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Cell-to-cell spread of HIV permits ongoing
replication despite antiretroviral therapy

Alex Sigal', Jocelyn T. Kim"?, Alejandro B. Balazs', Erez Dekel®, Avi Mayo®, Ron Milo* & David Baltimore'

Latency and ongoing replication’ have both been proposed to
explain the drug-insensitive human immunodeficiency virus
(HIV) reservoir maintained during antiretroviral therapy. Here
we explore a novel mechanism for ongoing HIV replication in
the face of antiretroviral drugs. We propose a model whereby
multiple infections>* per cell lead to reduced sensitivity to drugs
without requiring drug-resistant mutations, and experimentally
validate the model using multiple infections per cell by cell-free
HIV in the presence of the drug tenofovir. We then examine the
drug sensitivity of cell-to-cell spread of HIV*”7, a mode of HIV
transmission that can lead to multiple infection events per target
cell>*°. Infections originating from cell-free virus decrease
strongly in the presence of antiretrovirals tenofovir and efavirenz
whereas infections involving cell-to-cell spread are markedly less
sensitive to the drugs. The reduction in sensitivity is sufficient to
keep multiple rounds of infection from terminating in the presence
of drugs. We examine replication from cell-to-cell spread in the
presence of clinical drug concentrations using a stochastic infec-
tion model and find that replication is intermittent, without sub-
stantial accumulation of mutations. If cell-to-cell spread has the
same properties in vivo, it may have adverse consequences for the
immune system'' "%, lead to therapy failure in individuals with risk
factors', and potentially contribute to viral persistence and hence
be a barrier to curing HIV infection.

Current antiretroviral therapy (ART) does not cure HIV infection
because low-level viraemia persists from virus reservoirs that are
insensitive to ART". The reservoirs may be long-lived infected cells,
cells with latent virus, ongoing cycles of infection termed ongoing
replication, or a combination of sources'. How ongoing replication
might take place in the face of ART has remained unclear. If ART
succeeds in decreasing ongoing HIV replication to very low levels, why
does it not eliminate replication completely? Here we explore a novel
mechanism for ongoing HIV replication in the presence of ART.

Multiple infections of one cell may propagate at drug concentrations
where infection by single particles would die out: if more virions are
transmitted per cell, the probability that at least one of the virions
escapes the drug should increase (Fig. 1a). To model the effect of mul-
tiple infections on drug sensitivity (Supplementary Theory, section 1),
we assume infections by individual virions are independent events, each
with a probability of escaping the drug and succeeding in infecting the
cell. To quantify infection sensitivity to drugs, we introduce the trans-
mission index (Tx), which we define as the fraction of cells infected in
the presence of drug (I;) divided by the fraction of cells infected in the
absence of drug (I). Given: (1) a multiplicity of infection of m infectious
units per cell, where 1 is defined as the product of virus particle number
and the probability of infection per virus particle; (2) a concentration of
antiretroviral agent d that reduces m by factor f(d), where fld) =1.
Under these conditions, the transmission index is:

I 1—e—m/f@
Tx=-2= tme T
1 l—e ™

(1)

Tx has two important limiting regimes: m <1, in which case
Tx =~ 1/f(d) and m/f(d) > 1, in which case Tx = 1. In the first case,
where few viruses infect each cell, the infection is sensitive to the effect
of the drug, whereas in the second, where many viruses infect each cell,
the infection is insensitive.

To test this, we infected the highly infection-permissive MT-4 T-cell
line with cell-free HIV encoding yellow fluorescence protein (YFP)" at
low (0.2) and high (100) m in the presence of tenofovir (TFV), a
nucleotide reverse transcriptase inhibitor. We determined infected cell
number by YFP fluorescence (Supplementary Fig. 1) and observed that
infection with cell-free virus at low m was sensitive to TFV across the
range of concentrations used. At high m, infection was insensitive to
low and intermediate TFV concentrations (Fig. 1b), supporting the
model. Thus, multiple cell-free HIV infections per cell recapitulate the
insensitivity to drug of an HIV reservoir.

Multiple infections occur in vivo™'® and in culture®'’ and are
thought to be associated with cell-to-cell spread>*'°, a directed trans-
mission mode that minimizes the number of virus particles failing to
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Figure 1 | Multiple infections per cell decrease sensitivity to drug.

a, Hypothesis. Red circles indicate infected cells, arrows indicate transmissions,
hexagons or hexagons surrounded by circles indicate viruses, broken circles
indicate degraded viruses, crosses indicate viruses blocked by drug and wavelets
indicate successful infection. b, MT-4 cells were pre-incubated with TFV and
infected with HIV coding for YFP. Infection multiplicity m was 0.2 (blue
squares) or 100 (red squares). Lines are a guide for the eye. Mean * standard
deviation (s.d.) of replicates (n = 3). Circles represent calculated values of Tx at
m =100 according to equation (1) with f{(d) at each drug concentration
determined empirically at m = 0.2.

!Division of Biology, California Institute of Technology, Pasadena, California 91125, USA. ?Division of Infectious Diseases, Department of Medicine, David Geffen School of Medicine at UCLA, Los Angeles,
California 90095, USA. 3Department of Molecular Cell Biology, Weizmann Institute of Science, Rehovot 76100, Israel. “Department of Plant Sciences, Weizmann Institute of Science, Rehovot 76100, Israel.

1 SEPTEMBER 2011 | VOL 477 | NATURE | 95

©2011 Macmillan Publishers Limited. All rights reserved


www.nature.com/doifinder/10.1038/nature10347

LETTER

reach the target cell. We therefore used co-culture with infected cells to
generate cell-to-cell spread and compared drug sensitivity to infection
with cell-free virus. Infection by co-culture occurs both by cell-free
virus shed by infected donor cells and by cell-to-cell spread.
Administration of cell-free virus lacks a cell-to-cell component—the
measured average virus cycle time (1.7 days; Supplementary Fig. 2)
would rarely permit cell-free virus infected cells to complete a second
round of infection during the experiment (2 days). Therefore, we
compared cell-free virus infection and the combination of cell-free
virus infection and cell-to-cell spread resulting from co-culture. We
used drugs that act far downstream of entry, to ensure any differences
between cell-to-cell and cell-free infection are not due to factors that
physically inhibit drug action in cell-to-cell spread.

We infected peripheral blood mononuclear cells (PBMCs) in the
presence or absence of TFV by co-culture or using cell-free virus. To
separate donor from target cells in co-culture, we used HLA-A2-negative
donor cells and HLA-A2-positive targets (Supplementary Fig. 3a). Two
days post-infection, we determined the fraction of target cells infected
using p24 intracellular staining of HLA-A2-positive PBMCs (Fig. 2a, top
panel, controls in Supplementary Fig. 3b). Co-culture dramatically
decreased sensitivity to drug: TFV decreased cell-free infection ~30-fold
but caused less than a twofold decrease of co-culture infection (Fig. 2b).
The decline in HLA-A2 expression in the target cells after infection
(Supplementary Fig. 3b) is consistent with observations that productive
HIV infection downregulates HLA".

We also used Rev-CEM" reporter T cells as targets. These cells
express green fluorescent protein (GFP) in the presence of HIV early
proteins Tat and Rev (Supplementary Fig. 4). To infect Rev-CEM cells,
we used either cell-free HIV or co-culture with infected MT-4 cells
engineered to be >99% mCherry positive (Supplementary Fig. 5). We
excluded GFP/mCherry double-positive cells from the analysis to

avoid scoring fused cells as infected (Supplementary Figs 6 and 7).
This underestimates co-culture infection because it excludes unfused
cell doublets in the process of virus exchange.

To block infection, we applied TFV and the non-nucleoside reverse
transcriptase inhibitor efavirenz (EFV) (Fig. 2a, bottom panel,
Supplementary Fig. 7). At the highest concentrations used, co-culture
Tx was over sixfold higher than cell-free infection Tx (Fig. 2b). The
trend was similar when donors were PBMCs or Rev-CEM cells
(Supplementary Fig. 8). Co-culture Tx was lower than in PBMC-to-
PBMC transmission, suggesting that target cells have an important
role in cell-to-cell spread efficiency. The lower drug sensitivity in co-
culture was not due to secreted donor cell factors that decrease the
susceptibility of target cells to drugs (Supplementary Fig. 9).

We next determined the number of infectious units (1) transmitted.
For co-culture, m was previously proposed to have a two-peaked
Poisson distribution, one peak corresponding to cell-free virus or some
low virus cell-to-cell transmissions, and the second to high virus num-
ber transmissions™. We fit a two-peaked Poisson and other distribu-
tions to the data (Supplementary Theory, section 2). The two-peaked
Poisson fit the data best (Fig. 2b, dotted line, Supplementary Fig. 10).
The first peak mean was ~1 infectious unit for both drugs, with 94%
and 97% of infections in this peak for TFV and EFV, respectively. The
second peak mean was 73 (TFV) and 175 (EFV), with the remaining 6%
and 3% of infections in this peak. This predicts that whereas most
infections are cell-free or low virus cell-to-cell transmissions, a minority
involve very large numbers of viruses. This might seem to imply large
numbers of integrations in the absence of drug in the high virus number
subset. Arguing against this is our observation of a significantly
increased cell death rate with increasing numbers of multiple infections
in the absence of drugs (data not shown). Inter-virus interference, such
as downregulation of CD4 receptors'®, may also limit provirus number.
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Figure 2 | Cell-to-cell spread reduces sensitivity to drugs. a, Top, infection of
HLA-A2-positive PBMC targets with cell-free virus (left two plots) or infected
HLA-A2-negative PBMC donors (right two plots) in the absence or presence of
10 uM TFV. x-axis is p24, y-axis HLA-A2 status. Bottom, the number of GFP-
positive Rev-CEM cells after infection with cell-free virus (left two plots) or
infected MT-4mCherry donors (right two plots) in the absence or presence of
60 pM TFV. x-axis is GFP, y-axis is mCherry fluorescence. b, Transmission
index when infection source was cell-free HIV (blue bars or squares) or co-
culture with HIV-infected donor cells (red bars or squares). Mean * s.d.
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(n = 3). Top graph is PBMCs with TFV, middle graph is Rev-CEM cells with
TFV, bottom graph is Rev-CEM cells with EFV. Black dashed line is best fit of 1
with a two-peaked Poisson distribution described by

p(m; a,py, i) =(1—a)e "1 1! /m! 4 ae~ "2 1 /m!, where i, and p, are the
means of the first and second peak respectively, and a is the fraction of
transmissions that fall within the second peak. For TFV, p; = 1.1, pup =73,

a = 0.06. For EFV, y; = 0.8, 11, = 175, with a = 0.03. Root mean squared error
was 0.01 (EFV) to 0.02 (TFV).
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To investigate whether cell-to-cell spread can lead to HIV replica-
tion through multiple virus cycles with ART, we measured the replica-
tion ratio (R), defined as fold change in the number of infected cells
per virus cycle under conditions where target cells are not limiting:
(I,/I,)"'*. Here k is the number of elapsed virus cycles, I is the number
of infected cells at virus cycle k, and I, is the number of infected cells at
the start. For expanding infections R > 1, whereas infections with
R <1 ultimately terminate***'. Although this assumes synchronized
virus cycles, we simulated desynchronization and observed that its
effect was negligible at the measured variability in cycle lengths
(Supplementary Fig. 11).

To measure R, we tracked infection daily (Methods) in the absence
of drug, with 100 pM TFV, or with a combination of EFV, TFV and the
nucleoside reverse transcriptase inhibitor emtricitabine (FTC) at their
clinical maximum plasma concentrations (Cpa: 10 UM EFV, 2 uM
TFV and 10 pM FTC??). The fraction of infected cells was kept low
to ensure that target cells were not limiting. Ry, Rrpy and R¢,, the
replication ratios with no drug, TFV or at C,,,y, were fitted from the
data (Fig. 3a, dashed lines). They were 65, 2.5 and 0.95, respectively.
Rrry was significantly greater than 1 (P < 0.01), indicating an expand-
ing infection. Rg, was slightly lower than 1 in all experiments
(Supplementary Fig. 12), indicating an infection slightly below the
expansion threshold.

We compared experimentally obtained replication ratios with those
predicted for the same drug concentrations if cell-free infection were
the only infection route (Supplementary Theory section 3 and Sup-
plementary Fig. 13). We obtained Rypy = 1.1 and R, = 0.60 values
in this case (Fig. 3a). The predicted R with no replication, resulting
solely from infected cell half-life, was 0.46 (Fig. 3a). Predicted cell-free
replication ratios were significantly lower (P < 0.02 for TFV, P < 0.01
for Cy,ax) than ratios experimentally obtained from co-culture.

Given the lack of evolution in the plasma in individuals with HIV
successfully suppressed by drugs®*, ongoing replication can occur if:
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Figure 3 | Co-culture infection dynamics. a, Infection growth rate. Drug
conditions were: no drug (black squares), 100 uM TFV (red squares) and Cy,ax
(blue squares). Means * s.d. of inter-day experiments (1 = 3). Dashed lines
represent fits of I, = IoR* for each drug condition. Solid lines are predicted
infection dynamics for infection occurring exclusively by cell-free virus in the
presence of 100 pM TFV (red line), Cy,ax (blue line), or with no viral replication
(green line). b, Simulation of the number of infected cells and mutations per cell
with an input of one infected cell per virus cycle (Methods). x-axis is time, y-axis
is number of total infected cells (top graph), newly infected cells (middle graph)
or sum of mutations divided by the sum of total infected cells (bottom graph).
Average number of mutations per cell over time is 0.6 + 0.5 (mean * s.d.,
n=215).
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(1) it is compartmentalized to other locations™?%, (2) if it is inter-
mittent; (3) the circulating virus is at a fitness maximum?; or some
combination of these factors. We obtained R¢, =0.95. If this is
extrapolated in vivo, it follows that ongoing replication cannot persist
independently but may have a role if it interacts with another reservoir
that primes replication””. To examine this scenario, we performed a
stochastic simulation (Methods). As expected for intermittent replica-
tion, every infection chain that starts from the introduction of an
infected cell from a different reservoir—for example, reactivation from
latency—terminates (Supplementary Fig. 14). A constant input of one
infected cell per virus cycle results in a steady state where substantial
numbers of newly infected cells are generated, but the average number
of mutations anywhere on the HIV genome per infected cell is low
(~1; Fig. 3b). Because each infection chain is independent, these muta-
tions are expected to be sporadic and not linked by temporal structure.

Evidence for ongoing replication during ART derives from the
decrease in virus decline rates®, some HIV sequence divergence®
and long terminal repeat circle formation when the integrase inhibitor
raltegravir is included in drug regimens''. At least in some individuals,
antiretroviral suppression is close to the ongoing replication threshold:
a mutation conferring very low-level resistance to EFV at therapy
initiation™ is sufficient to cause ongoing replication, as indicated by
increased virological failure risk'*. Our data indicate that cell-to-cell
spread is a likely source of intermittent ongoing replication in the face
of ART, and that this is a consequence of some cell-to-cell infections
transmitting virus numbers much in excess of what is required to infect
a cell in the absence of ART. The large transmitted dose strongly
decreases the probability that every transmitted virus will be inhibited
by the drugs, and therefore greatly weakens their effect. This replica-
tion may adversely affect the immune system, increasing activation'"'"?
and cell death'®, and could potentially contribute to the maintenance of
an HIV reservoir in locations such as lymphoid tissue where cell-to-
cell spread occurs.

METHODS SUMMARY

HIV infection at high and low m. NL4-3YFP HIV stock at a 1:2,000 or 1:4 final
dilution was added to MT-4 cells pre-incubated with TFV. Two days post-
infection, the number of YFP-positive cells was determined by FACS. The mul-
tiplicity of infection was calculated as m = — Inp(0)= — In (1 —I1.2,000), Where
15000 is the fraction of YFP-positive cells at the 1:2,000 dilution.

Drug sensitivity of co-culture versus cell-free infections. Donor cells were
infected with NL4-3 strain HIV and incubated for two to three days. Infected
donor cells or cell-free NL4-3 were then added to target cells. Two days after target
cell infection, the number of infected cells was determined by FACS using intra-
cellular p24 staining (PBMCs) or GFP expression (Rev-CEM cells). In all experi-
ments, uninfected PBMC or MT-4mCherry cells were added to cell-free virus
infections to keep total cell numbers equal on day 0.

Infection growth rate. Infection was initiated by adding infected Rev-CEM cells
to uninfected Rev-CEM cells pre-incubated with drugs. Cells were passaged on
each day following infected cell addition: infection with no drug was split 1:10 into
fresh Rev-CEM cells. For 100 pM TFV or C,,,,y, infected cells were split 0.6:1 with
drug-containing medium. Cells remaining after split were used to quantify the
fraction of infected cells by FACS. The fold change in infected cells on each day was
calculated as Ni.Dy/No, where Ny is the fraction of infected cells on day k, Dy is total
dilution factor (split) up to day k and Nj is the fraction of infected cells on day 1.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Cells, viruses and drugs. The following were obtained through the AIDS Research
and Reference Reagent Program, National Institute of Allergy and Infectious
Diseases, National Institutes of Health: Rev-CEM cells from Y. Wu and J. Marsh;
MT-4 cells from D. Richman; HIV expression plasmid pNL4-3 from M. Martin;
TFV; EFV. The NL4-3YFP molecular clone was a gift from D. Levy. Cell-free virus
was produced by transfection of HEK293 cells with virus coding plasmid using
Fugene 6 or Fugene HD (Roche). Supernatant containing shed virus was harvested
after two days of incubation. Number of virus genomes of viral stock was deter-
mined using the RealTime HIV-1 Viral Load test (Abbott Diagnostics, Abbott Park
111) and gag p24 content was determined by ELISA (Perkin-Elmer) at the the ARI-
UCSF Laboratory of Clinical Virology. The MT-4mCherry cell line was created by
infecting MT-4 cells with a pHAGE2 lentiviral vector expressing mCherry under
the control of the EFlo promoter. To obtain a 0.99 fraction of mCherry-positive
cells, MT-4mCherry cells were used fresh after lentiviral infection without a cycle of
freezing and thawing, minimizing the number of population doublings and con-
sequent decrease in the mCherry-positive fraction. Anonymous PBMCs or peri-
pheral blood samples were provided by AllCells (PBMCs) or the UCLA Center for
AIDS Research (CFAR) Virology Core Lab (peripheral blood). For whole blood,
PBMCs were purified by Ficoll gradient using standard techniques. Purified PBMCs
were activated with 5 ug ml~! PHA in the presence of 5ngml ™" IL-2 for 1 (donors)
or 3 (targets) days. All work was approved by the California Institute of Technology
Institutional Biosafety Committee and Institutional Review Board exempt.
NL4-3YFP infection at high and low m. MT-4 cells were pre-incubated for 24 h
with varying concentrations of TFV. NL4-3YFP stock was produced using trans-
fection of HEK293 cells at 80% confluence with Fugene HD. Virus supernatant
was collected 2 days post-transfection and added fresh to maximize the number of
infectious units. Fresh virus stock was used at a 1:2,000 (low m) or 1:4 final dilution
(high m). After 2 days incubation with virus, the number of YFP-positive MT-4
cells was quantified by flow cytometry by collecting 2 X 10° cells using a
FACScaliber machine (Becton Dickenson). The multiplicity of infection was cal-
culated using Poisson statistics: m = — In p(0) = — In (1 —I1.,900), where p(0) is
the fraction of YFP-negative cells, and I, 5 oo is the fraction of YEP-positive cells at
the 1:2,000 dilution.

Comparison of co-culture and cell-free infections in PBMCs. For PBMC infec-
tions, 1.5 X 10° PHA-activated HLA-A2-negative donor PBMCs at 10° cells ml ™"
were either infected with 700 ng HIV (NL4-3 strain), or mock infected with the
same volume of growth medium. Cells were then incubated for 2 days. Two days
after donor-cell infection, PHA-activated HLA-A2-positive PBMC target cells at
10° cells ml ™" were either treated with no drug or 10 uM TFEV. The stock of target
cells with or without drug was then split into wells at 10° cells well ~' and incubated
for 4 h. After target cell incubation, HLA-A2-negative donor PBMCs were washed,
counted, diluted to 10° cellsml™" and added to target cells at an approximately
1:10 donor:target ratio as follows. For cell-free infection, each well received 100 pl
mock-infected HLA-A2-negative donor PBMCs and 150 pul (250 ng) cell-free
NL4-3. For co-culture infection, each well received 100 pl infected HLA-A2-
negative donor PBMCs and 150 ul growth medium. One day after target-cell
infection, cell aggregates were broken up by repeated pipetting, and cells split
1:2 with fresh growth medium containing the corresponding drug concentration.
Two days after target-cell infection, the number of infected target cells was deter-
mined: cells were stained with PE-conjugated anti-HLA-A2 antibody (BD
Biosciences or Biolegend), fixed and permeabilized (Cytofix/cytoperm kit, BD
Biosciences), then stained with intracellular FITC-conjugated anti-HIV p24
antibody (clone KC57, Coulter Corporation) according to the Cytofix/cytoperm
kit protocol. The fraction of infected target cells was quantified by FACS as HLA-
A2, p24 double-positive cells. We observed that PBMCs were infected best when
fresh, and use of previously frozen material or cells whose processing was delayed
substantially reduced both cell-free and co-culture infections.

Comparison of co-culture and cell-free infections using Rev-CEM cells. We
infected Rev-CEM target cells either by co-culture with MT-4mCherry donor cells
or cell-free virus. MT-4mCherry donor cells at 4 X 10° cellsml™" were infected
with 300 ngml ™" p24 NL4-3, or mock infected with the same volume of growth
medium. Donor cells were then incubated for 3 days. Two days after donor-cell
infection and one day before target-cell infection, Rev-CEM target cells at 8 X 10°
cells ml ™! were treated with no drug, TFV, or EFV. The stock of target cells with or
without drug was then split into wells at 1.6 X 10° cells well ' and incubated for
24h. Three days after donor-cell infection, MT-4mCherry donor cells were
washed, counted, diluted to 3 X 10° cellsml™" and added at an approximately
1:100 donor:target ratio as follows. For cell-free infection, each well received
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100 pl mock-infected MT-4mCherry donor cells and 600l (1pg) cell-free
NL4-3. For co-culture infection, each well received 100l infected MT-
4mCherry donor cells and 600 pl growth medium. One day after target-cell infec-
tion, cell aggregates were broken up by repeated pipetting, and cells split 1:2 with
fresh growth medium containing the corresponding drug concentration. Two days
after target-cell infection, the number of infected target cells were quantified by
FACS by mCherry and GFP fluorescence. Infected target cells were gated as
positive for GFP, and negative for mCherry, thereby excluding uninfected Rev-
CEM cells (GFP negative), MT-4mCherry cells (GFP negative, mCherry positive),
and fusions between MT-4mCherry and Rev-CEM cells (GFP positive, mCherry
positive). The fraction of MT-4mCherry donors was 1% on day 0 for both mock-
infected and infected cells, but decreased for infected MT-4mCherry cells by the
end of the target-cell infection, probably owing to the cytotoxicity of infection. To
ensure that the low numbers of infected target cells gave repeatable results, we
averaged consecutive independent inter-day experiments.

Infection growth rate. To initiate infection, Rev-CEM cells at 4 X 10° cellsml !
were infected with 300 ng ml~"' NL4-3 in the absence of drugs and incubated for
three days. Two days post-infection, uninfected Rev-CEM cells at 8 X 10° cells
ml™! were pre-treated with no drug, 100 uM TFV, or a combination of EFV, TFV
and FTC at their clinical maximum plasma concentrations (Cpa,: 10 pM EFV,
2uM TFEV and 10 uM FTC). Three days after the initial infection with cell-free
virus, the infected Rev-CEM cells were washed and added to a final fraction of
0.2% GFP-expressing donor cells to the uninfected Rev-CEM cells incubated with
no drug, TFV or C.x. On each day after infected donor addition, cell aggregates
were broken up by gentle repeated pipetting and cells split. Infection conditions
were calibrated so that the number of uninfected target cells would not be limiting
and infection would not interfere with proliferation of uninfected cells. Infection
was therefore kept below ~0.5% GFP-expressing infected Rev-CEM cells. The
daily cell dilution was calibrated to keep this steady state of infected cells: the
sample with no drug was split 1:10 or 1:20 into fresh Rev-CEM cells in a new well.
For 100 UM TFV or C,,,x drug concentrations, infected cells were split 0.6:1 with
drug-containing medium into a new well. Cells remaining after cell split were used
to quantify the fraction of infected cells by FACS (5 X 10° collected per sample).
The fold change in infected cells on each day was calculated as Ni.Dy/No, where Nj
is the fraction of infected cells on day k, Dy is the total dilution factor up to day k
and Ny is the fraction of infected cells on day 1. The drug effect on a single round of
cell-free infection for 100 uM TFV or C,,., was measured at the same time as the
infection growth rate to prevent differences in drug stock batch or cells.
Stochastic simulation of the number of infected cells and mutations. The
purpose of the simulation was to determine the sum of total infected cells, newly
infected cells, and mutations at each virus cycle (measured as 1.7 days (Sup-
plementary Fig. 2)) from overlapping infection chains. A new infection chain
was initiated each virus cycle with an input of one infected cell. The number of
infected cells in cycle k+1 generated by infected cell j in cycle k was an integer
I = x; + x5, where x; was a random number from a Poisson distribution with
an average i, defined by the measured infected-cell half-life u, = 2~ 7% = 0.46
(Supplementary Fig. 13 and Supplementary Theory, section 3), and x, was a
random number from a Poisson distribution with an average u, defined by
i, =Rq,,. — 1; =0.49 (Supplementary Theory, section 3). Given an outcome of
N infected cells in cycle k the number of total infected cells in virus cycle k+1 in

the 1nfect10n chain was Z (x/ + 5 ), of which the number of newly infected cells
was Z x’ A new mfectlon chain from an input of one infected cell was generated

every Vlrus cycle. Therefore, infection chains overlapped, and the total output
number of infected cells in virus cycle k+ 1 was a sum of infected cells at that virus

cycle from allM 1nfect10n chains: Z Z () +x}). The number of newly infected
cells was Z Zx’ If a new mfectlon occurred, the probability of mutation

occurring at any one of the 10* nucleotldes of the HIV genome was
1—(1—3.4x10" 5)10 =0.29, where 3.4 X 107 iis the per-base probability of muta-
tion for the HIV reverse transcriptase, and (1 —3.4 x 10-5)" is the probability that
no mutations occur during a single reverse transcription event. As a simplifying
assumption, no fitness benefit or cost was assigned to individual mutations.
Therefore, Rc,,, did not change during the course of the simulation. Surviving cells
carried over their mutations to the next generation, and newly infected cells carried
over mutations from the infected donor cells, in addition to any mutations generated
during the infection process.
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