Mechanisms of residual immune activation in
HIV-1-infected human lymphoid tissue ex vivo
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Objective: HIV-1 infection triggers immune activation, as reflected by the upregulation
of various cytokines. This immune activation remains elevated despite antiretroviral
therapy (ART) and leads to early age-related diseases. Here, we addressed the mecha-
nisms of sustained immune activation in HIV-1-infected human lymphoid tissues ex vivo.

Design/method: We investigated several potential causes of immunoactivation,
including: a proinflammatory effect of ART drugs themselves; an early HIV-1-triggered
cytokine storm, which could in turn trigger a sustained cytokine dysregulation;
herpesvirus reactivation; HIV-1 protein release; and production of defective virions
and extracellular vesicles. Tissue immune activation was evaluated from measurements
of cytokines in culture medium using multiplexed immunoassays.

Results: Neither ART itself nor simulated cytokine storms nor exogenously added HIV-
1 proteins triggered a sustained cytokine upregulation. In contrast, defective (replica-
tive-incompetent) virions and extracellular vesicles induced sustained cytokine upre-
gulation, as did infectious virus. Tissue immune activation was accompanied by
reactivation of cytomegalovirus.

Conclusion: The system of ex-vivo human lymphoid tissue allowed investigation,
under laboratory-controlled conditions, of possible mechanisms involved in persistent
immune activation in HIV-1 patients under ART. Mechanisms of this immunoactivation
identified in ex-vivo tissues may indicate potential therapeutic targets for restoration of
immune system homeostasis in HIV-1-infected patients.
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Introduction

Persistent systemic immune activation in patients under
antiretroviral therapy (ART) is one of the challenging
problems in HIV-1 disease. Neither the causes nor the
mechanisms of this phenomenon are well known [1-3].

Various hypotheses on the cause of this phenomenon have
been proposed, including general immune dysregulation
[4,5], bacterial gut translocation [6—8], persistent

continue to be present in different body fluids [12—17]
in spite of ART. Also, it is possible that long-term ART

itself may induce a proinflammatory environment.

Recently, we reported that the phenomenon of HIV-1-
triggered persistent immune activation had been repro-
duced in ex-vivo human lymphoid tissues under controlled
laboratory conditions [18]. As with what has been observed
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in patients, HIV-1 also triggered immune activation in
these tissues, as evaluated by upregulation of cytokine
release (‘cytokine storm’), and these cytokines remained
elevated despite suppression of HIV-1 replication by ART.

Here, we take advantage of this ex-vivo model to
investigate possible mechanisms of sustained immune
activation in HIV-1-infected individuals.

In this system, we found that extracellular vesicles as well as
noninfectious HIV-1 particles released by ex-vivo HIV-1-
infected lymphoid tissue are sufficient to prompt and sustain
immune activation, as evaluated from cytokine release. This
immune activation was associated with reactivation of
cytomegalovirus (CMV) in tissues. In contrast, no sustained
immune activation was triggered by antiretroviral drugs
themselves or by the presence of viral proteins.

Materials and methods

Sample preparation

Human tonsillar tissues from routine tonsillectomies were
obtained anonymously from the Children’s National
Medical Center in Washington DC, according to an
Institutional Review Board-approved protocol. Tissues
were dissected and cultured as previously described [19—
21] and detailed in Supplemental Materials, http://
links.Iww.com/QAD/C58). Eighteen to 27 blocks were
used for each experimental condition. Medium was
collected and changed every 3 days.

HIV-1 infection and antiretroviral treatment
Matched lymphoid tissue blocks were uninfected or infected
with HIV-1 X4y a1 04 [3.5 X 10° pg/ml (1 x) multiplicity of
infection of 0.05, or 3.5 X 104pg/ml (0.1x)]. HIV-1 viral
stock (5 pl) was deposited on top of each tissue block. For
experiments including ART, tissues were treated with the
protease inhibitor ritonavir (RTV), with two nucleotide
retrotranscriptase inhibitors (NRTTIs), zidovudine (ZDV)
and lamivudine (3TC), or with nevirapine (NVP,
nonNRTI) all at a final concentration of 5 wmol/l. Drugs
were added at day 3 and subsequently at every medium
change until the end of culture.

Evaluation of HIV-1 replication

HIV-1 replication was measured with an immunofluores-
cent cytometric bead assay for HIV-1 p24,,, in tissue
culture supernatants, as described previously [22] (and
detailed in Supplemental Materials, http://links.lww.com/
QAD/C58). Analysis was performed on a Luminex 200
(Luminex, Austin, Texas, USA) acquiring 100 beads/well.

Exogenous emulation of cytokine storm

Lymphoid tissues were treated at day O with cytokines
known to be upregulated with HIV-1 infection: IFN-y
(1000 pg/ml), RANTES (1000 pg/ml), TNF-a (100 pg/

ml), or with a mixture of these cytokines with IL-2
(25 pg/ml), IL-7 (100 pg/ml), MIP-1a (500 pg/ml), and
MIP-1B (500 pg/ml).

Evaluation of endogenous herpesvirus replication
For each condition (uninfected control, HIV-1-infected,
HIV-1-infected and treated with RTV) and each time point
(days 0, 6, and 12), nine tissue blocks were collected and stored
in RNAlater (Thermo Fisher) at —20 °C. We isolated DNA
using QIAamp DNA Mini kits (Qiagen, Germantown,
Maryland, USA) according to the manufacturer’s guidelines.

We quantified DNA copies of several herpesviruses
(HHVs) [Herpes Simplex Virus 2 (HSV-2), HHV-3,
HHV-4 (or EBV), HHV-5 (or CMV), HHV-6, and
HHV-7] using droplet digital PCR (BioRad, Hercules,
California, USA). Ribonuclease P protein subunit
p30 (RPP30) was used as a housekeeping gene to
normalize HHV DNA numbers per cell. Primer-probe
sequences are shown in Supplemental Table 1 and
additional details are provided in Supplemental Materials,
http://links.lww.com/QAD/C58).

Infectivity of CMV from cultures was evaluated by
transter of homogenized tissue blocks to MR C-5 cell line
followed by microscopic evaluation (details in Supple-
mental Materials, http://links.lww.com/QAD/C58).

HIV-1 protein treatment

Lymphoid tissues were treated at day O and at every
change of medium with recombinant HIV-1 protein
gp120, Tat, or Nef (Abcam, Cambridge, Massachusetts,
USA) at a final concentration of 5ng/ml.

Extracellular vesicle isolation, characterization,
and treatment

Extracellular vesicles were isolated by two methods:
iodixanol gradients and membrane affinity spin columns
(see details in Supplemental Materials, http://links.Iww.
com/QAD/C58). Extracellular vesicles and supernatants
free of extracellular vesicles were collected for each
experimental condition (uninfected, uninfected and
treated with RTV or NVP, HIV-1-infected, and HIV-
1-infected and treated with RTV or NVP), as well as from
culture medium alone, as described in Supplemental
Materials, http://links.Iww.com/QAD/C58. Extracellu-
lar vesicle size and concentration were determined by
NanoSight and evaluation of extracellular vesicle and
non-extracellular vesicle markers, were assessed by flow
cytometry (Supplemental Materials, http://links.Iww.
com/QAD/C58). Isolated extracellular vesicles were
applied to fresh ex-vivo lymphoid tissue blocks on day 0
and day 6 at 50 extracellular vesicles/cell for highly
purified iodixanol-isolated extracellular vesicles, and 500
extracellular vesicles/cell for spin column purified
extracellular vesicles. RTV or NVP was added to tissues
treated with spin column extracellular vesicles to prevent
unwanted HIV-1 infection.
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Inactivated HIV-1 preparation and treatment
Inactivated HIV-1 virions (X4 ar04) Were prepared as
described previously [23] with aldrithiol (AT-2),
which covalently modifies the essential zinc fingers in
the HIV-1 nucleocapsid, eliminating infectivity
but maintaining the conformational and functional
integrity of the wviral surface proteins. Identical
procedures were carried out in parallel on virus-free
culture medium (AT-2 medium). These experimental
control conditions showed that any residual AT-2 after
concentration and washing did not mediate detectable
effects on ex-vivo culture cell viability, HIV-1 replica-
tion, or total IgG production [23], and here we observed
no change in cytokine secretion in tissues exposed to
AT-2 medium.

Lymphoid tissues were treated with different amounts
and exposures of HIV-1 AT-2-inactivated virions: 5 pl
of AT-2 virions (3.5 x 10° pg/ml, 1x) were applied as
single inoculum at day 0, with repeated exposure of 1X
virions every 3 days, a single inoculum of 5 ul of AT-2
X4y a104—1nactivated virions diluted 10 times (0.1 X) at
day 0, and repeated exposure with AT-2 medium every
3 days.

Cytokine measurement

An in-house multiplexed bead-based assay was used to
measure the following 33 cytokines: IL (interleukin)-1a,
IL-1pB, IL-2, IL-4, IL-6, IL-7, IL-8, IL-10, IL-12p70, IL-
13, 1IL-15, IL-16, IL-17, IL-18, IL-21, IL-22, IL-33,
Calgranulin A (Calg A or S100A8), Eotaxin (CCL11),
granulocyte—macrophage  colony-stimulating  factor
(GM-CSF), growth-regulated alpha (GRO-a or
CXCL1), interferon-y (IFN-vy), interferon-y-induced
protein (IP-10 or CXCL10), interferon-inducible T-cell
alpha chemoattractant (ITAC or CXCL11), macrophage
colony-stimulating factor (M-CSF), monocyte chemoat-
tractant protein-1 (MCP-1 or CCL2), monokine
induced by IFN-y (MIG or CXCL9Y), macrophage
inflammatory protein-1a (MIP-1a or CCL3), MIP-13
(CCL4), MIP-3a (CCL20), regulated upon activation,
normal T-cell expressed, and secreted (RANTES or
CCL5), transforming growth factor-f (TGF-f), and
tumor necrosis factor-a (TNF-a).

Assays were performed as described previously [24,25]
(and detailed in Supplemental Materials, http://
links.Iww.com/QAD/C58). Plates were read on a
Luminex 200 (Luminex) and analyzed with Bioplex
Manager software (BioRad). Cytokine concentrations
were determined using 5P regression algorithms.

Intracellular cytokine measurement

Flow cytometry was employed to assess cell types
producing the increased cytokines IFN-vy, MIP-1a,
MIP-1B, RANTES, and TNF-a (detailed in Supple-
mental Materials, http://links.Iww.com/QAD/C58).

Cytokine production with toll-like receptor
agonists and inhibitors

Tissues were treated at day 0 with 1 ug/ml toll-like receptor
(TLR) 3 [polyinosinic-polytidylic acid (poly(I:C)], TLR7/8
(R848), or TLRY9 (ODN2006 CpG-B) (all Invivogen, San
Diego, California, USA) agonists and cytokines were
measured over 12 days. Inhibition of cytokine production
was investigated by pretreatment with 10 wmol/l TLRS
inhibitor (CU-CPT9a) or TLR9 antagonist (ODN
TTAGGG,) for 4 h followed by challenge with AT-2 HIV-1.

Statistical analysis
Cytokine measurements are represented as means =+
SEM. Results were analyzed by pairwise comparison with
the Wilcoxon signed-rank test between different pairs of
treatments. Values of P less than 0.05 were considered
statistically significant.

Results

Antiretroviral therapy alone did not lead to
immune activation

To determine if ART alone might contribute to sustained
immunoactivation, we compared cytokines released by
ex-vivo human lymphoid tissues under ART (RTV,
ZDV43TC, or ZDV) with those released by donor-
matched untreated controls. We previously reported that
RTV did not lead to a significant increase in cytokines
throughout the culture period [18]. Similar results were
obtained here with ZDV+-3TC and NVP: no increase in
cytokine release was observed (Fig. 1a). The only two
cytokines that were changed with ZDV+43TC, IL-1f3,
and IL-2, were actually decreased (by 22.95 and 36.79%,
respectively, P < 0.05, n=38; Fig. 1b).

Initial cytokine storm did not trigger sustained
cytokine upregulation

It is conceivable that an HIV-1-triggered upregulation of
cytokines could stimulate immune cells to produce a
long-term cascade of other cytokines even after HIV-1 is
suppressed. To investigate this possibility, we simulated
this situation by treating uninfected ex-vivo lymphoid
tissues with a cocktail of cytokines that are upregulated in
HIV-1 infection, namely, IL-2, IL-7, IFN-y, MIP-1q,
MIP-1B3, RANTES, and TNF-a

We found that tissue exposure to an exogenous cytokine
combination did not result in a significant and sustained
increase of cytokines, except for IL-13 (205.3 £ 27.6% of
control, n=6, P=0.009) at day 12. Also, we exposed
tissues to single cytokines (IFN-y, RANTES, or TNF-
o). None of these cytokines triggered sustained
upregulation of endogenous cytokines.

HIV-1 co-pathogen reactivation is associated
with immune activation

We tested whether sustained immune activation in HIV-1-
infected human lymphoid tissues under ART is associated
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Fig. 1. Antiretroviral therapy does not upregulate cytokines in human lymphoid tissues. Blocks of lymphoid tissue were treated
with 5 umol/l of nucleotide retrotranscriptase inhibitors, ZDV (zidovudine) and 3TC (lamivudine) or NVP (nevirapine, NNRTI).
Compounds were added every 3 days. Untreated donor-matched tissues were used as controls. (a) Cytokines upregulated by HIV-1
were not upregulated by ART alone. Presented are percentage of untreated control (+=SEM) of cytokines measured at last day of
culture (n=8, ZDV+3TC; n=8, NVP). (b) IL-18 and IL-2 were significantly downregulated by ZDV+3TC. Presented are mean
concentrations (+SEM) of cytokines measured at the last day of culture (*P <0.05, n=8). ART, antiretroviral therapy.

with herpesviruses (HHV) reactivation, HHVs 2—7 were
quantified by droplet digital PCR in tissues infected with
HIV-1 and treated with RTV. In these tissues, as we reported
previously [18], despite viral suppression, IL-2, IL-7, IFN-y,
MIP-1a, MIP-13, RANTES, and TNF-a remained
elevated in HIV-1-infected RT V-treated ex-vivo lymphoid
tissues compared with uninfected lymphoid tissues (1.5-fold
to 5.3-fold increases, n=38, P < 0.05, except for TNF-a,
P=0.07). HIV-1 replication in these tissues was inhibited by
99.1+£0.7% as measured from p24 released into the
medium. In all HIV-1 infected tissues, the only increase
was observed in CMV DNA: HIV-1 infection led to an
almost 20-fold increase of CMV DNA copies in lymphoid
tissues compared with uninfected control (19.1 &£ 6.5-fold
increase, n =38, P=0.023). Also, we observed an increase of
CMYV DNA in tissues with HIV-1 suppressed by RTV, but
on a much smaller scale, and in these tissues, the increase did
not reach statistical significance (3.8 4 1.7-fold increase,
n=38, P=0.191; Fig. 2).

We next investigated the infectivity of the reactivated
CMV. Tissue blocks from control, HIV-1 infection, or
HIV-1 infection with RTV were collected at day 12.
Blocks were frozen and later thawed, homogenized,
centrifuged, and supernatants applied for 4h at 1:10
dilutions to MR C-5 cells, which are susceptible to CMV
but not HIV-1 infection. Cells remained in culture for
13 days. Microscopy revealed that MR C-5 cells treated
with HIV-1 or HIV-1 with RTV tissue homogenates
showed signs of cytopathicity compared with cells treated
with control cell homogenates (Supplemental Fig. 1,
http://links.lww.com/QAD/C58).

HIV-1 proteins did not induce cytokine
dysregulation

To test whether HIV-1 proteins might play a role in
sustained immune activation when viral replication is

suppressed, we treated ex-vivo tissues with gp120,
Tat, or Nef at 5ng/ml, a concentration that is
comparable with that present in the viral inoculum
used in our experiments. Cytokines were measured at
each time-point and compared with untreated donor-
matched tissues. Treatment with these HIV-1 proteins
did not induce any significant sustained cytokine
upregulation. In tissues treated with gp120, we observed
atransient increase in Eotaxin at day 3 (271.9 £70.2% of
control, n=5, P=0.020) and in IL-21 at day 9
(118.3 £5.6% of control, n =5, P=0.004). However,
these increased cytokines returned to the control levels

by day 12.

70 *
60 -
Z 50 -
[
S 40
3
o
8 30 4
Q
S
< 2
o
>
5 10+
o
0 —— —— i
Control RTV HIV-1 HIV-1 RTV

Fig. 2. Cytomegalovirus (CMV) is reactivated in HIV-1-
infected ex-vivo human lymphoid tissues. Donor-matched
lymphoid tissue blocks were either treated with ritonavir
(RTV), infected with HIV-1, or infected with HIV-1 and treated
with RTV or not treated (control) and cultured for 12 days.
Presented are the mean sums (+ SEM) of the numbers of CMV
DNA copies (per 10° cells contingent on RPP-30 DNA copies)
at day 6 and day 12 (*P=0.023, n=8).
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Extracellular vesicles from both HIV-1-infected
lymphoid tissues and infected tissues treated
with antiretroviral therapy induced sustained
immune activation

Extracellular vesicles isolated from lymphoid tissue
culture medium were characterized by NanoSight and
flow cytometry. Extracellular vesicle size and concentra-
tions were not significantly different between conditions
as previously reported [18] and average extracellular
vesicle size was 170.2+4.34nm (Supplemental Fig. 2,
http://links.lww.com/QAD/C58). Extracellular vesicles
contained various levels of tetraspanins (72.3% of CD9™,
45.4% of CD63", and 88.9% CDS81%), had lipid
components as evidenced by staining with Cell Mask
Deep Red, and did not possess non-extracellular vesicle
markers including apolipoprotein Al or B and albumin
(Supplemental Fig. 3, http://links.lww.com/QAD/
C58). Extracellular vesicle preparations from iodixonal
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gradients were verified to be free of HIV-1 virions (0 pg/
ml p24, and no detectable infection in tissues treated with
these extracellular vesicle preparations).

We tested whether extracellular vesicles from HIV-1-
infected and ART (RTV or NVP)-treated tissues
triggered immune activation. Extracellular vesicles
isolated by membrane affinity spin columns were
potentially contaminated with infectious virions, thus
we added RTV or NVP to exclude possible infection.
Indeed, a small amount of p24 was present in the
extracellular vesicle preparations (0.017 £0.009 ng/ml
for HIV-1 extracellular vesicles, 0.004 £ 0.001 ng/ml for
HIV-1 with RTV extracellular vesicles, and 0.0 & 0.0 ng/
ml for HIV-1 with NVP), but ART prevented any HIV-1
infection during culture. In donor-matched tissues
infected with HIV-1, the average cumulative p24
production was 22.6 £4.2ng/ml (n=9; Fig. 3a).
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Fig. 3. Extracellular vesicles from HIV-1-infected human tissues upregulate cytokines. Extracellular vesicles (EVs) collected from
donor-matched tissue cultures either infected with HIV-1, infected with HIV-1 and treated with ritonavir (RTV), treated only with
RTV or uninfected (controls), and isolated using membrane affinity spin columns, were added to previously untreated (recipient)
tissues and the release of cytokines was evaluated. EVs were collected from donor cultures on day 9 and added to the recipient
cultures at day 0 and again on day 6 of culture. To exclude the possible effect of HIV-1 contamination in EVs collected from HIV-1-
infected cultures, RTV was added to the tissue culture. Cytokine and p24 production were measured every 3 days and cumulative
production was calculated. (a) HIV-1 replication in donor-matched tissues infected with HIV-1 or exposed to EVs. HIV-1
replication was assessed by p24,,, released into the supernatant. Presented are mean cumulative releases (+ SEM) over a 12 day
period. (b—f) Cytokine release into the culture medium by tissues treated with EVs. Cytokine release is cumulative production over
12 days expressed in pg/ml. Presented are mean (£SEM) values (*P <0.05, n=9).
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In agreement with our earlier research results [18], there was
a consistent elevation of cytokines in infected tissues. Here,
we focused on upregulation of IFN-y, MIP-1a, MIP-1[3,
RANTES, and TNF-a (P<0.05, n=29; Fig. 3b—f). We
found that extracellular vesicles from tissues productively
infected with HIV-1, and also from tissues in which HIV-1
replication was suppressed by RTV, induced significant
sustained upregulation of MIP-1a, and there was a
significant increase in RANTES for HIV-1 extracellular
vesicle-treated tissues (P< 0.05; Fig. 3b—f). Extracellular
vesicles isolated from control uninfected tissues or from
uninfected tissues treated with RTV did not produce a
significant sustained increase in these cytokines compared
with control untreated tissues. See Supplemental Figure for

kinetic graphs, http://links.lww.com/QAD/C58.

Similar experiments were conducted with extracellular
vesicles from tissues treated with NVP. HIV-1 replicated in
tissues with average cumulative p24 production of
28.3+£5.4ng/ml (n=12; Supplemental Fig. 4a, http://
links.Iww.com/QAD/C58) whereas no HIV-1 replication
was observed in any extracellular vesicle-treated cultures.
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Cytokines were significantly upregulated with HIV-1
infection, and tissues treated with HIV-1 extracellular
vesicles induced significant upregulation of MIP-1at, MIP-
1B, and RANTES (P<0.05; Supplemental Fig. 4b—f,
http://links.lww.com/QAD/C58). Tissues treated with
extracellular vesicles from HIV-1-infected, NVP-treated
tissues slightly increased a few cytokines but not significantly.
Extracellular vesicles isolated from control uninfected tissues
or from uninfected tissues treated with NVP did not increase
these cytokines compared with control untreated tissues,
and a small but significant decrease in TNF-a was observed
in control extracellular vesicle-treated tissues (Supplemental

Fig. 4f, http://links.lww.com/QAD/C58).

We further verified that the effect observed was because
of extracellular vesicles, rather than residual HIV-1
virions, by performing similar experiments with extra-
cellular vesicles purified on iodixanol gradients, which
were completely free of HIV-1 virions. No infection was
observed in tissues treated with extracellular vesicles
(without addition of ART); whereas infection was
observed with HIV-1 (Fig. 4a). Isolation of these
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Fig. 4. Cytokine upregulation is not due to residual HIV-1 in extracellular vesicle fractions. Extracellular vesicles (EVs) collected
from tissue cultures either infected with HIV-1, infected with HIV-1 and treated with RTV, treated with RTV only, or uninfected
(controls) were purified on iodixanol (lod) gradients and verified to be free of HIV-1. EVs were added to recipient tissues on day 0
and day 6 and the release of cytokines was evaluated. Cytokine and p24 production were measured every 3 days and cumulative
production was calculated. (a) HIV-1 replication in donor-matched tissues infected with HIV-1 or exposed to EVs. HIV-1
replication was assessed by p24,., released into the supernatant. Presented are mean cumulative releases (+SEM) over a 12 day
period. (b—f) Cytokine release into the culture medium by tissues treated with EVs. Cytokine release is cumulative production over
12 days expressed in pg/ml. Presented are mean (£SEM) values (*P < 0.05, one-sided t-test, n=5).
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extracellular vesicles required large volumes of starting
material and are technically difficult, so only a limited
number of experiments could be performed, which did not
provide significance with two-tailed testing. However,
one-tailed tests for increases only showed that, as in above
experiments, tissues treated with HIV-1 significantly
increased all five cytokines (Fig. 4b—f). Tissue cultures
treated with extracellular vesicles from tissues productively
infected with HIV-1, and also from tissues in which HIV-1
replication was suppressed by RTV, induced significant
sustained upregulation of MIP-1a, MIP-18, and
RANTES, and HIV-1 with RTV extracellular vesicle-
treated tissues additionally increased TNF-a (Fig. 4b—f)
(P <0.05, one-tailed test; n = 5). See Supplemental Fig. 5
for kinetic graphs, http://links.Iww.com/QAD/C58.
Extracellular vesicles isolated from control uninfected
tissues or from uninfected tissues treated with RTV did not
produce a significant sustained increase in these cytokines
compared with control untreated tissues.

In control experiments, tissues were treated with
extracellular vesicle and supernatant fractions of fresh
culture medium, as well as extracellular vesicle-free
supernatant fractions from control, RTV, HIV-1-
infected, and HIV-1-infected and RTV-treated tissue
culture supernatants. No significant increase in cytokine
production was observed in tissues treated with these
fractions (Supplemental Fig. 6, http://links.lww.com/
QAD/C58).

Noninfectious virions led to sustained immune
activation

Next, we investigated whether inactivated replication-
deficient virions can trigger immune activation. We
inactivated HIV-1 with AT-2 according to published
protocols [23] and treated tissues with these virions.

Control donor-matched tissues were inoculated with
HIV-1 and became productively infected with an average
cumulative p24 production of 18.0 £3.4ng/ml (n=7).
Tissues infected with 0.1x HIV-1 were also productively
infected but at lower levels, with average cumulative p24
production of 2.8 £0.3 ng/ml. Inoculation with AT-2-
inactivated virions in the same amount as with infectious
virus did not result in productive infection: p24 remained
the same as it was in the inoculum (0.4—4.5ng/ml
cumulative p24), thus confirming that the inactivated
virions were noninfectious (Fig. 5a).

In tissues productively infected with HIV-1, there was
upregulation of IFN-y MIP-1a, MIP-13, RANTES,
and TNF-a as above. Cumulative concentrations of these
cytokines were significantly higher than in matched
untreated control tissues (P <0.05, n=9; Fig. 5b—f).
Tissues treated with 10-fold diluted (0.1x) HIV-1 also
increased these same cytokines; however, there was a
delay in the kinetics with increases in cytokines beginning
only at day 9; all cytokines except IFN-y were

significantly increased. As with infectious virus, repeated
AT-2 HIV-1 exposure of tissues significantly upregulated
all five of the above-listed cytokines. Even a single
exposure of tissue to AT-2-inactivated HIV-1 triggered
sustained significant upregulation of these cytokines,
although at lower levels. Also, exposure of tissues to 10-
fold-diluted AT-2-treated HIV-1 resulted in cytokine
upregulation, although only IFN-y and TNF-a were
significant (P < 0.05, n=9). See Supplemental Figure 7
for kinetic graphs, http://links.lww.com/QAD/C58.

Cytokines are produced predominantly by CD4™"
and CD8™ T cells

Next, we investigated the cellular source of the
upregulated cytokines IFN-y, MIP-1a, MIP-1f3,
RANTES, and TNF-a by flow cytometry. Control
and HIV-1-infected tissues were dissociated at day 3 and
cells were stained for phenotypic markers and for
intracellular cytokines. We found that a variety of cells
increased production of these cytokines: IFN-vy secretion
by CD41, CD8™, and natural killer cells (NK) increased,
MIP-1a by CD4 " and CD8™, MIP-18 by macrophages,
CD4" and CD8", RANTES by CD4" and CD8", and
TNF-a by macrophages (Supplemental Fig. 8, http://
links.Iww.com/QAD/C58).

TLR7/8 and TLR9 agonists trigger cytokine
increases

The increase of cytokines in response to HIV-1, and
particularly to AT-2-inactivated HIV-1, may be the result
of TLR stimulation. To test this, we stimulated tissues with
TLR3, TLR7/8, and TLRY agonists and followed their
cytokine production. None of the agonists significantly
increased IFN-y and RANTES; however, TLR7/8 and
TLRO did generate significant increases over control tissues
in MIP-1ae and MIP-13, and TLR7/8 also increased
TNF-a (P<0.05, n=29). Although these increases were
not to the same extent as triggered by infectious virus, these
increases were not significantly different from those
triggered by AT-2-inactivated HIV-1 (Supplemental Fig.
9a, http://links.lww.com/QAD/C58).

We further investigated the role of TLR signaling by
pretreating tissues with TLRS8 and 9 inhibitors before
challenge with AT-2-inactivated virus. TLRS inhibitor
significantly decreased IFN-y, MIP-1a, and TNF-a
responses to AT-2-inactivated HIV-1 by 24.2, 28.7 and
33%, respectively (P<0.05, n=7), whereas TLRY
antagonist also lowered some cytokine production, but
no decreases were significant (Supplemental Fig. 9b,
http://links.lww.com/QAD/C58).

Discussion

Improper immune activation accompanies many human
diseases and is associated with the release of high
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Fig. 5. Inactivated HIV-1 virions upregulate cytokines in human lymphoid tissue ex vivo. HIV-1 virions inactivated with AT-2
were added at two concentrations to previously untreated human lymphoid tissues every 3 days with a medium change starting
from day 0 of culture or exposed once at the beginning of the culture. Cytokine and p24 release by these tissues were evaluated. (a)
Cumulative p24 production of donor-matched tissues inoculated with HIV-1 or with AT-2-inactivated HIV-1. Tissues were
inoculated with infectious HIV-1 (1x or 0.1x) or AT-2-inactivated HIV-1 (1x or 0.1x) either added every 3 days with medium
change (all) or only once at the beginning of the culture (single). (b—f) Cytokine release into the culture medium by tissues treated
with virions. Cytokine release is cumulative production over 12 days expressed in pg/ml. Presented are mean (+ SEM) values

(*P<0.05, n=9).

concentrations of cytokines (cytokine storm’) [26]. Such
a storm is characteristic of various viral infections, in
particular SARS-CoV-2, in which it is considered to be
one of the major causes of lethality [27]. Although
pathogenesis of HIV-1 is different from SARS-CoV-2,
HIV-1 infection also triggers immune activation as
reflected in upregulation of various cytokines [18].
Immune activation is considered to be the driving force of
HIV-1 disease [28], resulting in premature age-related
diseases, such as cardiovascular disease or dementia [26].
HIV-1-triggered immune activation continues for years
even after HIV-1 replication is successfully suppressed by
ART. Specifically, several studies have shown that the
cytokine networks in plasma and semen of HIV-1-
infected patients do not normalize after ART [28,29].
Understanding the mechanisms prompting immune
activation in HIV-1-suppressed patients is paramount
to the development of efficient therapies able to fully
restore the immune system homeostasis and possibly

averting various diseases that are prematurely developed
in such individuals.

Various factors are hypothesized to trigger persistent
immune activation in HIV-1-infected individuals. Here,
we used human ex-vivo lymphoid tissue [19] to test
several of these hypotheses. In particular that immune
activation may be the result of proinflammatory effects of
certain antiretroviral drugs themselves; an HIV-1-
triggered initial cytokine storm could modify the normal
cytokine homeostasis, which remains dysregulated even
after HIV-1 replication is suppressed; HIV-1 infection
reactivates endogenous viruses, in particular, HHVs that
may continue to replicate and induce immune activation
after HIV is suppressed; HIV-1 proteins that continue to
be released, in spite of ART, activate the immune system
[17]; immune activation is supported by defective virions
or extracellular vesicles that carry viral molecules rather
than residual infectious HIV-1.
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As in our earlier research [18], in testing these hypotheses,
we evaluated tissue immune activation as measured by
upregulation of cytokine release.

Before approval for clinical use, ART was tested for
various side-eftects. It has been shown that RTV may
facilitate the generation of reactive oxygen species (ROS)
[30,31], which in turn could establish the production of
pro-inflammatory cytokines [32]. Also, ZDV and 3TC at
high concentrations have been shown to interact with
mitochondrial DNA polymerase [33], resulting in cellular
damage. NVP has been associated with skin and hepatic
hypersensitivity reactions [34]. The ability of ART to
suppress HIV-1 replication far overweighs these and other
side-effects, and thus it is successfully used in various
clinical protocols. However, as HIV-1-infected patients
have to remain on ART for the rest of their lives, it is
conceivable that in the long-run, these drugs may have
other effects that contribute to persistent immune
activation [35].

Here, we tested the ability of ART to upregulate
cytokines on the scale of the lifespan of ex-vivo human
lymphoid tissues. We treated tissues either with RTV, a
protease inhibitor, a combination of two NRTIs (ZDV
and 3TC), or NVP, an NNRTI. The drugs in our tissue
explants are added at somewhat higher concentrations
than those used in vivo; however, there are differences in
drug bioavailability, clearance, and bioaccumulation that
make comparisons difficult. Also, we add drugs every 3
days, while patients take them daily. We chose the
concentration of the drug so that, similar to in vivo, virus
replication is completely suppressed. In our experiments,
none of these drugs increased cytokine release by human
lymphoid tissues ex vivo. ZDV+3TC did decrease IL-13
and IL-2, which may result from the disruption of
mitochondrial bioenergetics, which can alter T-cell and
macrophage activation. Thus, in ART regimens, the
effect of drugs themselves did not explain persistent
immune activation in HIV-1-infected ex-vivo human
lymphoid tissues under ART [18].

Acute HIV-1 infection in vivo triggers an intense cytokine
storm that may itself cause a permanent and irreversible
disruption of the normal cytokine set points [9]. The
upregulation of cytokines observed in HIV-T-infected
human lymphoid tissues ex vivo [18] provides a model to
test this possibility. In our experiments, an HIV-1-
induced cytokine storm was simulated by treatment of
ex-vivo lymphoid tissues with exogenous cytokines.
Treating ex-vivo tissues with single cytokines or with
combinations of the exogenous cytokines that were the
most upregulated after HIV-1 infection [18] resulted in
temporary increases of several endogenous cytokines but
these increases were not sustained. Thus, under our
experimental conditions, an early cytokine storm,
distinctive of HIV-1 infection, did not support persistent
release of cytokines.

In vivo, HIV-1 infection is known to reactivate
endogenous viruses, including normally silent HHVs
[36—39]. In particular, CMYV, a virus that is not overly
pathogenic in healthy individuals, can be reactivated [40],
possibly supporting sustained immune activation. Earlier,
we showed that in ex-vivo tissue, infection with
exogenous CMV is augmented by HIV-1 co-infection
[41]. Here, we evaluated the reactivation of endogenous
HHVs upon HIV-1 infection and/or treatment with
RTV. We found that out of all six measured HHVs, only
endogenous CMV is reactivated with HIV-1 infection.
After HIV-1 replication was inhibited by RTV in ex-vivo
tissues, CMV reactivation continued, albeit at a lower
level. Reactivation of CMV was also evidenced by
cytopathic effects observed when tissue homogenates
from HIV-1-infected or HIV-1-infected and RTV-
treated tissues were applied to CMV-susceptible
MR C-5 lung fibroblasts, whereas control tissue homo-
genates were not cytopathic.

CMV is a common HIV-1 co-pathogen in vivo and has
been implicated as a driving force of continuing immune
activation [42]. It was reported that myeloid cells,
fibroblasts, and other cell types are the sources of latent
CMV [43,44], and is has been hypothesized that the loss
of CD4" T cells by HIV-1 results in failure to provide
help to CD8" T cells that may normally keep CMV
replication under control [45,46]. In-vivo HIV-1
replication is not fully suppressed by ART, and spikes
of HIV-1 in lymphoid tissue have been reported [37,47].
Extrapolating the results of our experiments with HIV-1-
infected lymphoid tissue ex vivo to the situation in vivo, it is
possible that these spikes allow CMV to remain
reactivated and to support immune activation.

Although ART prevents HIV-1 spreading, it is known
that in vivo a reservoir of infected cells remains for many
years [11,48,49]. These infected cells release HIV-1
proteins [50,51], which may induce tissue immune
activation. In particular, significant concentrations of Nef
found in vivo may make T cells hyperresponsive to
stimulation and promote induction of inflammatory
cytokines [52]. Here, we evaluated whether Nef, as well
as two other major HIV-1 proteins, Tat and gp120, were
capable of eliciting a sustained release of proinflammatory
cytokines in ex-vivo lymphoid tissues. In our experi-
ments with these ex-vivo tissues, no sustained increases in
cytokine release occurred when tissues were treated with
any of these three proteins. We chose to use concentra-
tions of these proteins that were lower than what has been
reported in vivo as our goal was not only to evaluate the
effect of the HIV-1 proteins at a level that exists during
HIV infection but to check whether, after suppression of
HIV-1 replication, these proteins at their residual
concentrations may affect immune activation.

Infected cells release various extracellular vesicles that
carry HIV-1 components. Such vesicles may be classified
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as defective HIV-1 virions [53—55] or as extracellular
vesicles carrying HIV-1 proteins [56—58]. It has been
shown that HIV-1-infected patients under ART continue
to release extracellular vesicles that carry HIV-1
components and that such extracellular vesicles may be
responsible for neurocognitive and immunological
dysfunction [57]. Also, we previously showed that some
extracellular vesicles released from HIV-1-infected cells
carry gpl20 and facilitate HIV-1 infection [53]. It is
conceivable that extracellular vesicles released by HIV-1-
infected tissues, including those that carry HIV proteins,
may contribute to immune activation.

Therefore, we investigated here whether defective virions
or extracellular vesicles isolated from ex-vivo lymphoid
tissues, treated or not with RTV or NVP, upregulated the
production of cytokines when transterred to an untreated
tissue culture. In control experiments with extracellular
vesicles from uninfected tissues or from uninfected tissues
treated with RTV or NVP, we did not observe any
significant cytokine increases. In contrast, in tissues
treated with extracellular vesicles from HIV-1-infected
tissues, there was a significant and sustained increase of
MIP-1a, MIP-1f3, and RANTES. Tissues treated with
extracellular vesicles from HIV-1-infected and RTV-
treated tissues increased MIP-1a compared with controls.
This was confirmed by experiments with more highly
purified extracellular vesicles that demonstrated increases
of the same cytokines in tissues treated with extracellular
vesicles from HIV-1-infected tissues. Tissues treated with
highly purified HIV-1 RTV extracellular vesicles
increased MIP-1a, MIP-13, RANTES, and TNF-a.
Tissues treated with extracellular vesicles from HIV-1-
infected and NVP-treated tissues demonstrated small
increases in cytokines but these increases did not reach
significance. Mechanisms by which extracellular vesicles
deliver their cargo including cytokines, miRINAs and
RNA, and trigger cell signals mediated by these and other
extracellular vesicle molecules, such as MHC class I and II
and HIV-1 proteins, are not fully understood but are the
subject of extensive investigations [59—62].

To further simulate various types of viral-related particles
that are released by HIV-1-infected tissues, we treated ex-
vivo human lymphoid tissues with inactivated HIV-1
X4 a1 04 virions. We inactivated HIV-1 with AT-2, which
abolishes infectivity by modifying HIV-1 nucleocapsid
zinc fingers, while maintaining its structure, functionality,
and like extracellular vesicles, ability to fuse with cells [23].
As with extracellular vesicles isolated from infected tissues,
exposure of uninfected tissues to AT-2 HIV-1 upregulated
several key cytokines, in particular, [IFN-y, MIP-1a,, MIP-
1B, TNF-a, and RANTES. Exposure to lower doses of
both infectious and inactivated virions also resulted in
cytokine upregulation albeit at lower levels.

Massive production of various defective virus particles
and of extracellular vesicles carrying viral components

released during infection is a hallmark of HIV-1 infection
in vivo [55]. As such defective particles are produced in
HIV-1-infected patients under ART [17], our results
suggest that this would be sufficient to sustain immune
activation. Extracellular vesicles and defective virions are
part of a continuum of cell-released particles and are
difficult to separate as they can both contain host cell
proteins, viral components, and nucleic acids [55].

These upregulated cytokines are produced by a variety of
cells in our system. We observed increases in the number
of macrophages, NK cells, and CD4" and CD8" T cells
producing these cytokines; however, it is possible that
other cell types are responsible for the increased
cytokine production.

The cells producing these upregulated cytokines are likely
stimulated by dendritic cells following their interaction with
HIV-1, and TLR7/8-signaling is known to be involved in
response to HIV-1[63,64]. TLR7/8 and TLR9 seemed also
to be partially responsible for HIV-1-induced immunoacti-
vation in our tissue system as TLR7/8 and TLR9 agonists
triggered some of the same cytokine increases as HIV-1,
though not to the same extent. In contrast, TLR 3 was likely
not involved. Experiments with AT-2 HIV-1 suggest that
TLR signaling would be through TLR7/8, which senses
ssRINA, and not through TLR9, which senses DNA, as AT~
2 inactivated virus produces no viral DNA, as it does not
initiate reverse transcription. This was confirmed by
blocking signaling of TLR8 and TLRY with inhibitors,
followed by challenge with AT-2-inactivated HIV-1. Tissues
treated with a TLR 8 inhibitor demonstrated lower cytokine
levels compared with tissues treated with a TLR 9 antagonist.
Thus, signaling through TLR, in particular TLR8, seemed
to be one of the mechanisms mediating sustained immune
activation by defective HIV-1 virions, although it, alone,
does not seem to be sufficient.

In conclusion, the ex-vivo lymphoid tissue system allowed
the investigation of possible mechanisms involved in
persistent immune activation in HIV-1 patients under
ART, under laboratory-controlled conditions. Our results
with isolated lymphoid tissue indicate that the mechanisms
of sustained immune activation in these patients may
include the presence of defective (replication-incompe-
tent) virions and of extracellular vesicles, probably together
with reactivated HHVs, in particular, CMV.

These elements constitute potential therapeutic targets to
combat the progression of various disorders in HIV-1-
infected individuals after HIV-1 itself has been successtully
suppressed.
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