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Abstract

Quantification of cell-associated replication-competent HIV, in blood samples from patients with
undetectable plasma viremia, requires specialized culture conditions that include exogenous pan T
cell stimulation. Different research groups have used several stimuli for this purpose; however, the
relative efficacies of these T cell stimuli to induce productive HIV replication from latently
infected cells ex vivo have not been systematically evaluated. To this end, we compared four
commonly used T cell stimuli: 1) irradiated allogeneic cells plus phytohaemagglutinin (PHA); 2)
PHA alone; 3) phorbol myristate acetate plus lonomycin; and 4) immobilized aCD3 plus aCD28
antibodies. End-point dilutions of patient CD4 T cells were performed, using virion RNA
production to quantify HIV induction. Our results demonstrated that these activation approaches
were not equivalent and that antibody cross-linking of CD3 and CD28 membrane receptors was
the most effective means to activate HIV replication from a resting cell state, closely followed by
stimulation with irradiated allogeneic cells plus PHA.
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Introduction

The latent cellular reservoir of human immunodeficiency virus (HIV) is recognized as the
major barrier to cure (Richman et al., 2009). This reservoir is highly stable (Siliciano et al.,
2003; Strain et al., 2003), necessitating life-long adherence to combination antiretroviral
therapy (CART) to prevent HIV rebound. The “shock and kill” strategy has been envisioned
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as a controlled induction of virus reactivation to reveal latently infected cells for immune
system recognition and destruction (Demonté et al., 2004). Small molecule compounds that
activate HIV expression, but do not cause cellular activation, have been tested, including
histone deacetylase inhibitors (HDACI) (Archin et al., 2009a; Archin et al., 2009b; Archin et
al., 2012; Contreras et al., 2009; Rasmussen et al., 2014; Wei et al., 2014), protein kinase C
(PKC) pathway agonists (Abreu et al., 2014; Beans et al., 2013; Mehla et al., 2010; Williams
et al., 2004), histone methyltransferase inhibitors (Bouchat et al., 2012; Friedman et al.,
2011), DNA methylase inhibitors (Kauder et al., 2009) and bromodomain inhibitors
(Banerjee et al., 2012; Boehm et al., 2013; Li et al., 2013). HDACI, valproic acid and
vorinostat, were tested in clinical trials (Archin et al., 2014; Archin et al., 2012; Elliott et al.,
2014; Lehrman et al., 2005) with limited success, while a recently completed clinical trial of
a more potent HDACi Romidepsin (Rasmussen et al., 2014; Sggaard et al., 2015), in
combination with therapeutic HIV immunization provided the first evidence of feasibility of
combination “shock and kill” strategy (Leth et al., 2016). A substantial challenge to the
development and evaluation of such treatment strategies is the limited ability of current
assays to accurately quantify the /n vivo latent cell reservoir in peripheral blood samples
from HIV-infected individuals on suppressive CART.

None of the existing assays measures the true size of the latent reservoir (reviewed in
(Bruner et al., 2015; Massanella and Richman, 2016)). The present standard is the
quantitative viral outgrowth assay (QVOA) (Chun et al., 1997a; Finzi et al., 1997; Laird et
al., 2013; Siliciano and Siliciano, 2005; Wong et al., 1997), which measures replication-
competent provirus, induced in a single round of T cell activation. Because not all non-
inducible proviruses are defective, qVOA tends to underestimate the size of the reservoir
approximately 60-fold (Ho et al., 2013). An approach to improve the accuracy of gVOA
involves sequential rounds of T cell activation (Hosmane et al., 2017). While this may result
in a more accurate measurement, multiple activation rounds make this approach very time
consuming. HIVV DNA assays that measure integrated or total DNA (O’Doherty et al., 2002;
Rouzioux et al., 2014; Strain et al., 2013) are relatively quick to perform. However, they tend
to overestimate the true reservoir size by detecting mutated proviruses that can never be
expressed, even upon cessation of CART. Available RNA assays using unstimulated cells
(Bullen et al., 2014; Pasternak et al., 2008) tend to produce intermediate results. A
comparative study evaluating performance of these various assays (Eriksson et al., 2013) has
demonstrated poor correlation between most of the measurements obtained for the same set
of samples from HIV-infected patients, and a 300-fold discrepancy between qVOA and
DNA-based assays. The only significant correlation observed was between the measurement
of integrated HIV DNA by Alu PCR and gVOA, which was consistent with one of the
earlier reports (Mendoza et al., 2012). However, this correlation may not be preserved when
following reservoir size after HIV reactivation therapy (e.g. HDACI), as cells bearing
replication-competent provirus are expected to be cleared and not show up in a qVOA, while
cells bearing mutated provirus will remain and be measurable in DNA-based PCR assay
(Eriksson et al., 2013).

Most recently, culture-based assays were developed to measure inducible RNA from
stimulated cells (Cillo et al., 2014; Procopio et al., 2015; Richman, 2015). While these
assays are faster and easier than the standard qVOA, the inability to induce all intact
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proviruses in a single round of T cell activation still remains a limitation to this new
generation of assays. It is unknown whether reactivation of all intact proviruses ex vivois
possible, and if not, what stimulus would maximally reactivate the latent reservoir
(Massanella and Richman, 2016). Several /n vitro methods for T cell activation to induce
HIV from latently infected CD4 lymphocytes have been employed by independent research
groups (Chun et al., 1997b; Dornadula et al., 2001; Finzi et al., 1997; Procopio et al., 2015;
Wong et al., 1997); however, such methods have not been systematically compared. In this
present study, we compared the efficacy of 4 different T cell stimulation protocols to induce
productive HIV replication ex vivo in blood samples taken from 5 patients, successfully
treated and maintained with suppressive cCART.

Results and Discussion

CD8 lymphocyte depletion creates optimal conditions for viral outgrowth during long-term

culture

Because viral replication can be inhibited by soluble factors produced by CD8 T cells
(Chang et al., 2002; Walker et al., 1989), we sought initially in our experiments to test
several culture conditions, in the presence or absence of CD8 T cells, for viral outgrowth,
Inhibition of HIV replication by CD8 T cells occurs primarily at the level of transcription
(Mackewicz et al., 2000); therefore, the presence of these cells in culture may interfere with
both qVOA and RNA-based methods of reservoir quantification. In addition, use of CD8 T
cell depleted peripheral blood lymphocytes (PBL) leads to normalization of the absolute
input of patient CD4 cells.

A variety of culture conditions were compared for their influence on viral outgrowth, using
cells from cART-suppressed patients who began treatment during chronic infection. Figure 1
shows the dynamics of HIVV RNA production for one patient (F); the results are
representative of 6 experiments, performed with different donor cells. Levels of HIV RNA in
culture supernatants increased between day 0 and day 7 with all co-culture cell combinations
(Figure 1). However, continued expansion of HIV replication beyond day 7 was seen only in
those conditions where the CD8 cells were depleted from both the patient and healthy donor
PBL preparations. In this particular experiment, soluble p24 antigen became detectable
between 11 and 21 days of culture (range 36—10,630 pg/ml). Thus, the inhibitory role of
CD8 T cells seen in our experiments was consistent with previous observations (Chang et
al., 2002; Mackewicz et al., 2000; Walker et al., 1989), and depletion of CD8 T cells
appeared to be a requirement for recovery of replication-competent HIV from the small
numbers of latently infected CD4 lymphocytes, typically present in patients on CART (Chun
etal., 1997a; Finzi et al., 1997). Therefore, in the subsequent experiments of this study, CD4
T cells were enriched (CD8 and monocyte-depleted) in both patient and healthy donor
control (HC) cell preparations for the propagation of virus (Figure 2A).

Interestingly, even though HIV induction was the highest on day 21 when cultures were
depleted of CD8 T cells, RNA levels were similar on day 7, with or without CD8 depletion
(Figure 1). These results raise a possibility that in resource limited settings, where patients
are more likely to have larger HIV reservoirs due to delayed initiation of CART during
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chronic infection, performing such assays for a shorter time without CD8 T cell depletion
may be feasible; albeit, the latent HIV reservoir will be underestimated.

Choice of T cell activation stimuli for the recovery of replication-competent HIV from
latently infected cells and the analysis approach

To determine the most effective method to activate HIV replication from latently infected
cell reservoirs, CD4 lymphocyte preparations from 5 different patients with viral
suppression were activated /n vitro using 4 different stimuli (Figure 2A), which were
selected based on the published methods from several different laboratories: (1) irradiated
allogeneic peripheral blood mononuclear cells (PBMC) plus phytohaemagglutinin (PHA)
(“alloantigen + PHA”) (Siliciano and Siliciano, 2005); (2) PHA alone, in the absence of
allogeneic PBMC (“PHA”) (Dornadula et al., 2001); (3) phorbol myristate acetate (PMA)
plus lonomycin (“PMA + 10”) (Procopio et al., 2015); and (4) immobilized aCD3 plus
aCD28 antibodies (“aCD3 + aCD28”) (Wong et al., 1997). The efficiency of viral
induction was examined by performing co-cultures (in duplicate wells), using serial limiting
dilution of the patients’ cells. Conditions for virus propagation throughout the experiment
were kept constant (CD4 T-enriched HC) (Figure 2A). Due to the complexity of the
experimental design that involved multiple stimuli performed in parallel and prolonged
culture time, the experiment was performed using cells from a limited number of patients
(N=5). To ensure the validity of the statistical analysis with the small sample size, estimates
of frequencies of infectious units per million cells in limiting dilution assays were obtained
using a XZ statistic, assuming single-hit Poisson kinetics, which was shown to be the most
accurate and precise frequency estimator (Taswell, 1981). The stimuli were then compared
within each donor and assessed for consistency of observation across donors.

Patient characteristics and positive culture definition

The general clinical characteristics of the participating patients are summarized in Table 1.
In all patients, the plasma HIV RNA level was undetectable (<50 copies/ml) at the time of
blood collection for this study. CD4 T cells isolated from patients were stimulated for 24
hours prior to the addition of HC CD4 cells to the co-culture. A positive culture was defined
as having a rising RNA level between days 1 and 14, with a concurrent positive p24 result
(>10 pg/ml). HIV RNA levels at day 21 were used to confirm the persistence of a positive
culture or a spreading infection (data not shown). An example of detailed results for the
quantification of HIV RNA, produced from duplicate culture wells in the limiting dilution
protocol, is shown for patient B in Figure 2B. In this particular patient, virus replication
could be detected even in the culture wells originally seeded with as few as 60,000 CD8-
depleted PBL.

T cell signaling through the CD3/T Cell Receptor (TCR) complex and alloantigen + PHA
stimulus are the most effective means to activate HIV replication from latently infected CD4
lymphocytes
The results obtained from all 5 patients (including patient B, Figure 2B), are displayed in
Figure 3(A, B) to compare different pan T cell stimulation conditions. In culture wells with
the greatest number of patient cells (1x10° per well), virus was recovered from all patients
tested; and in one case (patient D), on two separate occasions. In 4 of the 5 patients, the
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different stimuli appeared equivalent in producing detectable HIV replication when the co-
cultures contained the maximum number (1x106) of CD4-enriched patient cells. However,
as the number of patient CD4 cells decreased with dilution, stimulation with «CD3 +
aCD28 or with alloantigen + PHA proved to be the most efficient means to induce viral
replication (Figure 3A). For patient A, stimulation with aCD3 + aCD28 was significantly
more effective at inducing viral replication than PHA, which was the least effective culture
condition (P=0.034, Figure 3B). No other comparisons between treatments achieved
significance for this patient. For patient B, aCD3 + a.CD28 stimulation was significantly
better than both PHA and PMA + lo (P=0.009 and 0.020, respectively). Both alloantigen +
PHA (P=0.008) and aCD3 + aCD28 (P = 0.002) stimulation were significantly more
effective than PHA at inducing HIV expression from CD4 T cells of patient C. No treatment
comparisons achieved significance for patients D and E with the number of replicates used.
Overall, aCD3 + aCD28 stimulation appeared to induce HIV more effectively than all the
other stimuli compared (highest frequency of infectious units per million cells for patients
A, B and C, Figure 3B); however, there was no significant statistical difference between
aCD3 + aCD28 and alloantigen + PHA stimuli for either of the patients (P=0.312 for
patient A, £=0.283 for patient B, £=0.370 for patient C and ~=0.184 for patient D).

Activation of HIV replication from latently infected CD4 lymphocytes in one patient who
initiated cART during acute infection

Patient E was remarkable for having a minimal, if not undetectable, response to all induction
methods tested. The lower frequency of inducible cells did not appear to be explained by
variation in the duration of suppressive therapy; patient E had 19 months of therapy at the
time of testing compared with a mean of 20 months for the other 4 patients. Because this
patient initiated CART prior to seroconversion, these results are consistent with the
likelihood of a smaller cell reservoir size, such as that demonstrated for similar patients in
previous studies (Schmid et al., 2010; Strain et al., 2005). Alternatively, it is possible that the
reservoir of this patient contained a majority of HIV integrated into nonresponsive gene
sites, or mutated virus, and only rare inducible provirus. Curiously, for PHA and PMA + lo,
the replicate results differed, even in the co-cultures with high cell number (0.5 — 1x106 per
well) (Figure 3A). It is possible that in this individual, the number of CD4 cells infected with
replication-competent HIV was close to the limit of detection and results were affected
randomly by sampling error variations. Such stochastic events, as those seen with the
induction strategies used in the present study, may suggest that alternative methods, which
do not require virus reactivation, need to be developed in order to monitor latent reservoir
size in patients who initiate CART during the acute phase of infection.

Practical and theoretical implications of the findings

The results of our study indicate that commonly employed major T cell stimuli are not
equally effective in reactivating latent HIV replication from patient CD4 T lymphocytes /in
vitro. Induction of detectable p24 antigen or viral RNA appears to vary, depending on the
stimulation procedure used. We found that cross-linking of CD3 and CD28 cell surface
receptors was the most efficient method for induction of detectable productive HIV
replication from latently infected T cells, closely followed by stimulation with y-irradiated
allogeneic PBMCs and PHA.. These results are in agreement with an earlier study of in vitro
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HIV infection of primary T cells from our group (Spina et al., 1997), which demonstrated
that induced virus production from central memory cells was greater than that from naive
cells with aCD3 + aCD28 stimulation, but was equal in these two cell subsets with PHA
induction. Since the latent viral reservoir is comprised predominantly of infected central
memory T cells (Chomont et al., 2009), it is not surprising that aCD3 + a.CD28 stimulation
performed better for virus activation. Alloantigen + PHA stimulus would also be suitable for
conducting HIV reservoir measurement assays, since its efficacy of inducing HIV provirus
was close to that of aCD3 + aCD28 stimulation. However, aCD3 + aCD28 stimulation is
by far simpler to administer, as compared to preservation and irradiation of allogeneic
PBMC; thus using aCD3 + aCD28 stimulus will reduce the complexity of the assay
(Kuzmichev et al., 2017). Prior studies that have relied upon stimulation conditions other
than CD3 and CD28 cross-linking or alloantigen + PHA stimulation may have
underestimated the quantity of replication competent latent HIV present.

Because T cell activation and division alone are not sufficient to support HIV replication
(Hosmane et al., 2017; Moran et al., 1993; Spina et al., 1997), it is possible that virus
reactivation may be induced more potently by simultaneous engagement of alternate cell
signaling mechanisms. Treatment strategies using HDACI, combined with small molecule
compounds of other classes, have been shown to be more potent than HDACI alone for HIV
reactivation, but less potent than methods that induce robust T cell activation
(Bartholomeeusen et al., 2013; Burnett et al., 2010). Unfortunately, the effects of aCD3 +
aCD28 treatment were shown to be antagonized by the HDACI vorinostat at the level of
gene expression; and translation of viral transcripts was not improved by vorinostat, beyond
the effects of T cell activation alone (Mohammadi et al., 2014). Further exploration of such
combinatorial strategies with host cell factors that contribute to HIV induction may lead to
discovery of more potent HIV reactivators. This will be important for treatment protocol
development, and will get us closer to measuring the true size of the replication-competent
proviral reservoir.

In conclusion, we demonstrate that cross-linking of the CD3 and CD28 cell membrane
receptors and treatment with allogeneic PBMC plus PHA are currently the most effective
means to induce HIV replication ex vivo from patient CD4 T lymphocytes that harbor latent
provirus, the former stimulus being easier and faster to administer. These results have the
practical implication to improve the reliability and reduce the time required to conduct
qVOA and culture-based assays to measure the true latent reservoir size. In addition, our
findings are consistent with the notion that T cells containing latent HIV infection are
composed of heterogeneous subpopulations with varying thresholds for reactivation of
productive viral replication, and with the idea that a combination of therapeutic agents will
be required to activate HIV to a level sufficient to eradicate the latent reservoir.

Materials and Methods

The patients selected for study had received a standard triple-drug regimen for >10 months
and had sustained reductions in HIV plasma RNA to <50 copies/ml for at least 6 months
prior to further testing (Table 1). All patients were treated with the triple drug regimen of
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AZT/3TC/IDV, except for Patient B who received DAT/3TC/IDV. Patient E was diagnosed
during acute infection, as defined previously (Gulick et al., 1997), and began treatment prior
to seroconversion. All other patients were in the chronic infection phase when treatment was
initiated. Written informed consent was obtained from all participants in accordance with
local investigational review board guidelines. To determine the relative efficiency of the
different stimulation conditions, enriched CD4 cell preparations from these patients were
tested using end-point cell dilution into a constant co-culture cell background. Cells from
patient F were used for testing CD8 T cell depletion culture conditions; while, cells from
patients A—E were used in the HIV reactivation studies.

Cell preparation, CD8 T cell depletion and co-culture

PBMC were prepared by Ficoll-hypaque density gradient centrifugation, and plasma was
separated and stored at —80° C. Monocytes were removed and isolated by fibronectin
adhesion (Freundlich and Avdalovic, 1983). CD8 cells were depleted by treatment with
aCD8 antibody (OKT-8; Ortho Diagnostics, Raritan, NJ) and panning on tissue culture
plates coated with goat anti-mouse antibody (Spina et al., 1994). Patient cells were
stimulated with immobilized aCD3 + aCD28 (Leu-4; Becton Dickinson
ImmunoDiagnostics, San Jose, CA and CD28.2; PharMingen, San Diego, CA, respectively)
for 24 hours prior to the addition to co-culture (Spina et al., 1997). Either 5x10° total PBL or
CD8-depleted PBL from a healthy donor, following 24-48 hours of stimulation with PHA (3
ug/ml; Sigma chemical Co., St. Louis, MO), were added to each well of a 6-well plate that
contained 2x108 stimulated patient cells (day 1 of culture). Co-cultures were initiated using
the following cell combinations: 1) patient PBL + donor PBL; 2) patient CD8-depleted PBL
+ donor PBL; 3) patient CD8-depleted PBL + patient monocytes + donor PBL; 4) patient
PBL + donor CD8-depleted PBL; 5) patient CD8-depleted PBL + donor CD8-depleted PBL;
6) patient CD8-depleted PBL + patient monocytes + donor CD8-depleted PBL (Figure 1).
Cultures were maintained in the presence of rIL-2, (10 U/ml, Dupont, New England Nuclear
Research Products, Boston, MA). At days 1, 7, 14, and 21 of culture, 1 ml of medium was
collected from each well without disturbing the cell layer and was frozen for subsequent
HIV quantification by ELISA for p24 antigen (Coulter, Hialeah, FL) and by real time
quantitative polymerase chain reaction (RT-gPCR) for viral RNA (Roche Molecular
Systems, Branchberg, NJ).

T cell activation stimuli and terminal-dilution co-culture assay

The conditions used to initially stimulate the cell preparations from each patient included: 1)
irradiated allogeneic PBMC (10:1, HC:Pt) + PHA (3 pg/ml); 2) PHA (3 pg/ml) in the
absence of allogeneic PBMC; 3) PMA (1 nM) + lonomycin (0.25 pM); and 4) immobilized
aCD3 (Leu-4, 31 ng/ml, Becton-Dickinson Immunocytometry Systems, San Jose, CA) +
aCD28 (CD28.2, 0.2 ug/ml, BD-Pharmingen, San Diego, CA). Healthy donor PBMC were
inactivated by -y-irradiation (5,000 rads) to serve as a source of alloantigen in condition 1
(Chun et al., 1997b; Finzi et al., 1997). For virus propagation in culture, CD4-enriched HC
donor cells were stimulated with PHA (3 ug/ml) for 48 hours prior to addition to co-culture.
End-point dilution of patient cells was performed in duplicate series of 2-fold dilutions in a
6-well flat-bottom plate, and a constant number of CD4-enriched HC cells (2x10%) was
added to each well at days 0 and 7 (Figure 2A). Cultures were maintained in RPMI 1640
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Statistics

medium supplemented with L-glutamine (1 mM), penicillin (50 U/ml), streptomycin (50 pg/
ml), 10% fetal bovine serum and rIL-2 (10 U/ml). On days 1, 7, 14 and 21, half of the
culture medium was removed from each well and stored at —80° C for later batch testing of
HIV RNA and p24 antigen, and an equal volume of fresh medium was added. For the
purpose of this study, all cultures were terminated after the day 21 harvest.

Terminal dilution assay data were converted to estimated infectious units per million cells
using a 2 statistic, assuming single-hit Poisson kinetics (Taswell, 1981). Assay results for
different treatment conditions were compared by integrating the Gaussian confidence
intervals computed in the XZ analysis.
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Highlights

Four in vitro methods for T cell activation to induce latent HIV were
compared.

CD3 and CD28 receptor cross-linking was the most effective and simplest
approach.

Its use may improve the reliability of assays to measure the true latent
reservoir.
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Figure 1. Quantification of HIVV RNA levels in co-culture supernatants during the first 21 days of
culture for patient F

(O) PHA-stimulated HC total PBL plus aCD3 + aCD28-stimulated patient PBL. (X) PHA-
stimulated HC total PBL plus aCD3 + aCD28-stimulated patient CD8-depleted PBL. (<)
PHA-stimulated HC total PBL plus aCD3 + aCD28-stimulated patient CD8-depleted PBL
plus monocytes. () PHA-stimulated HC CD8-depleted PBL plus aCD3 + aCD28-
stimulated patient total PBL. () PHA-stimulated HC CD8-depleted PBL plus aCD3 +
aCD28-stimulated patient CD8-depleted PBL. (@) PHA-stimulated HC CD8-depleted PBL
plus aCD3 + aCD28-stimulated patient CD8-depleted PBL plus monocytes. (-----)
Threshold of detection, 50 copies of HIV RNA/mI. Results from patient F are representative
of experiments done with cultured cells from 6 different cART-suppressed patients.
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Figure 2. Diagram of co-culture method and detailed results of HIV RNA quantification for
patient B

A) CD4-enriched cells from patients were exposed to four different stimulation conditions.
Alloantigen consisted of irradiated allogeneic PBMC added to the patient CD4 cells at a
ratio of 10:1. Healthy control (HC) donor cells, stimulated with PHA for 48 hours prior,
were added to patient cells on days 0 and 7 of culture. /o, lonomycin. B) HIV RNA
concentrations (logyg copies/ml) were assayed in supernate taken from duplicate wells for
each co-culture condition for patient B, on days 1, 7 and 14. Each row depicts a cell
concentration, with decreasing cell numbers from top to bottom. Each box represents
duplicate cultures; a diagonal within a box indicates a result for 1 of 2 replicates. Zero
indicates undetectable viral RNA.
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Figure 3. Summary of results obtained from HIV RNA quantification of culture supernatants
taken at day 14 (patients A-E)

Positive cultures were defined as those with: 1) a positive p24 result (>10 pg/ml) within 21
days of co-culture, and 2) rising RNA concentrations between days 1 and 14. HIV RNA at
day 21 was used to confirm a spreading infection. D1, D, and E, E5 are the first and second
cultures from patient D and E, respectively, which were performed using fresh blood
samples taken approximately 2 months apart. A) Each row depicts a cell concentration, with
decreasing cell numbers from top to bottom. Each box represents duplicate cultures; a
diagonal within a box indicates a result for 1 of 2 replicates. B) Infectivity was estimated
from the data shown in (A). Second culture of patient D was used for these analyses, for
which data for all the treatments were available. Error bars indicate the estimated infectivity
+1 SEM.
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