosis and 18 (IQR 14 to 24) days after estimated HIV
exposure. Colon biopsy was performed before the initiation
of ART. ART was initiated a median of two (IQR 2 to 3)
days after enrolment, five (IQR 4 to 6) days after HIV diagnosis
and 18 (IQR 13 to 22) days after estimated HIV exposure.
Thirty-four of the participants who underwent colon biopsy
also underwent lumbar puncture upon enrolment. Again,
participants consenting to lumbar puncture did not differ
from the participants who declined this procedure by
any of the captured demographic characteristics (data not
shown).

Thirty-one of the 42 participants included in this analysis
had detectable colonic HIV RNA at the time of enrolment and
10 had undetectable colonic HIV RNA (Table 1). The groups
with detectable and undetectable colonic HIV RNA were
similar in age (median 29 and 28 years, respectively), gender
(94 and 90% male, respectively) and weight (median 61 kg in
both groups). Participants with detectable HIV RNA tended to
be in a later Fiebig stage compared to participants in the
undetectable group (6 and 60% Fiebig |, respectively, p <0.01)
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Table 1. Study population characteristics at enrolment

Colonic HIV RNA

Undetectable
(n=10)

Detectable

Characteristics (n=31)

Age, median (IQR) 29 (24 to 32) 28 (25 to 42)

Male, n (%) 29 (94) 9 (90)
Risk group, n (%)
MSM 29 (94) 9 (90)
Heterosexual female 2 (6) 1 (10)

Body weight (kg), median (IQR)

Days since HIV exposure,
median (IQR)

Fiebig stage, n (%)

61 (56 to 68) 61 (56 to 67)
16 (13 to 22) 11 (8 to 16)

| 2 (6) 6 (60)
1] 7 (23) 3 (30)
] 17 (55) 1 (10)
v 2 (6) -
\Y 3 (10) -
HIV subtype
CRFO1_AE 26 (84) 8 (80)
B 2 (6) 1 (10)
CRFO1_AE/B 3 (10) 1 (10)
Antiretroviral therapy
TDF/XTC/EFV 8 (26) 4 (40)
TDF/XTC/EFV/RAL/MVC 22 (71) 6 (60)
None 1(3) -

EFV, efavirenz; IQR, interquartile range; MSM, men who have sex
with men; MVC, maraviroc; RAL, raltegravir; TDF, tenofovir disoproxil
fumarate; XTC, lamivudine (3TC) or emtricitabine (FTC).

and had a longer reported duration since HIV exposure
(median 16 and 11 days, respectively, p =0.02).

Primary analysis

At baseline, HIV RNA was higher in the peripheral blood and
CSF in the group with detectable colonic HIV RNA as compared
to the undetectable group (Figure 1). After 24 weeks of ART,
peripheral blood HIV RNA was suppressed to undetectable in
all participants except for one in the detectable group (2.2
log1 copies/mL). Similarly, colonic HIV RNA was undetectable
for most participants after ART, except for two in the initially
detectable group (2.4 and 3.0 log;, copies/mg); peripheral
blood HIV RNA was undetectable in both of these participants
(data not shown).

At baseline, peripheral blood CD4 count did not differ
significantly between the groups with detectable and un-
detectable colonic HIV RNA (median (IQR) 392 (338 to 569) vs.
491 (311 to 565) cells/mm?>, p =0.70, Figure 2a). There was a
trend towards lower colonic CD4 count in the group with
detectable colonic HIV RNA (6.8 (2.3 to 10.0) vs. 14.1 (7.6 to
18.2) x 10° cells/gram of tissue, p = 0.06, Figure 2b). After 24
weeks of ART, no differences in peripheral blood or colonic
CD4 counts were observed between the detectable and
undetectable groups. Colonic CD4 count increased in the
group with detectable colonic HIV RNA at baseline (6.8 (2.3 to
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Figure 1. HIV RNA in the peripheral blood and cerebrospinal fluid
during acute HIV infection. HIV RNA measurements during acute
HIV infection are compared between participants with detectable
colonic HIV RNA and undetectable colonic HIV RNA. Statistically
significant pairwise comparisons (p <0.05) are identified. Open
circles indicate values below the limit of detection.

10.0) vs. 8.5 (6.0 =13.5) x 10° cells/gram, p =0.01), whereas
a numeric decline in the undetectable group did not achieve
statistical significance (14.1 (7.6 to 18.2) vs. 8.7 (6.8 to
10.0) x 10° cells/gram, p =0.40).

At baseline, total HIV DNA in CMMCs was higher in the
detectable group than in the undetectable group (406 (55 to
1663) vs. 0 (0 to 29) copies/10° CMMCs, p =0.02, Figure 3b).
After 24 weeks of ART, total HIV DNA in CMMCs decreased in
both groups, but remained higher in the group that had
detectable colonic HIV RNA at baseline (61 (0 to 107) vs. O
(0 to 11) copies/10® CMMCs, p =0.02, Figure 3b). There was a
similar trend towards higher total HIV DNA in PBMCs in the
detectable group than in the undetectable group (135 (2 to
1050) vs. 9 (8 to 74) copies/10° PBMCs, p =0.10). Total HIV
DNA in PBMCs decreased in both groups after 24 weeks of
ART, though this decrease did not achieve statistical signifi-
cance (41 (0to 91) vs. 1.5 (0 to 9) copies/10° PBMCs, p =0.06,
Figure 3a).

CD8+ T cell activation was higher among those with
detectable colonic HIV RNA at baseline in both the peripheral
blood (14.4% (9.7 to 17.1%) vs. 7.6% (5.7 to 11.7%), p <0.01,
Figure 4a) and colon (8.9% (4.9 to 13.5%) vs. 4.5% (3.2 to
6.0%), p =0.01, Figure 4b) but this difference disappeared
after 24 weeks of ART. Similar trends were observed among
soluble inflammatory markers such as CXCL10 (baseline 476
(201 to 698) vs. 149 (68 to 351) pg/mL, p =0.02, Figure 4c),
neopterin (baseline 2405 (1743 to 3196) vs. 1368 (866 to
1910) pg/mL, p =0.01) and TNF-RII (1037 (739 to 1543) vs.
649 (581 to 793) pg/mL, p <0.01, Figure 4d).

Sensitivity analyses

In a post hoc sensitivity analysis, the study population was
limited to the 18 participants in Fiebig stages | and Il in order
to minimize differences in disease characteristics other than
colonic infiltration between the two groups of interest to this
study. Statistically significant baseline differences in periph-
eral blood and CSF HIV RNA, peripheral blood and colonic
CD4 count, and total HIV DNA in PBMCs and CMMCs were
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Figure 2. CD4 count in the peripheral blood and colon before and
after ART. Absolute CD4 count measurements in the (a) peripheral
blood and (b) colon are compared before and after 24 weeks of
ART. Statistically significant pairwise comparisons (p <0.05) are
identified. ART, antiretroviral therapy.

no longer apparent in the more limited study population
(Supplementary file 2).

There was a non-significant numerical increase in CD8+ T
cell activation in the group with detectable colonic HIV RNA as
compared to the undetectable group (HLA-DR/CD38 expres-
sion 9.69% (7.45 to 16%) vs. 7.43% (5.7 to 8.26%), p =0.20). A
similar non-significant increase was observed for baseline
CXCL10 (479 (201 to 854) vs. 140 (68 to 281) pg/mL, p =0.14).
There was a trend towards higher total HIV DNA in the colon
after 24 weeks of ART in the group with initially detectable
colonic HIV RNA (96 (43.5 to 201.5) vs. 0 (0 to 0), p =0.06).

Correlation analysis

Colonic HIV RNA, measured as a continuous variable, corre-
lated with HIV RNA in the peripheral blood (Spearman’s
coefficient (r;) =0.48, p <0.01) and CSF (r, =0.52, p <0.01).

A direct correlation was also observed with peripheral
CD8+ T cell activation as measured by HLA-DR/CD38 expres-
sion (rs =0.44, p <0.01) but not colonic CD8 + Tcell activation
(rs=0.18, p =0.26). Associations between colonic HIV infiltra-
tion and peripheral inflammatory markers that were significant
in the primary analysis were not reflected in the correlation
analysis of markers such as CXCL10 (r;=0.18, p =0.25),
neopterin (r, =0.30, p =0.06) and TNF-RIl (r; =0.19, p =0.24).
A positive correlation was observed between colonic HIV RNA
and total HIV DNA in CMM(Cs (r, =0.62, p <0.01).

Discussion

The results of this study highlight the rapidity and breadth
of viral infiltration during AHI. Detectable colonic HIV RNA
is common soon after HIV infection and correlates with
increased HIV burden across multiple body compartments.
Participants with detectable colonic HIV RNA during AHI
demonstrate colonic CD4+ T cell depletion, peripheral
inflammation and CD8+ T cell activation in both colon and
periphery. Early initiation of ART largely reverses these
potentially harmful characteristics.

The majority of participants in this study had detectable
colonic HIV RNA after very recent acquisition of HIV infection.
This is consistent with other studies of HIV and non-human
primate models indicating that the gut mucosa is one of the
first sites infiltrated by HIV [1,2,42,43]. The direct correlation
between colonic and peripheral HIV RNA levels suggests that
measurement of the latter, which is much more readily
performed, may be a useful surrogate marker for the burden
of colonic HIV infiltration during AHI. Furthermore, interven-
tions designed to prevent colonic infiltration, such as anti-a4p7
monoclonal antibody administration to block interaction
between the HIV envelope and gut-homing integrins, may
best be conducted before peripheral blood HIV RNA reaches
peak levels [44]. A strong correlation was also observed
between colonic and CSF HIV RNA, even when restricting
the study population to participants in Fiebig stages | and II.
This raises the possibility that interventions optimized for
prevention of colonic infiltration by HIV may also prevent or
attenuate sequelae in other body compartments, such as the
central nervous system.

Participants with detectable colonic HIV RNA tended to
have lower absolute CD4 counts in the colon as compared to
participants with undetectable colonic HIV RNA. CD4 + T cell
depletion, alongside direct effects of HIV on the colonic
mucosa, disrupts mucosal integrity and enables microbial
translocation, which is associated with immune activation and
inflammation [45]. This pathway could explain the association
observed in this study between colonic infiltration by HIV and
markers of peripheral inflammation. Gut mucosal CD4+ Tcell
depletion has previously been shown to directly correlate
with both local and peripheral CD8+ T cell activation during
AHI [46].

After 24 weeks of ART, many baseline differences between
the two groups in this study disappear. This suggests that even
if colonic infiltration by HIV has already occurred, much of the
unfavourable phenotype associated with that event can be
reversed with early ART. ART initiated during chronic HIV
infection often fails to restore mucosal immunity and T cell
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homeostasis in the GALT [19,20,47], which may drive ongoing
inflammation and immune activation [19,35,48,49]. Reduc-
tion of inflammation is presumably desirable, as chronic
inflammation in the setting of HIV infection has been linked
to complications such as cardiovascular disease, opportunistic
infections, neurologic disorders and non-AIDS-defining events

[50—-55]. CD8+ T cell activation decreased in the group that
started ART after colonic HIV infiltration so that no difference
between the two groups was detectable after 24 weeks of
ART. However, CD8+ T cell activation has been shown to be
more robust in HIV non-progressors [56], and the magnitude
of CD8+ T cell response during acute infection is inversely
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correlated with viral set point [57], suggesting that activation
of these cells may be an important component of efforts to
achieve HIV remission off ART. Total HIV DNA remained higher
after 24 weeks of therapy in both the peripheral blood and
colon of participants who started ART after colonic infiltration,
underscoring the difficulty of eradicating the viral reservoir
once integration into the host genome has occurred. Low
levels of PBMC-associated HIV DNA were associated with
post-treatment control in both the VISCONTI [58] and
SPARTAC [59] studies. The optimal timing of ART initiation
to maximize the likelihood of post-treatment control remains
uncertain, as this must balance seemingly opposing goals of
both a small HIV reservoir and potent HIV-specific immune
responses [60,61].

This study utilized a unique and well-characterized cohort of
individuals who initiated ART during AHI and agreed to invasive
procedures to characterize HIV burden and biomarkers across
multiple body compartments. Although all participants under-
went baseline colon biopsy, the analysis is limited by
smaller sample sizes for other specimens and time points.
The analysis includes no untreated comparator group, so
comparisons cannot be drawn between markers of inflamma-
tion or immune activation among participants in this study as
compared to an HIV-uninfected Thai population. Findings from
this cohort may not be generalizable to other populations with
epidemics caused by other clades of virus or in populations
other than men who have sex with men, such as those exposed
to HIV via the vaginal or intravenous route. This analysis is also
limited by variability in sampling of the colonic mucosa, which
is a large surface that may not be completely characterized by a
small number of random biopsies. Colonic HIV RNA measure-
ments were normalized by volume, but not to any house-
keeping genes. HIV burden and markers of immune activation
are not distributed homogenously throughout the colonic
mucosa and are known to vary across different sections of the
small and large bowel [62]. Lastly, it is possible that persistent
differences in total HIV DNA in the colon after 24 weeks of ART
may resolve with a longer duration of therapy, and additional
follow-up is warranted.

Conclusions

This study demonstrates that viral infiltration of the colon is
common during even the earliest stages of AHI. Detectable
HIV RNA in the colon is associated with depletion of colonic
CD4 cells, systemic inflammation and increased HIV burden
across other body compartments, and CD8 + T cell activation
in the blood and colon. After 24 weeks of ART, many of
these differences disappear, but persistent elevation of total
HIV DNA in the group that experienced colonic infiltration
prior to ART initiation suggests that blocking initial colonic
infiltration may be a useful strategy to reduce viral reservoirs,
thereby facilitating eventual viral eradication or induction of
HIV remission.

Authors’ affiliations

1US Military HIV Research Program, Walter Reed Army Institute of Research,
Silver Spring, MD, USA; 2Henry M. Jackson Foundation for the Advancement of
Military Medicine, Bethesda, MD, USA; >SEARCH, Thai Red Cross AIDS Research
Centre, Bangkok, Thailand; *National Institute of Allergy and Infectious Diseases
(NIAID), National Institutes of Health (NIH), Bethesda, MD, USA; °Virus Isolation

and Serological Lab, National Cancer Institute at Frederick, Frederick, MD,
USA; ®Department of Medicine, Faculty of Medicine, Chulalongkorn University,
Bangkok, Thailand; ’Department of Retrovirology, Armed Forces Research Institute
of Medical Sciences — United States Component, Bangkok, Thailand; 8Department
of Microbiology, Infectiology and Immunology, Faculty of Medicine, Université de
Montréal, Montréal, QC, Canada; °Centre de Recherche du CHUM, Montreal, QC,
Canada

Competing interests

TC has received a speaking fee from Gilead Sciences. Nicolas Chomont has
served on the scientific advisory board of Theravectys. JA has served as a
consultant for ViiV Healthcare, Merck and Tetralogic. The remaining authors
have no competing interests to declare.

Authors’ contributions

TC designed this analysis and authored the first draft of the manuscript. JF
contributed to the analytic design and collected clinical data. IS, RD, SK, AS and
Nicolas Chomont performed laboratory evaluations and assisted in their
interpretation. Nitiya Chomchey collected clinical data. RR conducted colon
biopsies. NM assisted in the interpretation of the analysis and provided project
oversight. JA conceived of the analysis, contributed to its design, assisted in
the interpretation of results and provided project oversight. All authors
reviewed this manuscript, provided feedback and approved the manuscript in
its final form.

Acknowledgements

We thank our study participants and staff from the Thai Red Cross AIDS
Research Centre, Chulalongkorn University and AFRIMS for their valuable
contributions to this study. We are grateful to the Thai Government
Pharmaceutical Organization, ViiV Healthcare, Gilead and Merck for providing
the antiretrovirals for this study. The RV254/SEARCH 010 Study Group includes
from SEARCH/TRCARC/HIV-NAT: Nipat Teeratakulpisarn, Donn Colby, Duan-
ghathai Sutthichom, Somprartthana Rattanamanee, Peeriya Prueksakaew,
Sasiwimol Ubolyam, Pacharin Eamyoung, Suwanna Puttamaswin, Somporn
Tipsuk and Putthachard Karnsomlap; from Chulalongkorn University: Wiriya-
porn Ridtitid; from AFRIMS: Robert J O’Connell, Siriwat Akapirat, Yuwadee
Phuang-Ngern, Suchada Sukhumvittaya, Chayada Sajjaweerawan, Surat Jon-
grakthaitae, Putita Saetun, Nipattra Tragonlugsana, Bessara Nuntapinit, Rapee
Trichavaroj, Nantana Tantibul and Hathairat Savadsuk; from the US Military HIV
Research Program: Merlin Robb, Michael Eller, Silvia-Ratto Kim, Bonnie Slike
and Sodsai Tovanabutra; from VGTI Florida: Claire Vandergeeten, Wendy
Bakeman, Amanda McNulty and Remi Fromentin; from Monogram Biosciences:
Laura Napolitano, Molly Martell, Yolanda Lie, and the R&D and PDO groups.
This work was supported by cooperative agreements (W81XWH-07-2-0067,
W81XWH-11-2-0174) between the Henry M Jackson Foundation for the
Advancement of Military Medicine, Inc., and the US Department of the
Army and by an intramural grant from the Thai Red Cross AIDS Research
Center. The US Army Medical Research Acquisition Activity (820 Chandler
Street, Fort Detrick, MD 21702-5014, USA) is the awarding and administering
acquisition office for the cooperative agreement. This research was supported
in part by the Intramural Research Program of the National Institute of Allergy
and Infectious Diseases (National Institutes of Health) and the Delaney AIDS
Research Enterprise to find a cure (DARE, 1U19A1096109). It has also been
funded in part with federal funds from the National Cancer Institute, National
Institutes of Health, under Contract No. HHSN261200800001E. Antiretroviral
therapy was supported by the Thai Government Pharmaceutical Organization,
Gilead, Merck and Pfizer.

Prior presentation
This work was presented, in part, at the 22nd Conference on Retroviruses and
Opportunistic Infections, Seattle, WA, USA, 23 to 26 February 2015.

Disclaimer

The views expressed are those of the authors and should not be construed to
represent the positions of the US Army, the Department of Defense or the
Department of Health and Human Services.

References

1. Mattapallil JJ, Douek DC, Hill B, Nishimura Y, Martin M, Roederer M.
Massive infection and loss of memory CD4+ T cells in multiple tissues during
acute SIV infection. Nature. 2005;434(7037):1093—7. doi: http://dx.doi.org/
10.1038/nature03501


http://dx.doi.org/10.1038/nature03501
http://dx.doi.org/10.1038/nature03501
http://www.jiasociety.org/index.php/jias/article/view/21163
http://dx.doi.org/10.7448/IAS.19.1.21163

Crowell TA et al. Journal of the International AIDS Society 2016, 19:21163

http://www.jiasociety.org/index.php/jias/article/view/21163 | http://dx.doi.org/10.7448/1AS.19.1.21163

2. Nilsson J, Kinloch-de-Loes S, Granath A, Sonnerborg A, Goh LE, Andersson J.
Early immune activation in gut-associated and peripheral lymphoid tissue
during acute HIV infection. AIDS. 2007;21(5):565—74. doi: http://dx.doi.org/
10.1097/QAD.0b013e3280117204

3. Chun TW, Carruth L, Finzi D, Shen X, DiGiuseppe JA, Taylor H, et al.
Quantification of latent tissue reservoirs and total body viral load in HIV-1
infection. Nature. 1997;387(6629):183—8. doi: http://dx.doi.org/10.1038/
387183a0

4. Finzi D, Blankson J, Siliciano JD, Margolick JB, Chadwick K, Pierson T, et al.
Latent infection of CD4+ T cells provides a mechanism for lifelong persistence
of HIV-1, even in patients on effective combination therapy. Nat Med. 1999;
5(5):512—7. doi: http://dx.doi.org/10.1038/8394

5. Siliciano JD, Kajdas J, Finzi D, Quinn TC, Chadwick K, Margolick JB, et al.
Long-term follow-up studies confirm the stability of the latent reservoir for
HIV-1 in resting CD4+ T cells. Nat Med. 2003;9(6):727—8. doi: http://dx.doi.
org/10.1038/nm880

6. Yukl SA, Shergill AK, Ho T, Killian M, Girling V, Epling L, et al. The distribution
of HIV DNA and RNA in cell subsets differs in gut and blood of HIV-positive
patients on ART: implications for viral persistence. J Infect Dis. 2013;208(8):
1212-20. doi: http://dx.doi.org/10.1093/infdis/jit308

7. Olsson J, Poles M, Spetz AL, Elliott J, Hultin L, Giorgi J, et al. Human
immunodeficiency virus type 1 infection is associated with significant mucosal
inflammation characterized by increased expression of CCR5, CXCR4, and
beta-chemokines. J Infect Dis. 2000;182(6):1625-35.

8. Brenchley JM, Schacker TW, Ruff LE, Price DA, Taylor JH, Beilman GJ, et al.
CD4+ Tcell depletion during all stages of HIV disease occurs predominantly in
the gastrointestinal tract. J Exp Med. 2004;200(6):749—59. doi: http://dx.doi.
org/10.1084/jem.20040874

9. Poles MA, Elliott J, Taing P, Anton PA, Chen IS. A preponderance of CCR5(+)
CXCR4(+) mononuclear cells enhances gastrointestinal mucosal susceptibility to
human immunodeficiency virus type 1 infection. J Virol. 2001;75(18):8390-9.
doi: http://dx.doi.org/10.1128/JV1.75.18.8390-8399.2001

10. Anton PA, Elliott J, Poles MA, McGowan IM, Matud J, Hultin LE, et al.
Enhanced levels of functional HIV-1 co-receptors on human mucosal T cells
demonstrated using intestinal biopsy tissue. AIDS. 2000;14(12):1761-5. doi:
http://dx.doi.org/10.1097/00002030-200008180-00011

11. Arthos J, Cicala C, Martinelli E, Macleod K, Van Ryk D, Wei D, et al. HIV-1
envelope protein binds to and signals through integrin alphadbeta7, the
gut mucosal homing receptor for peripheral T cells. Nat Immunol. 2008;9(3):
301-9. doi: http://dx.doi.org/10.1038/ni1566

12. Chun TW, Nickle DC, Justement JS, Meyers JH, Roby G, Hallahan CW, et al.
Persistence of HIV in gut-associated lymphoid tissue despite long-term
antiretroviral therapy. J Infect Dis. 2008;197(5):714—20. doi: http://dx.doi.
org/10.1086/527324

13. Sheth PM, Chege D, Shin LY, Huibner S, Yue FY, Loutfy M, et al. Inmune
reconstitution in the sigmoid colon after long-term HIV therapy. Mucosal
Immunol. 2008;1(5):382—8. doi: http://dx.doi.org/10.1038/mi.2008.23

14. Avettand-Fenoel V, Prazuck T, Hocqueloux L, Melard A, Michau C, Kerdraon
R, et al. HIV-DNA in rectal cells is well correlated with HIV-DNA in blood
in different groups of patients, including long-term non-progressors. AIDS.
2008;22(14):1880—2. doi: http://dx.doi.org/10.1097/QAD.0b013e32830fbdbc
15. Lampinen TM, Critchlow CW, Kuypers JM, Hurt CS, Nelson PJ, Hawes
SE, et al. Association of antiretroviral therapy with detection of HIV-1 RNA and
DNA in the anorectal mucosa of homosexual men. AIDS. 2000;14(5):F69—75.
doi: http://dx.doi.org/10.1097/00002030-200003310-00001

16. Poles MA, Boscardin WJ, Elliott J, Taing P, Fuerst MM, McGowan |, et al.
Lack of decay of HIV-1 in gut-associated lymphoid tissue reservoirs in maximally
suppressed individuals. J Acquir Immune Defic Syndr. 2006;43(1):65—8. doi:
http://dx.doi.org/10.1097/01.9ai.0000230524.71717.14

17. Anton PA, Mitsuyasu RT, Deeks SG, Scadden DT, Wagner B, Huang C, et al.
Multiple measures of HIV burden in blood and tissue are correlated with
each other but not with clinical parameters in aviremic subjects. AIDS. 2003;
17(1):53-63. doi: http://dx.doi.org/10.1097/00002030-200301030-00008

18. Belmonte L, Olmos M, Fanin A, Parodi C, Bare P, Concetti H, et al. The
intestinal mucosa as a reservoir of HIV-1 infection after successful HAART. AIDS.
2007;21(15):2106-8. doi: http://dx.doi.org/10.1097/QAD.0b013e3282efb74b
19. Guadalupe M, Sankaran S, George MD, Reay E, Verhoeven D, Shacklett BL,
et al. Viral suppression and immune restoration in the gastrointestinal mucosa
of human immunodeficiency virus type l-infected patients initiating therapy
during primary or chronic infection. J Virol. 2006;80(16):8236—47. doi: http://
dx.doi.org/10.1128/JV1.00120-06

20. Talal AH, Monard S, Vesanen M, Zheng Z, Hurley A, Cao Y, et al. Virologic
and immunologic effect of antiretroviral therapy on HIV-1 in gut-associated
lymphoid tissue. J Acquir Immune Defic Syndr. 2001;26(1):1—7. doi: http://dx.
doi.org/10.1097/00126334-200101010-00001

21. Di Stefano M, Favia A, Monno L, Lopalco P, Caputi O, Scardigno AC, et al.
Intracellular and cell-free (infectious) HIV-1 in rectal mucosa. J Med Virol.
2001;65(4):637—43. doi: http://dx.doi.org/10.1002/jmv.2084

22. Stacey AR, Norris PJ, Qin L, Haygreen EA, Taylor E, Heitman J, et al.
Induction of a striking systemic cytokine cascade prior to peak viremia in acute
human immunodeficiency virus type 1 infection, in contrast to more modest
and delayed responses in acute hepatitis B and C virus infections. J Virol.
2009;83(8):3719—33. doi: http://dx.doi.org/10.1128/1V1.01844-08

23. Gaines H, von Sydow MA, von Stedingk LV, Biberfeld G, Bottiger B, Hansson
LO, et al. Immunological changes in primary HIV-1 infection. AIDS. 1990;4(10):
995-9. doi: http://dx.doi.org/10.1097/00002030-199010000-00008

24. von Sydow M, Sonnerborg A, Gaines H, Strannegard O. Interferon-alpha
and tumor necrosis factor-alpha in serum of patients in various stages of HIV-1
infection. AIDS Res Hum Retroviruses. 1991;7(4):375—80. doi: http://dx.doi.
0rg/10.1089/aid.1991.7.375

25. Barcellini W, Rizzardi GP, Poli G, Tambussi G, Velati C, Meroni PL, et al.
Cytokines and soluble receptor changes in the transition from primary to early
chronic HIV type 1 infection. AIDS Res Hum Retroviruses. 1996;12(4):325-31.
doi: http://dx.doi.org/10.1089/aid.1996.12.325

26. Graziosi C, Gantt KR, Vaccarezza M, Demarest JF, Daucher M, Saag MS,
et al. Kinetics of cytokine expression during primary human immunodeficiency
virus type 1 infection. Proc Natl Acad Sci U S A. 1996;93(9):4386-91. doi:
http://dx.doi.org/10.1073/pnas.93.9.4386

27. Norris PJ, Pappalardo BL, Custer B, Spotts G, Hecht FM, Busch MP.
Elevations in IL-10, TNF-alpha, and IFN-gamma from the earliest point of HIV
Type 1 infection. AIDS Res Hum Retroviruses. 2006;22(8):757—62. doi: http://
dx.doi.org/10.1089/aid.2006.22.757

28. Rizzardi GP, Barcellini W, Tambussi G, Lillo F, Malnati M, Perrin L, et al.
Plasma levels of soluble CD30, tumour necrosis factor (TNF)-alpha and TNF
receptors during primary HIV-1 infection: correlation with HIV-1 RNA and the
clinical outcome. AIDS. 1996;10(13):F45-50. doi: http://dx.doi.org/10.1097/
00002030-199611000-00001

29. Hocqueloux L, Avettand-Fenoel V, Jacquot S, Prazuck T, Legac E, Melard A,
et al. Long-term antiretroviral therapy initiated during primary HIV-1 infection
is key to achieving both low HIV reservoirs and normal T cell counts. J
Antimicrob Chemother. 2013;68(5):1169—78. doi: http://dx.doi.org/10.1093/
jac/dks533

30. Ananworanich J, Schuetz A, Vandergeeten C, Sereti |, de Souza M,
Rerknimitr R, et al. Impact of multi-targeted antiretroviral treatment on gut
T cell depletion and HIV reservoir seeding during acute HIV infection. PLoS One.
2012;7(3):e33948. doi: http://dx.doi.org/10.1371/journal.pone.0033948

31. Jain V, Hartogensis W, Bacchetti P, Hunt PW, Hatano H, Sinclair E, et al.
Antiretroviral therapy initiated within 6 months of HIV infection is associated
with lower T-cell activation and smaller HIV reservoir size. J Infect Dis.
2013;208(8):1202—11. doi: http://dx.doi.org/10.1093/infdis/jit311

32. Buzon MJ, Martin-Gayo E, Pereyra F, Ouyang Z, Sun H, Li JZ, et al.
Long-term antiretroviral treatment initiated at primary HIV-1 infection affects
the size, composition, and decay kinetics of the reservoir of HIV-1-infected
CD4 T cells. J Virol. 2014;88(17):10056—65. doi: http://dx.doi.org/10.1128/JVI.
01046-14

33. Mehandru S, Poles MA, Tenner-Racz K, Jean-Pierre P, Manuelli V, Lopez P,
et al. Lack of mucosal immune reconstitution during prolonged treatment of
acute and early HIV-1 infection. PLoS Med. 2006;3(12):e484. doi: http://dx.doi.
org/10.1371/journal.pmed.0030546

34. Tincati C, Biasin M, Bandera A, Violin M, Marchetti G, Piacentini L, et al.
Early initiation of highly active antiretroviral therapy fails to reverse
immunovirological abnormalities in gut-associated lymphoid tissue induced
by acute HIV infection. Antivir Ther. 2009;14(3):321-30.

35. Schuetz A, Deleage C, Sereti |, Rerknimitr R, Phanuphak N, Phuang-Ngern Y,
et al. Initiation of ART during early acute HIV infection preserves mucosal
Th17 function and reverses HIV-related immune activation. PLoS Pathog. 2014;
10(12):e1004543. doi: http://dx.doi.org/10.1371/journal.ppat.1004543

36. Ananworanich J, Fletcher JL, Pinyakorn S, van Griensven F, Vandergeeten C,
Schuetz A, et al. A novel acute HIV infection staging system based on 4th
generation immunoassay. Retrovirology. 2013;10:56. doi: http://dx.doi.org/10.
1186/1742-4690-10-56

37. Ananworanich J, Chomont N, Fletcher JL, Pinyakorn S, Schuetz A, Sereti |,
et al. Markers of HIV reservoir size and immune activation after treatment in


http://dx.doi.org/10.1097/QAD.0b013e3280117204
http://dx.doi.org/10.1097/QAD.0b013e3280117204
http://dx.doi.org/10.1038/387183a0
http://dx.doi.org/10.1038/387183a0
http://dx.doi.org/10.1038/8394
http://dx.doi.org/10.1038/nm880
http://dx.doi.org/10.1038/nm880
http://dx.doi.org/10.1093/infdis/jit308
http://dx.doi.org/10.1084/jem.20040874
http://dx.doi.org/10.1084/jem.20040874
http://dx.doi.org/10.1128/JVI.75.18.8390-8399.2001
http://dx.doi.org/10.1097/00002030-200008180-00011
http://dx.doi.org/10.1038/ni1566
http://dx.doi.org/10.1086/527324
http://dx.doi.org/10.1086/527324
http://dx.doi.org/10.1038/mi.2008.23
http://dx.doi.org/10.1097/QAD.0b013e32830fbdbc
http://dx.doi.org/10.1097/00002030-200003310-00001
http://dx.doi.org/10.1097/01.qai.0000230524.71717.14
http://dx.doi.org/10.1097/00002030-200301030-00008
http://dx.doi.org/10.1097/QAD.0b013e3282efb74b
http://dx.doi.org/10.1128/JVI.00120-06
http://dx.doi.org/10.1128/JVI.00120-06
http://dx.doi.org/10.1097/00126334-200101010-00001
http://dx.doi.org/10.1097/00126334-200101010-00001
http://dx.doi.org/10.1002/jmv.2084
http://dx.doi.org/10.1128/JVI.01844-08
http://dx.doi.org/10.1097/00002030-199010000-00008
http://dx.doi.org/10.1089/aid.1991.7.375
http://dx.doi.org/10.1089/aid.1991.7.375
http://dx.doi.org/10.1089/aid.1996.12.325
http://dx.doi.org/10.1073/pnas.93.9.4386
http://dx.doi.org/10.1089/aid.2006.22.757
http://dx.doi.org/10.1089/aid.2006.22.757
http://dx.doi.org/10.1097/00002030-199611000-00001
http://dx.doi.org/10.1097/00002030-199611000-00001
http://dx.doi.org/10.1093/jac/dks533
http://dx.doi.org/10.1093/jac/dks533
http://dx.doi.org/10.1371/journal.pone.0033948
http://dx.doi.org/10.1093/infdis/jit311
http://dx.doi.org/10.1128/JVI.01046-14
http://dx.doi.org/10.1128/JVI.01046-14
http://dx.doi.org/10.1371/journal.pmed.0030546
http://dx.doi.org/10.1371/journal.pmed.0030546
http://dx.doi.org/10.1371/journal.ppat.1004543
http://dx.doi.org/10.1186/1742-4690-10-56
http://dx.doi.org/10.1186/1742-4690-10-56
http://www.jiasociety.org/index.php/jias/article/view/21163
http://dx.doi.org/10.7448/IAS.19.1.21163

Crowell TA et al. Journal of the International AIDS Society 2016, 19:21163

http://www.jiasociety.org/index.php/jias/article/view/21163 | http://dx.doi.org/10.7448/1AS.19.1.21163

acute HIV infection with and without raltegravir and maraviroc intensification. J
Virus Erad. 2015;1(2):116—-22.

38. Fiebig EW, Wright DJ, Rawal BD, Garrett PE, Schumacher RT, Peddada L,
et al. Dynamics of HIV viremia and antibody seroconversion in plasma donors:
implications for diagnosis and staging of primary HIV infection. AIDS. 2003;
17(13):1871-9. doi: http://dx.doi.org/10.1097/00002030-200309050-00005
39. Kijak GH, Tovanabutra S, Sanders-Buell E, Watanaveeradej V, de Souza MS,
Nelson KE, et al. Distinguishing molecular forms of HIV-1 in Asia with a high-
throughput, fluorescent genotyping assay, MHAbce v.2. Virology. 2007;358(1):
178-91. doi: http://dx.doi.org/10.1016/j.virol.2006.07.055

40. Rhee SY, Kantor R, Katzenstein DA, Camacho R, Morris L, Sirivichayakul S,
et al. HIV-1 pol mutation frequency by subtype and treatment experience:
extension of the HIVseq program to seven non-B subtypes. AIDS. 2006;20(5):
643-51. doi: http://dx.doi.org/10.1097/01.aids.0000216363.36786.2b

41. Vandergeeten C, Fromentin R, Merlini E, Lawani MB, DaFonseca S,
Bakeman W, et al. Cross-clade ultrasensitive PCR-based assays to measure
HIV persistence in large-cohort studies. J Virol. 2014;88(21):12385-96. doi:
http://dx.doi.org/10.1128/JV1.00609-14

42. Li Q, Duan L, Estes JD, Ma ZM, Rourke T, Wang Y, et al. Peak SIV replication
in resting memory CD4+ T cells depletes gut lamina propria CD4+ T cells.
Nature. 2005;434(7037):1148-52. doi: http://dx.doi.org/10.1038/nature03513
43. Veazey RS, DeMaria M, Chalifoux LV, Shvetz DE, Pauley DR, Knight HL, et al.
Gastrointestinal tract as a major site of CD4+ T cell depletion and viral
replication in SIV infection. Science. 1998;280(5362):427—31. doi: http://dx.
doi.org/10.1126/science.280.5362.427

44. Byrareddy SN, Kallam B, Arthos J, Cicala C, Nawaz F, Hiatt J, et al. Targeting
alphadbeta? integrin reduces mucosal transmission of simian immunodefi-
ciency virus and protects gut-associated lymphoid tissue from infection. Nat
Med. 2014;20(12):1397-400. doi: http://dx.doi.org/10.1038/nm.3715

45. Brenchley JM, Price DA, Schacker TW, Asher TE, Silvestri G, Rao S, et al.
Microbial translocation is a cause of systemic immune activation in chronic
HIV infection. Nat Med. 2006;12(12):1365—71. doi: http://dx.doi.org/10.1038/
nm1511

46. Gordon SN, Cervasi B, Odorizzi P, Silverman R, Aberra F, Ginsberg G, et al.
Disruption of intestinal CD4+ T cell homeostasis is a key marker of systemic
CD4+ T cell activation in HIV-infected individuals. J Immunol. 2010;185(9):
5169-79. doi: http://dx.doi.org/10.4049/jimmunol.1001801

47. Guadalupe M, Reay E, Sankaran S, Prindiville T, Flamm J, McNeil A, et al.
Severe CD4+ T cell depletion in gut lymphoid tissue during primary human
immunodeficiency virus type 1 infection and substantial delay in restoration
following highly active antiretroviral therapy. J Virol. 2003;77(21):11708—17.
doi: http://dx.doi.org/10.1128/JVI1.77.21.11708-11717.2003

48. Somsouk M, Estes JD, Deleage C, Dunham RM, Albright R, Inadomi JM,
et al. Gut epithelial barrier and systemic inflammation during chronic HIV
infection. AIDS. 2015;29(1):43-51. doi: http://dx.doi.org/10.1097/QAD.
0000000000000511

49. Estes D, Harris LD, Klatt NR, Tabb B, Pittaluga S, Paiardini M, et al.
Damaged intestinal epithelial integrity linked to microbial translocation in
pathogenic simian immunodeficiency virus infections. PLoS Pathog. 2010;6(8):
€1001052. doi: http://dx.doi.org/10.1371/journal.ppat.1001052

50. Armah KA, McGinnis K, Baker J, Gibert C, Butt AA, Bryant KJ, et al. HIV
status, burden of comorbid disease, and biomarkers of inflammation, altered
coagulation, and monocyte activation. Clin Infect Dis. 2012;55(1):126—36. doi:
http://dx.doi.org/10.1093/cid/cis406

51. Kuller LH, Tracy R, Belloso W, De Wit S, Drummond F, Lane HC, et al.
Inflammatory and coagulation biomarkers and mortality in patients with HIV
infection. PLoS Med. 2008;5(10):e203. doi: http://dx.doi.org/10.1371/journal.
pmed.0050203

52. Rodger AJ, Fox Z, Lundgren JD, Kuller LH, Boesecke C, Gey D, et al.
Activation and coagulation biomarkers are independent predictors of the
development of opportunistic disease in patients with HIV infection. J Infect
Dis. 2009;200(6):973—83. doi: http://dx.doi.org/10.1086/605447

53. Klatt NR, Chomont N, Douek DC, Deeks SG. Immune activation and HIV
persistence: implications for curative approaches to HIV infection. Immunol
Rev. 2013;254(1):326—42. doi: http://dx.doi.org/10.1111/imr.12065

54. Tenorio AR, Zheng Y, Bosch RJ, Krishnan S, Rodriguez B, Hunt PW, et al.
Soluble markers of inflammation and coagulation but not T-cell activation
predict non-AIDS-defining morbid events during suppressive antiretroviral
treatment. J Infect Dis. 2014;210(8):1248-59. doi: http://dx.doi.org/10.1093/
infdis/jiu254

55. Hunt PW, Sinclair E, Rodriguez B, Shive C, Clagett B, Funderburg N, et al.
Gut epithelial barrier dysfunction and innate immune activation predict
mortality in treated HIV infection. J Infect Dis. 2014;210(8):1228—38. doi:
http://dx.doi.org/10.1093/infdis/jiu238

56. Migueles SA, Laborico AC, Shupert WL, Sabbaghian MS, Rabin R,
Hallahan CW, et al. HIV-specific CD8+ T cell proliferation is coupled to
perforin expression and is maintained in nonprogressors. Nat Immunol. 2002;
3(11):1061-8. doi: http://dx.doi.org/10.1038/ni845

57. Ndhlovu ZM, Kamya P, Mewalal N, Kloverpris HN, Nkosi T, Pretorius K, et al.
Magnitude and kinetics of CD8 T cell activation during hyperacute HIV infection
impact viral set point. Immunity. 2015;43(3):591-604. doi: http://dx.doi.org/
10.1016/j.immuni.2015.08.012

58. Saez-Cirion A, Bacchus C, Hocqueloux L, Avettand-Fenoel V, Girault I,
Lecuroux C, et al. Post-treatment HIV-1 controllers with a long-term virological
remission after the interruption of early initiated antiretroviral therapy ANRS
VISCONTI study. PLoS Pathog. 2013;9(3):e1003211. doi: http://dx.doi.org/10.
1371/journal.ppat.1003211

59. Williams JP, Hurst J, Stohr W, Robinson N, Brown H, Fisher M, et al. HIV-1
DNA predicts disease progression and post-treatment virological control. Elife.
2014;3:e03821. doi: http://dx.doi.org/10.7554/elife.03821

60. Macatangay BJ, Rinaldo CR. Preserving HIV-specific T cell responses: does
timing of antiretroviral therapy help? Curr Opin HIV AIDS. 2015;10(1):55-60.
doi: http://dx.doi.org/10.1097/COH.0000000000000124

61. Ananworanich J, Dube K, Chomont N. How does the timing of anti-
retroviral therapy initiation in acute infection affect HIV reservoirs? Curr
Opin HIV AIDS. 2015;10(1):18-28. doi: http://dx.doi.org/10.1097/COH.
0000000000000122

62. Yukl SA, Gianella S, Sinclair E, Epling L, Li Q, Duan L, et al. Differences in HIV
burden and immune activation within the gut of HIV-positive patients receiving
suppressive antiretroviral therapy. J Infect Dis. 2010;202(10):1553—61. doi:
http://dx.doi.org/10.1086/656722


http://dx.doi.org/10.1097/00002030-200309050-00005
http://dx.doi.org/10.1016/j.virol.2006.07.055
http://dx.doi.org/10.1097/01.aids.0000216363.36786.2b
http://dx.doi.org/10.1128/JVI.00609-14
http://dx.doi.org/10.1038/nature03513
http://dx.doi.org/10.1126/science.280.5362.427
http://dx.doi.org/10.1126/science.280.5362.427
http://dx.doi.org/10.1038/nm.3715
http://dx.doi.org/10.1038/nm1511
http://dx.doi.org/10.1038/nm1511
http://dx.doi.org/10.4049/jimmunol.1001801
http://dx.doi.org/10.1128/JVI.77.21.11708-11717.2003
http://dx.doi.org/10.1097/QAD.0000000000000511
http://dx.doi.org/10.1097/QAD.0000000000000511
http://dx.doi.org/10.1371/journal.ppat.1001052
http://dx.doi.org/10.1093/cid/cis406
http://dx.doi.org/10.1371/journal.pmed.0050203
http://dx.doi.org/10.1371/journal.pmed.0050203
http://dx.doi.org/10.1086/605447
http://dx.doi.org/10.1111/imr.12065
http://dx.doi.org/10.1093/infdis/jiu254
http://dx.doi.org/10.1093/infdis/jiu254
http://dx.doi.org/10.1093/infdis/jiu238
http://dx.doi.org/10.1038/ni845
http://dx.doi.org/10.1016/j.immuni.2015.08.012
http://dx.doi.org/10.1016/j.immuni.2015.08.012
http://dx.doi.org/10.1371/journal.ppat.1003211
http://dx.doi.org/10.1371/journal.ppat.1003211
http://dx.doi.org/10.7554/eLife.03821
http://dx.doi.org/10.1097/COH.0000000000000124
http://dx.doi.org/10.1097/COH.0000000000000122
http://dx.doi.org/10.1097/COH.0000000000000122
http://dx.doi.org/10.1086/656722
http://www.jiasociety.org/index.php/jias/article/view/21163
http://dx.doi.org/10.7448/IAS.19.1.21163

