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Abstract: HIV-1 replication capacity is an important characteristic to understand the replication
competence of single variants or virus populations. It can further aid in the understanding of HIV-1
pathogenicity, disease progression, and drug resistance mutations. To effectively study RC, many
assays have been established. However, there is still demand for a high throughput replication
capacity assay using primary cells which is robust and reproducible. In this study, we established
such an assay and validated it using 346 primary HIV-1 isolates from patients enrolled in the
Zurich Primary HIV Infection study (ZPHI) and two control viruses, HIV-1 JR-CSFWT and HIV-1
JR-CSFK65R_M184V. Replication capacity was determined by measuring the viral growth on PBMCs
over 10 days by longitudinally transferring cell culture supernatant to TZM-bl reporter cells. By
utilizing the TZM-bl luciferase reporter assay, we determined replication capacity by measuring viral
infectivity. The simplicity of the experimental setup allowed for all 346 primary HIV-1 isolates to be
replicated at one time. Although the infectious input dose for each virus was normalized, a broad
range of replication capacity values over 4 logs was observed. The approach was confirmed by two
repeated experiments and we demonstrated that the reproducibility of the replication capacity values
is statistically comparable between the two separate experiments. In summary, these results endorse
our high throughput replication capacity assay as reproducible and robust and can be utilized for
large scale HIV-1 replication capacity experiments in primary cells.

Keywords: HIV-1; replication capacity; primary cells; high throughput; parallel infection; primary
HIV-1 isolates

1. Introduction

In order to understand viral behavior in regard to viral evolution [1,2], varying disease
progression in the host (elite controllers, normal and rapid disease progression) [3–8],
transmitted founder (T/F) virus characteristics [9–14], and fitness costs caused by drug re-
sistance mutations or by positive and/or negative selection due to immune escape [15–21],
it is important to study the replication capacities of HIV-1 variants. Over the years, dif-
ferent types of experimental assays have been designed and established to accommodate
the specific questions that have been studied (reviewed in [22–24]). Unfortunately, it is
uncommon for these assays to be high throughput due to the potential requirement for
virus modifications and the various exhaustive quantification protocols used to determine
the viral growth over time. It has been particularly difficult to establish large scale assays
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to determine RC in primary cells—the natural target cells for infectious viruses—because
of the variability and availability of donor cells.

Viral replication capacity is determined by replicating the virus of interest (primary
HIV-1 isolates, infectious molecular clones, pseudoviruses, chimeric viruses) on a specific
cell type (primary cells or cell lines) and quantified using various established protocols
(antigen ELISA, enzyme activity, flow cytometry, quantitative polymerase chain reaction
(q-PCR), heteroduplex tracking assay (HTA)). Due to varying opinions, it is debated which
assay is the best experimental structure for determining replication capacity. The two main
setups that are discussed are dual competition infection and parallel infection.

Dual competition infection allows the viruses to be competed against one another
in the same experimental environment, which is thought to mimic the in vivo competi-
tion a virus undergoes within the host [22,24]. This assay has the advantage that small
differences can be observed between two viruses, but it also has disadvantages such that
the quantification protocol is required to distinguish between the viruses, as well as the
potential for recombination to take place. Many research groups tackle these limitations
by making modifications to the viruses that can be distinguished using primers, Taqman
probes or antibodies with fluorescent markers [5,25–28]. Furthermore, sequencing of the
virus inoculum can help to determine if recombination occurred during the replication
process [29]. Although there are ways to overcome the limitations associated with dual
competition infection, modifications and sequencing are costly and time consuming which
make it difficult to utilize for large sample sizes. On the other hand, the parallel infection
assay setup allows each virus to be replicated in separate cell cultures.

Various quantification protocols can be used to determine the viral growth over time,
but assays quantifying the amount of viral antigen (p24 ELISA) and enzyme activity (RT
activity) are the most common [6,9,12,13,30]. More recently, protocols using TZM-bl cells
that express luciferase under the control of the HIV-1 Tat promotor, have been used to
determine viral infectivity, such as determination of the 50% tissue culture infectious dose
(TCID50) [11,31,32]. Furthermore, parallel infection assays do not require modifications of
the viruses and/or cells, which makes them cost effective and suitable for high throughput,
large scale experiments.

There are established assays that can determine replication capacities of large sample
populations of recombinant viruses that consist of a specific part of the patients’ viral
genome (e.g., gag, pol) cloned into a control backbone (e.g., HIV-1 NL4-3) [30–36]. However,
there is also need for an assay that can measure replication capacity of whole genome
viruses in primary cells in a high throughput manner. A high throughput replication
capacity assay can allow for all samples to be processed in one experiment while sufficiently
producing large data sample sizes that can be utilized to draw robust statistical conclusions.

Therefore, the aim of this study was to establish a parallel infection, replication capacity
assay for high throughput use in primary cells. The assay was validated using 346 primary
HIV-1 isolates from the Zurich Primary HIV-1 Infection Study (ZPHI) and two control
viruses, HIV-1 JR-CSFWT and HIV-1 JR-CSFK65R_M184V. The replication capacities were
determined by quantifying viral growth on primary peripheral blood mononuclear cells
(PBMCs) over a period of 10 days using the TZM-bl luciferase assay and calculating the area
under the curve (AUC) for the replication curves. The experimental assay was completed
twice, and we compared those AUC values from the two experiments to determine the
robustness and reproducibility of the assay. Furthermore, the AUC values were used to
analyze the differences in replication capacities among primary HIV-1 isolates and assess
the potential correlations between replication capacity and other viral characteristics. Taken
together, these results show that we established a high throughput replication capacity
assay based on primary cells that is reproducible and robust.
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2. Materials and Methods
2.1. Patients

The ZPHI is an open label, non-randomized, observational, monocenter study at
the University Hospital Zurich, Switzerland (www.clinicaltrials.gov, ID NCT00537966;
approved by the ethical committee on September 2007 (KEK-ZH-Nr. EK-1452) [37–39]. All
patients 18 years or older with documented acute or recent infection (see definition below),
gave their informed consent and were included in the study. Patients with acute (<90 days)
or recent (90–180 days) HIV-1 infection are enrolled) and antiretroviral therapy (ART) is
immediately initiated among patients willing to start ART. The estimated date of HIV-1
infection (EDI) is determined based on unambiguous risk behavior, clinical (e.g., acute
retroviral syndrome) and laboratory data (e.g., documented seroconversion, INNO-LIA,
p24 antigen, Western Blot) [39].

2.2. Viruses

Primary HIV-1 isolates were derived using patients’ blood from the first visit during
acute/recent HIV-1 infection. Briefly, CD4+ T cells and plasma were isolated from patients’
blood and co-cultured with 3-way stimulated, CD8-depleted, HIV-1 negative donor periph-
eral blood mononuclear cells (PBMCs) [40]. Primary HIV-1 isolates were characterized as
follows: 50% tissue culture infectious dose (TCID50) was determined by serial diluting the
viruses on TZM-bl cells [41]. Briefly, the viruses were cultured on TZM-bl cells for 3 days.
TZM-bl cells were lysed, luciferase substrate (BrightGlo Luciferase Assay System, Promega,
Madison, WI, USA) added, and the luciferase relative light units (RLU) was measured.
According to the protocol, positive wells were defined by an RLU of at least twice the mean
of the TZM-bl background controls [42].

For control viruses, the HIV-1 full-length plasmid pJR-CSFWT, was obtained through
the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: HIV-1 JR-CSF Infectious
Molecular Clone (pYK-JRCSF) (Cat# 2708) from Dr. Irvin SY Chen and Dr. Yoshio Koy-
anagi [43–45]. The K65R and M184V mutations were introduced into the pJR-CSFWT plas-
mid using the QuikChange XL Site-Directed Mutagenesis Kit (Agilent Technologies, Inc.,
Santa Clara, CA, USA) with sdm_M184V_fw (5′-CCAGACATAATTATCTATCAATACGTG-
GATGATTTGTATGTAGGATCTG-3′), sdm_M184V_rv (5′-CAGATCCTACATACAAATCA-
T CCACGTATTGATAGATAATTATGTCTGG-3′), sdm_K65R_fw (5′-CTCCAGTATTTGCC-
AT AAAGAGAAAAGACAGTACTAAATGGAG-3′) and sdm_K65R_rv (5′-CTCCATTTAG-
TAC TGTCTTTTCTCTTTATGGCAAATACTGGAG-3′), following the manufacturer’s pro-
tocol. The primers were designed using the QuikChange Primer Design Tool offered by Agi-
lent Technologies, Inc., accessed at https://www.agilent.com/store/primerDesignProgram.
jsp [46] (accessed on 13 June 2018). The mutations were confirmed by next generation
sequencing (NGS).

HEK293T cells were transfected with mixtures containing serum-free DMEM (no FBS,
no PenStrep), 25 µg of plasmid (pJR-CSFWT or pJR-CSFK65R_M184V) and 2 µg of polyethylen-
imine (PEI) per µg of DNA. After 48 h, the virus supernatants were harvested, filtered and
the TCID50 was determined on TZM-bl cells as described above.

Real time quantitative polymerase chain reaction (RT-qPCR) was performed to de-
termine the viral titer of the virus stocks as previously described [47]. Briefly, 150 µL
of harvested virus stock was lysed and viral RNA was isolated (NucleoSpin™ RNA
Virus, Macherey-Nagel™, Düren, Germany) according to the manufacturer’s protocol.
Viral RNA was reverse transcribed into viral complementary DNA (cDNA) with primer
RT_pol_3223 (5′-GGTTCTTTCTGATG-3′). The cDNA was amplified and quantified us-
ing primers pol_2981_fw (5′-TCAGTACAATGTGCTTCCACAGG-3′) and pol_3206_rc (5′-
TTTGTCTGGTGTGGTAAATCCCCAC-3′) and SYBR green (Molecular Probes, Leiden,
The Netherlands).

www.clinicaltrials.gov
https://www.agilent.com/store/primerDesignProgram.jsp
https://www.agilent.com/store/primerDesignProgram.jsp
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2.3. Comparing Parallel and Dual-Competition Infection

To evaluate parallel and dual competition infections, the viral titers were determined
for HIV-1 JR-CSFWT and HIV-1 JR-CSFK65R_M184V and were used to calculate the amount of
virus stock required for a multiplicity of infection (MOI) of 0.001. For the parallel infections,
HIV-1 JR-CSFWT and HIV-1 JR-CSFK65R_M184V, were added separately to tubes containing
2 × 106 mixed donor, 3-way stimulated, CD8-depleted PBMCs. For the dual-competition
infections, HIV-1 JR-CSFWT was combined with HIV-1 JR-CSFK65R_M184V at a 1:1 ratio for
a combined MOI of 0.001 and added to 2 × 106 mixed donor, 3-way stimulated, CD8-
depleted PBMCs. The cells were infected by spinoculation for two hours at 1′200 g, washed
with PBS, resuspended in RPMI 1640 with 10% heat inactivated FBS, 10 U/mL IL-2, and
1% P/S, and cultured on 12-well plates in duplicates [48]. On days 0 and 2–7 post infection
(p.i), 50 µL and 150 µL of cell-free culture supernatant was extracted for p24 ELISA and
RNA isolation, respectively. Each day cell-free culture supernatant was removed, the
cells were replenished with 200 µL of RPMI 1640 medium with 10% heat inactivated FBS,
10 U/mL IL-2, and 1% P/S.

For both parallel and dual-competition infection data acquisition, p24 ELISA and RT-
qPCR were performed. For p24 ELISA, 50 µl cell-free culture supernatant was inactivated
with 1% Empigen and p24 antigen was quantified using an in-house p24 ELISA assay [49,50].
The RT-qPCR is described above. The viral copy numbers were calculated for each day and
the replication growth kinetics was observed for parallel infection. In addition, for dual-
competition infection data acquisition, the viral copy numbers of HIV-1 JR-CSFWT and HIV-1
JR-CSFK65R_M184V in the mixtures were separately measured with allele-specific polymerase
chain reaction (AS-PCR). The validity of the K65R_M184V AS-PCR protocol was evaluated and
confirmed as previously described [47,51]. AS-PCR was performed using primers IN_K65_fw
(5′-TCCAGTATTTGCCATAAAGIA-3′) or IN_K65R_fw (5′-CCAGTATTTGCCATAAAGIG-
3′), and pol_3206_rv (5′-TTTGTCTGGTGTGGTAAATCCCCAC-3′). Based on viral copy
numbers of each variant, the replication capacity percentages were calculated to determine
the competition kinetics of HIV-1 JR-CSFWT and HIV-1 JR-CSFK65R_M184V.

2.4. Cells

HEK293T cells were obtained through the NIH AIDS Reagent Program, Division of
AIDS, NIAID, NIH: HEK-293 Cells from Dr. Andrew Rice [52]. The TZM-bl reporter cell
line was obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH:
TZM-bl cells (Cat#8129) from Dr. John C. Kappes, and Dr. Xiaoyun Wu [53–56]. The cells
were cultivated in DMEM containing 10% heat inactivated fetal bovine serum (FBS) and 1%
penicillin/streptomycin (P/S). When the TZM-bl cells were used for infection experiments,
DMEM was supplemented with 10 µg/mL diethylaminoethyl-dextran (DEAE-Dextran)
prior to infection.

Buffy coats from three HIV-1 negative donors were CD8-depleted (RosetteSep Human
CD8 Depletion Cocktail, Stem Cell Technologies, Vancouver, British Columbia, Canada)
and PBMCs were isolated by density gradient centrifugation. The cells were adjusted to
4 × 106 per ml in RPMI 1640 containing 10% heat inactivated fetal bovine serum (FBS),
10 U/mL IL-2 and 1% penicillin streptomycin (P/S), split into 3 parts and stimulated with
either 0.5 µg/mL phytohemagglutinin (PHA), 5.0 µg/mL PHA or OKT-3. After 48 h, the
three stimulated parts were combined and cultured in RPMI 1640 with 10% heat inactivated
FBS, 50 U/mL IL-2 or 10 U/mL IL-2, and 1% P/S [40].

2.5. High-Throughput Parallel Replication Capacity Assay

The workflow is shown in Figure 1. Briefly, to determine the replication capaci-
ties of 346 primary HIV-1 isolates, they were serially diluted in cell culture medium to
2000 TCID50/mL (Figure 1.1). Notably, a new frozen vial of virus stock was utilized for
each experiment. Therefore, there were no freeze/thaw cycles, as the aliquots were utilized
on a one-time basis. In quadruplicates, 100 µL virus dilution was added to 96-well plates
(Eppendorf 96-well cell culture plate) which contained 2 × 105 stimulated CD8-depleted
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PBMCs in 100 µL cell culture medium (Figure 1.2). On days 3, 4, 5, 6, and 7 post infection
(p.i.), at the same hour of the day, 10 µL of cell-free culture supernatant was transferred onto
TZM-bl luciferase reporter cells (Figure 1.3). The TZM-bl luciferase expression (relative
light units, RLU) was measured 24 h after the harvest transfer for each day in batches
(Figure 1.4). All manipulations were performed in timed batches of four plates to minimize
variability of incubation times throughout the entire assay.
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Figure 1. Workflow schematic of the high-throughput parallel replication capacity assay. (1) The
virus stocks were added to the dilution tubes and diluted 1–5 times, depending on the TCID50/mL
of the stock, in order to reach 2000 TCID50/mL. A total of 16 viruses could be diluted in one dilution
box. (2) In quadruplicates, 100 µL of diluted virus was added to wells with 2 × 105 PBMCs (light
pink wells) and to wells with only RPMI medium (dark pink wells). In addition, a row of 8 wells
containing PBMCs only (no virus) was added as a control (orange wells). (3) Starting three days post
infection, 10 µL of cell-free supernatant was transferred from the infection plates to plates containing
2 × 104 TZM-bl reporter cells per well (light purple wells: virus and TZM-bl reporter cells; dark
purple wells: virus only; light orange wells: PBMC supernatant and TZM-bl reporter cells; light
yellow wells: TZM-bl reporter cells only) at days 3, 4, 5, 6, and 7, post infection. The transfer was
made each day starting at the same hour every day. (4) After 24 h incubation (starting at the same
hour everyday), in batches of 4 plates per batch, the TZM-bl cells were lysed and the luciferase
expression was measured.

Twice the mean of the PBMC background control on each plate was subtracted from
each RLU value of each virus on the same plate. Next, the replication capacity of each virus
was determined by calculating the area under the median replication curve (AUC) of the
quadruplicates. This resulted in one replication capacity value for each virus.

2.6. Statistical Analysis

The statistical analysis was performed using both Prism and R Studio. Comparisons
between two variables were performed using the Wilcoxon matched pairs signed rank
test. If more than two variables were compared, the Kruskal–Wallis test was performed.
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The correlations were determined using linear regression analysis. p-value ≤ 0.05 was
considered statistically significant.

3. Results
3.1. Characterization of Control Viruses

To achieve control viruses that represent both high and low replication competence, the
HIV-1 full-length wildtype plasmid pJR-CSFWT was used to produce the high replication
competent virus, as well as, utilized to generate the less replication competent virus, pJR-
CSFK65R_M184V. M184V and K65R are drug resistance mutations located in the reverse
transcriptase of the viral pol gene. It has been previously shown that the K65R mutation
reduces replication capacity up to 55% compared to the wildtype virus, but when paired
with the M184V mutation replication capacity was reduced up to 70% compared to the
wildtype in in vitro experiments [57]. The two mutations were introduced into the wildtype
plasmid using site-directed mutagenesis. NGS analysis confirmed the absence of both
mutations in pJR-CSFWT, while pJR-CSFK65R_M184V contained both mutations. Virus stocks
were generated by transfection of HEK293T cells and harvesting filtered cell-free culture
supernatant 48 h post transfection.

The replication capacities of the control viruses were characterized by infecting pooled
three donor, 3-way stimulated, CD8 depleted PBMCs and acquiring cell-free culture super-
natant at days 2–7 (Figure S1A,B). The parallel infection replication curves depict a clear
difference with HIV-1 JR-CSFWT replicating more efficient than HIV-1 JR-CSFK65R_M184V
(Figure S1A). Furthermore, we performed a dual-competition experiment and determined
the percentage of each viral variant in the mixture. The mixture ratio at day 2 was approxi-
mately 50/50, but over the course of the experiment, HIV-1 JR-CSFWT replicated at a higher
efficiency and outcompeted HIV-1 JR-CSFK65R_M184V (Figure S1B).

3.2. Assay Design and Validation

To determine the optimal assay conditions for the high-throughput replication capacity
assay based on primary cells, we performed a series of experiments with varying conditions
using primary HIV-1 isolates from 14 patients and the two control viruses. The primary
HIV-1 isolates were chosen based on the log TCID50/mL of the virus stock and ranged from
3.5–7.6 log TCID50/mL. All experiments were performed by parallel infection of pooled
three donor, 3-way stimulated, CD8 depleted PBMCs with cell-free culture supernatant
samples taken at days 3, 4, 5, 6, 7 and day 10.

First, we assessed the amount of infectious virus required for multiple rounds of infec-
tion. We tested both 100 and 200 TCID50/well of infectious virus input and determined the
replication capacity of each virus by quantifying the p24 antigen production and evaluating
the replication curves gained over the period of 10 days (Figure 2). The replication kinetics
for 100 and 200 TCID50/well were similar (Figure 2A,B). However, for the primary HIV-1
isolates that depicted to be less replication competent, 100 TCID50/well was an inadequate
amount of infectious virus to allow for efficient replication (Figure 2C). On the contrary,
for the same viruses, 200 TCID50/well exhibited proficient viral replication (Figure 2C).
Therefore, 200 TCID50/well was used for all further RC experiments.

Second, we examined whether viral replication should be quantified using either
p24 ELISA or TZM-bl luciferase expression due to the requirement for the final assay to
be high-throughput. To assess the similarities of the two quantification assays, cell-free
culture supernatant was taken at days 3, 4, 5, 6, 7 and 10 and then split for quantification
using either p24 ELISA or the TZM-bl reporter assay. The area under the curve (AUC) was
calculated for the replication curves of the input of 200 TCID50/well infectious virus for
the 14 primary HIV-1 isolates and two control viruses. A linear regression analysis was
performed using the AUC values for both p24 antigen and TZM-bl luciferase expression
corresponding to each virus (Figure 2D). The comparison shows that the two assays are
comparable (R2 = 0.433, p = 0.005), which indicates that the HIV-1 p24 antigen produced
during replication is proportional to the amount of infectious virus. The TZM-bl luciferase
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reporter gene assay can be easily scaled up for processing more samples, when compared
to p24 ELISA. Furthermore, it measures viral infectivity. Therefore, the TZM-bl assay was
used for all further experiments.
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Figure 2. The optimization experiments for establishment of the replication capacity assay. (A–C) The graphs depict
the replication kinetics comparison between infection with TCID50 100 and 200 for three primary HIV-1 isolates. The
x-axis represents the days post infection, and the y-axis represents p24 antigen value (pg/mL) measured by p24 ELISA
in linear-scale. (D) The scatterplot compares AUC values obtained from two separate quantifying methods. The x-axis
represents the AUC values obtained by quantifying p24 antigen. The y-axis represents the AUC values obtained from
quantifying TZM-bl luciferase expression. An OLS regression line is shown (black line). Both axes are in linear-scale.
(E,F) The graphs show TZM-bl luciferase expression measured 24 h (closed black square) or 48 h (open black square) after
culture supernatant transfer to TZM-bl cells. The x-axis represents the days post infection, and the y-axis represents the
TZM-bl luciferase expression measured by relative light units (RLU). (G,H) The graphs depict the comparison of different
viral input amounts onto TZM-bl cells in log-scale. The x-axis represents the days post infection, and the y-axis represents
the TZM-bl luciferase expression measured by relative light units (RLU) in log-scale.

Third, we optimized the TZM-bl assay regarding the virus input on the TZM-bl cells.
First, we assessed the incubation time regarding viral replication on the TZM-bl cells. For
this experiment, cell-free culture supernatant was transferred from the plate containing
HIV-1 infected PBMCs to the TZM-bl cells on days 3, 4, 5, 6, 7 and 10, and the luciferase
expression was measured after 24 h and 48 h post infection. The replication curves for
48-h read out were approximately 1-log higher when compared to the 24-h replication
curves (Figure 2E,F). This indicates that the viruses were undergoing multiple rounds of
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infection during the 48-h period leading to exhaustion of the TZM-bl cells and limiting the
dynamic range of the reporter assay. Since we aim to quantify the virus produced during
replication on the primary cells, one round of replication on the reporter cell line is favored
over multiple rounds in order to acquire a more exact quantification of both replication
capacity and viral infectivity. Therefore, quantification of TZM-bl luciferase expression
after 24 h was preferred over 48 h.

Forth, we aimed to determine the optimal amount of virus to transfer to the TZM-bl
cells. We transferred either 25 µL of undiluted or 25 µL of 1:20 diluted cell-free culture
supernatant to TZM-bl cells. By lowering the cell-free culture supernatant input by 50%,
the luciferase expression values stayed relatively the same when compared to 100% input
(50 µL) at 104–105 relative light units (RLU). Furthermore, the lowest input of 25 µL of 1:20
dilution (equal to approximately 1.25 µL of original infection mixture) depicted a decrease
of luciferase expression at day 3 by at most 1-log (103–104 RLU) (Figure 2G,H). These
results indicate that by decreasing the cell-free culture supernatant input onto TZM-bl, it
does lower the luciferase expression at day 3 but only minimally.

Following these optimization steps, the replication capacity assay was performed
using 30 patient HIV-1 primary isolates to test the experimental set-up and optimized
conditions of the assay (Figure 3). The replication kinetics display exponential growth
over time with a plateau occurring around day 7 (Figure 3A–E). Furthermore, HIV-1 JR-
CSFWT replicates at a higher efficiency when compared to the replication kinetics of HIV-1
JR-CSFK65R_M184V (Figure 3D,E). Although the replication kinetics were as expected, from
day 7 to day 10, the majority of the RLU values either stayed the same or dropped, which
suggests that saturation of virus occurs sometime between day 7 and 10. Therefore, day
10 was excluded from the AUC calculation and from all further experiments. Of note, we
evaluated different ways to characterize the replication curve, like slope, RLU at day 7 and
AUC. We determined that AUC is more robust by considering the data points from the
entire experiment rather than utilizing only a few data points. The replication capacities
of the primary HIV-1 isolates exhibited a large distribution from 103–106, with the two
control viruses representing the high (HIV-1 JR-CSFWT) and low (HIV-1 JR-CSFK65R_M184V)
replication capacities (Figure 3F). Interestingly, one primary HIV-1 isolate had a lower
replication capacity than HIV-1 JR-CSFK65R_M184V.

3.3. Determining the Replication Capacities of 346 Primary HIV-1 Isolates Using the Optimized
High-Throughput Parallel Infection Assay

Using the optimized high throughput parallel replication capacity assay, we deter-
mined the replication capacities of 346 primary HIV-1 isolates in a single experiment in
primary cells.

Twenty-seven 96-well infection plates had 16 viruses in quadruplicates with individual
virus input controls for each virus, as well as a column of uninfected PBMCs (Figure 1.2).
The Eppendorf 96-well plates contained a moat around the outside of the wells and room
between wells to allow the outer and entire inner-well area to be filled with approximately
4 mL of PBS, allowing for the use of all 96 wells without risk of evaporation for up to
10 days. On every fourth infection plate, the two control viruses, HIV-1 JR-CSFWT and
HIV-1 JR-CSFK65R_M184V, were added as intra-assay controls. To avoid potential bias due to
long time storage, all virus stocks were titrated on TZM-bl cells within twelve weeks, with
the log TCID50 values ranging from 3.45 to 8.16. The viruses were then organized by the
number of dilution steps needed to attain the required infectious dose of 2000 TCID50/mL.
Dilution boxes were organized with 16 viruses for each box and labeled with numbers that
corresponded to the number on the infection plate (Figure 1.1). This protocol allowed a
high-throughput dilution and infection process of more than 400 virus samples in total.
Each day at the same hour, starting three days post infection, 10 µL of cell-free culture
supernatant from the infection plates was transferred to 2 × 104 freshly passaged TZM-bl
cells on the reporter plates (Figure 1.3). After 24 h incubation, the luciferase expression
was quantified in batches (4 plates at a time) (Figure 1.4). By using a batch-dependent
routine, the potential for luciferase expression degradation over time was minimized. That
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routine was repeated over the period of 7 days. Before determining the replication capacity,
the background must be subtracted from each virus RLU value to control for the baseline
luciferase expression. According to the standard TZM-bl luciferase assay protocol, the
mean of the TZM-bl background control should be subtracted from the virus

Viruses 2021, 13, x FOR PEER REVIEW 9 of 18 
 

 

 

Figure 3. Pilot experiment of the optimized high throughput parallel infection assay using 30 primary HIV-1 isolates. (A–

E) These graphs depict the replication kinetics from three primary HIV-1 isolates (A–C) and the two control viruses (D,E). 

The x-axes represent the days post infection, and the y-axes display the TZM-bl luciferase expression measured by relative 

light units (RLU) in log-scale. (F) The jitter plot depicts the distribution of the replication capacities for the 30 primary 

HIV-1 isolates and the control viruses. The x-axis depicts the samples, and the y-axis depicts the replication capacities 

(AUC values) in log-scale. The dotted horizontal line represents the median. 

3.3. Determining the Replication Capacities of 346 Primary HIV-1 Isolates Using the Optimized 

High-Throughput Parallel Infection Assay 

Using the optimized high throughput parallel replication capacity assay, we deter-

mined the replication capacities of 346 primary HIV-1 isolates in a single experiment in 

primary cells. 

Twenty-seven 96-well infection plates had 16 viruses in quadruplicates with individ-

ual virus input controls for each virus, as well as a column of uninfected PBMCs (Figure 

1.2). The Eppendorf 96-well plates contained a moat around the outside of the wells and 

room between wells to allow the outer and entire inner-well area to be filled with approx-

imately 4 mL of PBS, allowing for the use of all 96 wells without risk of evaporation for 

up to 10 days. On every fourth infection plate, the two control viruses, HIV-1 JR-CSFWT 

and HIV-1 JR-CSFK65R_M184V, were added as intra-assay controls. To avoid potential bias 

due to long time storage, all virus stocks were titrated on TZM-bl cells within twelve 

weeks, with the log TCID50 values ranging from 3.45 to 8.16. The viruses were then orga-

nized by the number of dilution steps needed to attain the required infectious dose of 2000 

TCID50/mL. Dilution boxes were organized with 16 viruses for each box and labeled with 

numbers that corresponded to the number on the infection plate (Figure 1.1). This protocol 

allowed a high-throughput dilution and infection process of more than 400 virus samples 

in total. Each day at the same hour, starting three days post infection, 10 μL of cell-free 

culture supernatant from the infection plates was transferred to 2 × 104 freshly passaged 

TZM-bl cells on the reporter plates (Figure 1.3). After 24 h incubation, the luciferase ex-

pression was quantified in batches (4 plates at a time) (Figure 1.4). By using a batch-de-

pendent routine, the potential for luciferase expression degradation over time was mini-

mized. That routine was repeated over the period of 7 days. Before determining the rep-

lication capacity, the background must be subtracted from each virus RLU value to control 

Figure 3. Pilot experiment of the optimized high throughput parallel infection assay using 30 primary HIV-1 isolates.
(A–E) These graphs depict the replication kinetics from three primary HIV-1 isolates (A–C) and the two control viruses
(D,E). The x-axes represent the days post infection, and the y-axes display the TZM-bl luciferase expression measured
by relative light units (RLU) in log-scale. (F) The jitter plot depicts the distribution of the replication capacities for the
30 primary HIV-1 isolates and the control viruses. The x-axis depicts the samples, and the y-axis depicts the replication
capacities (AUC values) in log-scale. The dotted horizontal line represents the median.

RLU value [42]. However, we found that the PBMC supernatant on TZM-bl cells
(PBMC background control) values were higher than the TZM-bl background control
(Figure S2). This indicated that potential unknown factors in the IL-2 containing RPMI
medium could be increasing the baseline luciferase expression. Therefore, to control
for the increase in baseline luciferase expression, we subtracted the mean of the PBMC
background control value. Next, the median area under the curve (AUC) was calculated
for the quadruplicates of each primary HIV-1 isolate. Therefore, each replication capacity
is denoted by one median AUC value per primary HIV-1 isolate.

To test the reproducibility, the large-scale replication capacity assay was performed
twice. The replication kinetics of the control viruses were similar for both experiments
(Figure S3A,C). HIV-1 JR-CSFK65R_M184V replicated more than 3-logs lower than HIV-1
JR-CSFWT. The distributions of the replication capacities of the primary HIV-1 isolates were
broad, ranging from 103 to 107 median AUC, for both experiments (Figure 4A). In addition,
all replication capacities of the primary HIV-1 isolates were between the average replication
capacities of the two control viruses. The scatter plot of the median AUC values is shown
in Figure 4B. A standard regression analysis was performed, and the slope of the line is
1.02 (p-value < 0.0001) with a R2 of 0.72. This shows that for each virus, the replication
capacity is highly reproducible in repeated experiments. Given this result, all the following
analyses are based on the median AUC values obtained in the second experiment.
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(A) Distribution of the replication capacities (AUC) of 346 primary HIV-1 isolates for each experiment. The x-axis denotes
the experiment from which the AUC values were measured. The y-axis depicts the replication capacities of the primary HIV-
1 isolates represented as AUC values. (B) Scatterplot comparison of AUC values obtained from two separate experiments.
The x-axis represents the values for the first experiment and the y-axis represent the values for the second experiment. Both
axes are in log scale. An OLS regression line is shown (blue line) with its standard error band (gray shaded area).

3.4. Comparisons of Replication Capacities to Viral Characteristics of Primary HIV-1 Isolates

Characteristic summary of the primary HIV-1 isolates used in the experiments are
shown in Table 1. The samples were obtained over a period of 15 years, from year 2002
through 2017. Most of the primary HIV-1 isolates were obtained during the acute stage
(<90 days) of HIV-1 infection (n = 265, 76.6%). The primary HIV-1 isolates were predomi-
nantly derived from patient CD4+ T cells (n = 322, 93%). During derivation of the primary
HIV-1 isolates, the average number of days in culture was 20 days with the minimum and
maximum at 5 and 48 days, respectively. The average titer of the primary HIV-1 isolate
stocks was 5.28 logTCID50/mL (min = 3.45, max = 8.16). The majority of primary HIV-1
isolates are HIV-1 subtype B (n = 256, 70%). The circulating recombinant HIV-1 forms (CRF)
make up 13.4% (n = 46) of primary HIV-1 isolates subtypes with CRF01_AE and CRF02_AG
being the most dominant at 8.1% and 2.9%, respectively.

Next, we compared the distribution of the replication capacities for the different stages
of the HIV-1 infection at the time of sampling (Figure 5A). The comparison shows that the
distribution of the median AUC values for the three stages are broadly the same, with a
mild increase in the central values observable for chronic patients. The Kruskal–Wallis test
was performed to determine the differences in mean values of the median log-AUC values
and the comparisons showed that the differences between the three groups are statistically
not significant (p-value = 0.763). In addition, all three pair-wise comparisons similarly
show that the differences are statistically not significant (acute-chronic p-value = 0.552,
acute-recent p-value = 0.637, recent-chronic p-value = 0.685).

Furthermore, we compared the distribution of the replication capacities for the two
different sample types that were utilized to generate the primary HIV-1 isolates (Figure 5B).
The comparison revealed the median AUC values for primary HIV-1 isolates derived from
CD4+ T cells were higher compared to the median AUC values for plasma derived primary
HIV-1 isolates. Furthermore, a Wilcoxon rank sum test confirmed that the differences
between CD4+ T cells and plasma are statistically significant (p-value = 0.007).
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Figure 5. Comparisons of primary HIV-1 isolate replication capacities to stages of infection, types of samples used for
generation of primary HIV-1 isolates, viral titers of virus stocks, days in culture, and HIV-1 subtypes. (A) Comparison of
replication capacities of primary HIV-1 isolates for the different stages of HIV-1 infection. The x-axis represents the three
stages of infection: acute, recent, and chronic, and the number (n) of primary HIV-1 isolates in each stage of infection.
The y-axis represents the median AUC values of the replication capacities in log scale. The Wilcoxon signed-rank test
was performed for comparisons between two groups and the Kruskal–Wallis test was performed for comparisons of more
than two groups. (B) Comparison of the replication capacities of primary HIV-1 isolates derived from CD4+ T cells or
plasma. The x-axis depicts the 2 types of samples used to generate the primary HIV-1 isolates, and the number (n) of
primary HIV-1 isolates derived from the corresponding sample type. The y-axis represents the median AUC values of the
replication capacities of the primary HIV-1 isolates. (C) Comparison of the viral titers of the primary HIV-1 isolate stocks to
the corresponding replication capacities. The x-axis represents the tissue culture infectious dose of 50% per ml in log-scale.
The y-axis depicts the median AUC values of the replication capacities for the primary HIV-1 isolates. (D) Comparison of
the number of days the T/F primary isolates were in culture on the x-axis against the median AUC values of the replication
capacity of the viruses on the y-axis, in log scale. The graph shows the OLS regression results (blue line) and its standard
error (gray shading). (E) Comparison of the distribution of the replication capacity for different HIV-1 subtypes. The x-axis
represents the various HIV-1 subtypes and the number (n) of each subtype. The y-axis depicts the replication capacities of
T/F viruses represented as median AUC values. The black dots represent outliers, identified as values that are more than
1.5 times the interquartile range removed from the first or third quartile. The Kruskal Wallis test was performed to compare
the median AUC values among the different HIV-1 subtypes.
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Table 1. Characteristics of primary HIV-1 isolates.

Primary HIV-1 Isolates (n) 346

HIV-1 stage of infection Acute (n, %) 265 (76.6)
Recent (n, %) 69 (19.9)

Chronic (n, %) 12 (0.03)

Patient’s sample for generation of
primary HIV-1 isolate CD4 (n, %) 322 (93)

Plasma (n, %) 24 (7)

Days in culture (average, (min, max)) 20.4 (5, 48)
log TCID50/mL (average, [min, max]) 5.28 (3.45, 8.16)

HIV-1 subtype B (n, %) 256 (74.0)
CRF01_AE (n, %) 28 (8.1)

A (n, %) 18 (5.2)
C (n, %) 11 (3.2)

CRF02_AG (n, %) 10 (2.9)
F (n, %) 7 (2.0)
G (n, %) 4 (1.2)
D (n, %) 3 (0.9)

Other (n, %) 9 (2.5)

In addition, we compared both the viral titer of the virus stocks (TCID50/mL) and the
number of days the patient CD4+ T cells or plasma was co-cultured with PBMCs when
deriving the primary HIV-1 isolates, against the median AUC values of the replication
capacity of the primary HIV-1 isolates (Figure 5C,D). For the viral titers of the virus stocks,
we observed a negative slope of −0.085 with a p-value of 0.104 and a R2 of the regression
of 0.04 (Figure 5C). This result indicates that there was no association between viral titer
of the virus stocks and the replication capacities. In contrast, the comparison between the
number of days in culture to the replication capacities revealed a negative slope of −0.0174
with a p-value of 0.0001 and a R2 of the regression of 0.044 (Figure 5D). This result indicates
that the primary HIV-1 isolates with higher replication capacities tend to require a reduced
amount of time until harvest compared to lower replicating viruses.

Finally, we compared the distribution of 13 different HIV-1 subtypes (Figure 5E). The
boxplots demonstrate that various primary HIV-1 isolate subtypes exhibit differing levels
of replication capacity. The differences in central tendencies are statistically significant as
confirmed by a Kruskal–Wallis test (p-value < 0.0001). It is notable that HIV-1 subtype B
presents a high replication capacity, as does HIV-1 subtype F.

4. Discussion

In this study, we established a high-throughput parallel replication capacity assay
using primary cells to study the replication capacities of 346 primary HIV-1 isolates of
the Zurich Primary HIV-1 Infection Study. Although the assay was established to study
primary HIV-1 isolates, we show that our assay is versatile and can be utilized to determine
the HIV-1 replication capacity regarding many other topics such as fitness costs due to
drug resistance mutations.

It was important for the assay to determine the replication capacity using the whole
virus because of the potential influence that multiple protein interactions could have on
replication capacity [58]. Furthermore, it has been found that regions other than Env,
such as Pol and Gag, could contribute to replication capacity and fitness [22]. Due to the
necessity to quantify the amount of viral growth over time, especially when performing
dual competition infections, modifying the genome is common to distinguish between the
different viruses. However, modifications can be time consuming, costly, and sometimes
difficult. Although growth competition/dual competition assays are considered the gold-
standard method for determining viral replication capacity and/or fitness [22,24], we
found that parallel infection was non-inferior to dual competition infection. By using the
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two control viruses that represent high and low replication competent viruses, we saw that
the differences between replication kinetics obtained from parallel infection were clearly
observed for both viruses. In addition, dual competition assays only allow the comparison
of one viral variant to another. It would have been near to impossible to make all the
necessary comparisons among 346 viruses. We were able to overcome the argument that
dual competition is superior because it allows for the viruses to grow in the same conditions,
by replicating and comparing all 346 viruses at one time in separate wells while using
the same primary cells and culture medium for all viruses. Furthermore, recombination
was not possible due to infection with a low MOI of 0.0007 and by employing parallel
infection [22].

For this high-throughput parallel infection assay, we infected primary cells. It can
be argued that using primary cells for infection assays from multiple healthy donors can
increase the likelihood of donor variability [11,59,60]. However, by combining PBMCs
from three donors and stimulating the cells three ways, we were able to reduce the intra-
patient variability regarding the susceptibility of HIV-1 infection [40]. We demonstrate that
the reproducibility of the replication capacity values is statistically comparable between
two separate experiments using PBMCs from a total of six different donors (three donors
combined per experiment).

There are many different methods for quantifying HIV-1 viral growth over time. In
this study, we compared the p24 ELISA method to the TZM-bl luciferase expression method
and a correlation was observed between the median AUC values obtained from each assay.
Our findings coincide with Etemad et al., 2014, who previously found that p24 antigen
measurements were highly correlated with TZM-bl infectivity values, suggesting that
either method could be used to quantify viral growth [11]. By using the TZM-bl luciferase
expression method, we were able to measure the infectivity of the viruses. This is the reason
that the viruses are first replicated on PBMCs (initial inoculum) and then cell-free culture
supernatant is transferred to the TZM-bl cells, which then infect and undergo one round of
replication, which has been found to occur after approximately 24 h [61]. Therefore, the
TZM-bl luciferase expression that is quantified by luminescence is directly proportional to
the number of infectious viral particles that are present in the initial inoculum [42].

Although quite a lot has been published about primary HIV-1 isolate replication ca-
pacities, the labor-intensive nature of the replication assays produces limitations regarding
the sample sizes of the studies that compare replication fitness to viral characteristics [22].
By using the high throughput parallel replication capacity assay described in this paper, we
were able to compare the replication capacities of 346 primary HIV-1 isolates and observe a
broad range of median AUC values (103–107) when the infectious input dose for each virus
was normalized to 200 TCID50/well. Furthermore, we saw no significant differences among
the replication capacities of primary HIV-1 isolates classified by their infection stage of
acute, recent, or chronic. Other researchers have found similar results regarding replication
capacities among primary HIV-1 isolates obtained in different infection stages [9,11,12,31],
while others have found significant differences among replication capacities of primary
HIV-1 isolates compared to other isolates obtained from the donor [13]. However, in our
study, the infection stage sample sizes for recent (n = 69) and chronic (n = 12) were smaller
than acute (n = 265), which could make the comparisons less robust. In addition, we found
significant differences between the median AUC values of primary HIV-1 isolates derived
from CD4+ T cells or plasma (p-value = 0.007). Although it has been previously observed
in our lab that the generation of primary HIV-1 isolates using patient plasma is more
challenging than using CD4+ T cells, we currently have no explanation as to what could
instigate these differences in the replication capacities. We intend to further explore that
in the future. Furthermore, we compared the viral titers of the virus stocks to the RCs of
the primary HIV-1 isolates. We did not observe a correlation between the viral titers of the
virus stocks and the RC values, which was expected because all viruses were normalized
to the same input amount of 200 TCID50/well.
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Due to the numerous HIV-1 subtypes circulating the globe, it was important for our
assay to be able to determine the replication capacities of HIV-1 subtype B, as well as
HIV-1 non-B subtypes. We demonstrated that our assay was viable for 13 HIV-1 sub-
types, including 7 circulating recombinant forms (CRFs). Furthermore, we compared the
replication capacities of the primary HIV-1 isolates of the 13 different HIV-1 subtypes
and exposed significant differences among the replication capacities between the HIV-1
subtypes (p-value < 0.0001).

In summary, our high throughput parallel replication capacity assay can determine
the replication capacities of extensive sample sizes of primary HIV-1 isolates in the same
primary cells in one large experiment. Furthermore, it yields robust and reproducible
results that can be exploited for data analysis.

Supplementary Materials: The following are available online at https://www.mdpi.com/1999-491
5/13/3/404/s1, Figure S1: Characterization of replication capacities of control viruses, Figure S2:
Background controls maintain relatively stable over course of experiment, Figure S3: Replication
kinetics of control viruses on every fourth plate of the high-throughput parallel infection assay.
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20. Kühnert, D.; Kouyos, R.; Shirreff, G.; Pečerska, J.; Scherrer, A.U.; Böni, J.; Yerly, S.; Klimkait, T.; Aubert, V.; Günthard,
H.F.; et al. Quantifying the fitness cost of HIV-1 drug resistance mutations through phylodynamics. PLoS Pathog. 2018,
14, e1006895. [CrossRef]

21. Yang, W.-L.; Kouyos, R.D.; Böni, J.; Yerly, S.; Klimkait, T.; Aubert, V.; Scherrer, A.U.; Shilaih, M.; Hinkley, T.; Petropoulos, C.; et al.
Persistence of Transmitted HIV-1 Drug Resistance Mutations Associated with Fitness Costs and Viral Genetic Backgrounds. PLoS
Pathog. 2015, 11, e1004722. [CrossRef]

22. Dykes, C.; Demeter, L.M. Clinical significance of human immunodeficiency virus type 1 replication fitness. Clin. Microbiol. Rev.
2007, 20, 550–578. [CrossRef]

23. Quiñones-Mateu, M.E.; Arts, E.J. Fitness of drug resistant HIV-1: Methodology and clinical implications. Drug Resist. Updat. 2002,
5, 224–233. [CrossRef]

24. Quiñones-Mateu, M.E.; Arts, E.J. Virus Fitness: Concept, Quantification, and Application to HIV Population Dynamics. CTMI
2006, 299, 83–140.

25. Weber, J.; Rangel, H.R.; Chakraborty, B.; Tadele, M.; Martinez, M.A.; Martinez-Picado, J.; Marotta, M.L.; Mirza, M.; Ruiz, L.; Clotet,
B.; et al. A novel TaqMan real-time PCR assay to estimate ex vivo human immunodeficiency virus type 1 fitness in the era of
multi-target (pol and env) antiretroviral therapy. J. Gen. Virol. 2003, 84, 2217–2228. [CrossRef]

26. Wu, H.; Huang, Y.; Dykes, C.; Liu, D.; Ma, J.; Perelson, A.S.; Demeter, L.M. Modeling and Estimation of Replication Fitness
of Human Immunodeficiency Virus Type 1 In Vitro Experiments by Using a Growth Competition Assay. J. Virol. 2006,
80, 2380–2389. [CrossRef]

http://doi.org/10.1126/science.1243727
http://www.ncbi.nlm.nih.gov/pubmed/24653038
http://doi.org/10.1128/JVI.74.19.9222-9233.2000
http://www.ncbi.nlm.nih.gov/pubmed/10982369
http://doi.org/10.1128/JVI.77.24.13146-13155.2003
http://doi.org/10.1128/JVI.79.14.9026-9037.2005
http://doi.org/10.1371/journal.ppat.1002321
http://doi.org/10.1186/s12977-016-0299-0
http://doi.org/10.1128/JVI.00736-11
http://doi.org/10.1186/s12977-014-0106-8
http://doi.org/10.1371/journal.ppat.1005154
http://www.ncbi.nlm.nih.gov/pubmed/26378795
http://doi.org/10.1073/pnas.1620144114
http://www.ncbi.nlm.nih.gov/pubmed/28069935
http://doi.org/10.3390/v13020171
http://www.ncbi.nlm.nih.gov/pubmed/33498793
http://doi.org/10.1517/13543784.13.8.933
http://www.ncbi.nlm.nih.gov/pubmed/15268633
http://doi.org/10.1146/annurev.micro.51.1.151
http://doi.org/10.1371/journal.ppat.1000365
http://doi.org/10.1128/JVI.80.7.3617-3623.2006
http://doi.org/10.1016/j.virusres.2007.12.021
http://doi.org/10.1371/journal.ppat.1006895
http://doi.org/10.1371/journal.ppat.1004722
http://doi.org/10.1128/CMR.00017-07
http://doi.org/10.1016/S1368-7646(02)00123-1
http://doi.org/10.1099/vir.0.19123-0
http://doi.org/10.1128/JVI.80.5.2380-2389.2006


Viruses 2021, 13, 404 16 of 17

27. Liu, Y.; Holte, S.; Rao, U.; McClure, J.; Konopa, P.; Swain, J.V.; Lanxon-Cookson, E.; Kim, M.; Chen, L.; Mullins, J.I. A sensitive
real-time PCR based assay to estimate the impact of amino acid substitutions on the competitive replication fitness of human
immunodeficiency virus type 1 in cell culture. J. Virol. Methods 2013, 189, 157–166. [CrossRef]

28. Allers, K.; Knoepfel, S.A.; Rauch, P.; Walter, H.; Opravil, M.; Fischer, M.; Günthard, H.F.; Metzner, K.J. Persistence of
Lamivudine-Sensitive HIV-1 Quasispecies in the Presence of Lamivudine In Vitro and In Vivo. J. Acquir. Immune Defic.
Syndr. 2007, 44, 377–385. [CrossRef]

29. van Opijnen, T.; Jeeninga, R.E.; Boerlijst, M.C.; Pollakis, G.P.; Zetterberg, V.; Salminen, M.; Berkhout, B. Human Immunodeficiency
Virus Type 1 Subtypes Have a Distinct Long Terminal Repeat That Determines the Replication Rate in a Host-Cell-Specific Manner.
J. Virol. 2004, 78, 3675–3683. [CrossRef] [PubMed]

30. Kiguoya, M.W.; Mann, J.K.; Chopera, D.; Gounder, K.; Lee, G.Q.; Hunt, P.W.; Martin, J.N.; Ball, T.B.; Kimani, J.; Brumme, Z.L.;
et al. Subtype-Specific Differences in Gag-Protease-Driven Replication Capacity Are Consistent with Intersubtype Differences in
HIV-1 Disease Progression. J. Virol. 2017, 91. [CrossRef] [PubMed]

31. Skowron, G.; Spritzler, J.G.; Weidler, J.; Robbins, G.K.; Johnson, V.A.; Chan, E.S.; Asmuth, D.M.; Gandhi, R.T.; Lie, Y.; Bates, M.;
et al. Replication capacity in relation to immunologic and virologic outcomes in HIV-1-infected treatment-naive subjects. J. Acquir.
Immune Defic. Syndr. 2009, 50, 250–258. [CrossRef] [PubMed]

32. Ojwach, D.B.A.; MacMillan, D.; Reddy, T.; Novitsky, V.; Brumme, Z.L.; Brockman, M.A.; Ndungu, T.; Mann, J.K. Pol-Driven
Replicative Capacity Impacts Disease Progression in HIV-1 Subtype C Infection. J. Virol. 2018, 92. [CrossRef] [PubMed]

33. Goetz, M.B.; Leduc, R.; Wyman, N.; Kostman, J.R.; Labriola, A.M.; Lie, Y.; Weidler, J.; Coakley, E.; Bates, M.; Luskin-Hawk, R. HIV
replication capacity is an independent predictor of disease progression in persons with untreated chronic HIV infection. J. Acquir.
Immune Defic. Syndr. 2010, 53, 472–479. [CrossRef] [PubMed]

34. Prince, J.L.; Claiborne, D.T.; Carlson, J.M.; Schaefer, M.; Yu, T.; Lahki, S.; Prentice, H.A.; Yue, L.; Vishwanathan, S.A.; Kilembe, W.;
et al. Role of transmitted Gag CTL polymorphisms in defining replicative capacity and early HIV-1 pathogenesis. PLoS Pathog.
2012, 8, e1003041. [CrossRef] [PubMed]

35. Barbour, J.D.; Hecht, F.M.; Little, S.J.; Markowitz, M.; Daar, E.S.; Kelleher, A.D.; Routy, J.-P.; Campbell, T.B.; Rosenberg, E.S.; Segal,
M.R.; et al. Greater CD4 T-cell gains after one year of antiretroviral therapy are associated with lower HIV-1 pol replication
capacity. AIDS 2006, 20, 2123–2125. [CrossRef]

36. Barbour, J.D.; Hecht, F.M.; Wrin, T.; Segal, M.R.; Ramstead, C.A.; Liegler, T.J.; Busch, M.P.; Petropoulos, C.J.; Hellmann, N.S.; Kahn,
J.O.; et al. Higher CD4 + T Cell Counts Associated with Low Viral pol Replication Capacity among Treatment-Naive Adults in
Early HIV-1 Infection and 6 Blood Centers of the Pacific, Blood Systems. J. Infect. Dis. 2004, 190, 251–256. [CrossRef]

37. Rieder, P.; Joos, B.; Von Wyl, V.; Kuster, H.; Grube, C.; Leemann, C.; Böni, J.; Yerly, S.; Klimkait, T.; Bürgisser, P.; et al. HIV-1
transmission after cessation of early antiretroviral therapy among men having sex with men. AIDS 2010, 24, 1177–1183. [CrossRef]

38. Rieder, P.; Joos, B.; Scherrer, A.U.; Kuster, H.; Braun, D.; Grube, C.; Niederöst, B.; Leemann, C.; Gianella, S.; Metzner, K.J.; et al.
Characterization of human immunodeficiency virus type 1 (HIV-1) diversity and tropism in 145 patients with primary HIV-1
infection. Clin. Infect. Dis. 2011, 53, 1271–1279. [CrossRef]

39. Gianella, S.; Von Wyl, V.; Fischer, M.; Niederoest, B.; Battegay, M.; Bernasconi, E.; Cavassini, M.; Rauch, A.; Hirschel, B.; Vernazza,
P.; et al. Effect of early antiretroviral therapy during primary HIV-1 infection on cell-associated HIV-1 DNA and plasma HIV-1
RNA. Antivir. Ther. 2011, 16, 535–545. [CrossRef] [PubMed]

40. Rusert, P.; Fischer, M.; Joos, B.; Leemann, C.; Kuster, H.; Flepp, M.; Bonhoeffer, S.; Günthard, H.F.; Trkola, A. Quantification of
infectious HIV-1 plasma viral load using a boosted in vitro infection protocol. Virology 2004, 326, 113–129. [CrossRef] [PubMed]

41. Manrique, A.; Rusert, P.; Joos, B.; Fischer, M.; Kuster, H.; Leemann, C.; Niederöst, B.; Weber, R.; Stiegler, G.; Katinger, H.; et al. In
Vivo and In Vitro Escape from Neutralizing Antibodies 2G12, 2F5, and 4E10. J. Virol. 2007, 81, 8793. [CrossRef]

42. Montefiori, D.C. Evaluating Neutralizing Antibodies Against HIV, SIV, and SHIV in Luciferase Reporter Gene Assays. In Current
Protocols in Immunology; Wiley: Hoboken, NJ, USA, 2004; Volume 64, pp. 12.11.1–12.11.17.

43. Haltiner, M.; Kempe, T.; Tjian, R. A novel strategy for constructing clustered point mutations. Nucleic Acids Res. 1985,
13, 1015–1025. [CrossRef]

44. Koyanagi, Y.; Miles, S.; Mitsuyasu, R.T.; Merrill, J.E.; Vinters, H.V.; Chen, I.S. Dual infection of the central nervous system by
AIDS viruses with distinct cellular tropisms. Science 1987, 236, 819. [CrossRef]

45. Cann, A.J.; Zack, J.A.; Go, A.S.; Arrigo, S.J.; Koyanagi, Y.; Green, P.L.; Koyanagi, Y.; Pang, S.; Chen, I.S. Human immunodeficiency
virus type 1 T-cell tropism is determined by events prior to provirus formation. J. Virol. 1990, 64, 4735. [CrossRef]

46. Novoradovsky, A.; Zhang, V.; Ghosh, M.; Hogrefe, H.; Sorge, J.A.; Gaasterland, T. Computational principles of primer design for
site directed mutagenesis. TechConnect Briefs 2005, 1, 532–535.

47. Metzner, K.J.; Bonhoeffer, S.; Fischer, M.; Karanicolas, R.; Allers, K.; Joos, B.; Weber, R.; Hirschel, B.; Kostrikis, L.G.; Günthard,
H.F.; et al. Emergence of Minor Populations of Human Immunodeficiency Virus Type 1 Carrying the M184V and L90M Mutations
in Subjects Undergoing Structured Treatment Interruptions. J. Infect. Dis. 2003, 87, 1433–1476. [CrossRef] [PubMed]

48. O’Doherty, U.; Swiggard, W.J.; Malim, M.H. Human Immunodeficiency Virus Type 1 Spinoculation Enhances Infection through
Virus Binding Downloaded from. J. Virol. 2000, 74, 10074–10080. [CrossRef] [PubMed]

49. Moore, J.P.; Cao, Y.; Ho, D.D.; Koup, R.A. Development of the anti-gp120 antibody response during seroconversion to human
immunodeficiency virus type 1. J. Virol. 1994, 68, 5142. [CrossRef]

http://doi.org/10.1016/j.jviromet.2012.10.016
http://doi.org/10.1097/QAI.0b013e31803104c0
http://doi.org/10.1128/JVI.78.7.3675-3683.2004
http://www.ncbi.nlm.nih.gov/pubmed/15016888
http://doi.org/10.1128/JVI.00253-17
http://www.ncbi.nlm.nih.gov/pubmed/28424286
http://doi.org/10.1097/QAI.0b013e3181938faf
http://www.ncbi.nlm.nih.gov/pubmed/19194319
http://doi.org/10.1128/JVI.00811-18
http://www.ncbi.nlm.nih.gov/pubmed/29997209
http://doi.org/10.1097/QAI.0b013e3181cae480
http://www.ncbi.nlm.nih.gov/pubmed/20032783
http://doi.org/10.1371/journal.ppat.1003041
http://www.ncbi.nlm.nih.gov/pubmed/23209412
http://doi.org/10.1097/01.aids.0000247583.38943.95
http://doi.org/10.1086/422036
http://doi.org/10.1097/QAD.0b013e328338e4de
http://doi.org/10.1093/cid/cir725
http://doi.org/10.3851/IMP1776
http://www.ncbi.nlm.nih.gov/pubmed/21685541
http://doi.org/10.1016/j.virol.2004.05.022
http://www.ncbi.nlm.nih.gov/pubmed/15262500
http://doi.org/10.1128/JVI.00598-07
http://doi.org/10.1093/nar/13.3.1015
http://doi.org/10.1126/science.3646751
http://doi.org/10.1128/JVI.64.10.4735-4742.1990
http://doi.org/10.1086/379215
http://www.ncbi.nlm.nih.gov/pubmed/14624368
http://doi.org/10.1128/JVI.74.21.10074-10080.2000
http://www.ncbi.nlm.nih.gov/pubmed/11024136
http://doi.org/10.1128/JVI.68.8.5142-5155.1994


Viruses 2021, 13, 404 17 of 17

50. Trkola, A.; Pomales, A.B.; Yuan, H.; Korber, B.; Maddon, P.J.; Allaway, G.P.; Katinger, H.; Barbas, C.F.; Burton, D.R.; Ho, D.D.
Cross-clade neutralization of primary isolates of human immunodeficiency virus type 1 by human monoclonal antibodies and
tetrameric CD4-IgG. J. Virol. 1995, 69, 6609. [CrossRef] [PubMed]

51. Metzner, K.J.; Giulieri, S.G.; Knoepfel, S.A.; Rauch, P.; Burgisser, P.; Yerly, S.; Gunthard, H.F.; Cavassini, M. Minority Quasispecies
of Drug-Resistant HIV-1 That Lead to Early Therapy Failure in Treatment-Naive and -Adherent Patients. Clin. Infect. Dis. 2009,
48, 239–247. [CrossRef]

52. Russell, W.C.; Graham, F.L.; Smiley, J.; Nairn, R. Characteristics of a Human Cell Line Transformed by DNA from Human
Adenovirus Type 5. J. Gen. Virol. 1977, 36, 59–72. [CrossRef]

53. Takeuchi, Y.; McClure, M.O.; Pizzato, M. Identification of Gammaretroviruses Constitutively Released from Cell Lines Used for
Human Immunodeficiency Virus Research. J. Virol. 2008, 82, 12585 LP–12588 LP. [CrossRef]

54. Platt, E.J.; Wehrly, K.; Kuhmann, S.E.; Chesebro, B.; Kabat, D. Effects of CCR5 and CD4 Cell Surface Concentrations on Infections
by Macrophagetropic Isolates of Human Immunodeficiency Virus Type 1. J. Virol. 1998, 72, 2855 LP–2864 LP. [CrossRef]

55. Derdeyn, C.A.; Decker, J.M.; Sfakianos, J.N.; Wu, X.; O’Brien, W.A.; Ratner, L.; Kappes, J.C.; Shaw, G.M.; Hunter, E. Sensitivity of
Human Immunodeficiency Virus Type 1 to the Fusion Inhibitor T-20 Is Modulated by Coreceptor Specificity Defined by the V3
Loop of gp120. J. Virol. 2000, 74, 8358 LP–8367 LP. [CrossRef]

56. Wei, X.; Decker, J.M.; Liu, H.; Zhang, Z.; Arani, R.B.; Kilby, J.M.; Saag, M.S.; Wu, X.; Shaw, G.M.; Kappes, J.C. Emergence of
Resistant Human Immunodeficiency Virus Type 1 in Patients Receiving Fusion Inhibitor (T-20) Monotherapy. Antimicrob. Agents
Chemother. 2002, 46, 1896 LP–1905 LP. [CrossRef] [PubMed]

57. White, K.L.; Margot, N.A.; Wrin, T.; Petropoulos, C.J.; Miller, M.D.; Naeger, L.K. Molecular mechanisms of resistance to human
immunodeficiency virus type 1 with reverse transcriptase mutations K65R and K65R+M184V and their effects on enzyme function
and viral replication capacity. Antimicrob. Agents Chemother. 2002, 46, 3437–3446. [CrossRef] [PubMed]

58. Selhorst, P.; Combrinck, C.; Ndabambi, N.; Ismail, S.D.; Abrahams, M.-R.; Lacerda, M.; Samsunder, N.; Garrett, N.; Abdool Karim,
Q.; Abdool Karim, S.S.; et al. Replication Capacity of Viruses from Acute Infection Drives HIV-1 Disease Progression. J. Virol.
2017, 91. [CrossRef]

59. Braun, D.L.; Kouyos, R.; Oberle, C.; Grube, C.; Joos, B.; Fellay, J.; McLaren, P.J.; Kuster, H.; Günthard, H.F. A novel acute retroviral
syndrome severity score predicts the key surrogate markers for HIV-1 disease progression. PLoS ONE 2014, 9. [CrossRef]

60. Ciuffi, A.; Bleiber, G.; Munoz, M.; Martinez, R.; Loeuillet, C.; Rehr, M.; Fischer, M.; Gunthard, H.F.; Oxenius, A.; Meylan, P.; et al.
Entry and Transcription as Key Determinants of Differences in CD4 T-Cell Permissiveness to Human Immunodeficiency Virus
Type 1 Infection. J. Virol. 2004, 78, 10747–10754. [CrossRef]

61. Mohammadi, P.; Desfarges, S.; Bartha, I.; Joos, B.; Zangger, N.; Muñoz, M.; Günthard, H.F.; Beerenwinkel, N.; Telenti, A.; Ciuffi, A.
24 Hours in the Life of HIV-1 in a T Cell Line. PLoS Pathog. 2013, 9, e1003161. [CrossRef] [PubMed]

http://doi.org/10.1128/JVI.69.11.6609-6617.1995
http://www.ncbi.nlm.nih.gov/pubmed/7474069
http://doi.org/10.1086/595703
http://doi.org/10.1099/0022-1317-36-1-59
http://doi.org/10.1128/JVI.01726-08
http://doi.org/10.1128/JVI.72.4.2855-2864.1998
http://doi.org/10.1128/JVI.74.18.8358-8367.2000
http://doi.org/10.1128/AAC.46.6.1896-1905.2002
http://www.ncbi.nlm.nih.gov/pubmed/12019106
http://doi.org/10.1128/AAC.46.11.3437-3446.2002
http://www.ncbi.nlm.nih.gov/pubmed/12384348
http://doi.org/10.1128/JVI.01806-16
http://doi.org/10.1371/journal.pone.0114111
http://doi.org/10.1128/JVI.78.19.10747-10754.2004
http://doi.org/10.1371/journal.ppat.1003161
http://www.ncbi.nlm.nih.gov/pubmed/23382686

	Introduction 
	Materials and Methods 
	Patients 
	Viruses 
	Comparing Parallel and Dual-Competition Infection 
	Cells 
	High-Throughput Parallel Replication Capacity Assay 
	Statistical Analysis 

	Results 
	Characterization of Control Viruses 
	Assay Design and Validation 
	Determining the Replication Capacities of 346 Primary HIV-1 Isolates Using the Optimized High-Throughput Parallel Infection Assay 
	Comparisons of Replication Capacities to Viral Characteristics of Primary HIV-1 Isolates 

	Discussion 
	References

