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ABSTRACT

It has been proposed that viral cell-to-cell transmission plays a role in establishing and maintaining chronic infections.
Thus, understanding the mechanisms and kinetics of cell-to-cell spread is fundamental to elucidating the dynamics of in-
fection and may provide insight into factors that determine chronicity. Because hepatitis C virus (HCV) spreads from cell
to cell and has a chronicity rate of up to 80% in exposed individuals, we examined the dynamics of HCV cell-to-cell spread
in vitro and quantified the effect of inhibiting individual host factors. Using a multidisciplinary approach, we performed
HCV spread assays and assessed the appropriateness of different stochastic models for describing HCV focus expansion.
To evaluate the effect of blocking specific host cell factors on HCV cell-to-cell transmission, assays were performed in the
presence of blocking antibodies and/or small-molecule inhibitors targeting different cellular HCV entry factors. In all ex-
periments, HCV-positive cells were identified by immunohistochemical staining and the number of HCV-positive cells per
focus was assessed to determine focus size. We found that HCV focus expansion can best be explained by mathematical
models assuming focus size-dependent growth. Consistent with previous reports suggesting that some factors impact HCV
cell-to-cell spread to different extents, modeling results estimate a hierarchy of efficacies for blocking HCV cell-to-cell
spread when targeting different host factors (e.g., CLDN1 > NPC1L1 > TfR1). This approach can be adapted to describe
focus expansion dynamics under a variety of experimental conditions as a means to quantify cell-to-cell transmission and
assess the impact of cellular factors, viral factors, and antivirals.

IMPORTANCE

The ability of viruses to efficiently spread by direct cell-to-cell transmission is thought to play an important role in the establish-
ment and maintenance of viral persistence. As such, elucidating the dynamics of cell-to-cell spread and quantifying the effect of
blocking the factors involved has important implications for the design of potent antiviral strategies and controlling viral escape.
Mathematical modeling has been widely used to understand HCV infection dynamics and treatment response; however, these
models typically assume only cell-free virus infection mechanisms. Here, we used stochastic models describing focus expansion
as a means to understand and quantify the dynamics of HCV cell-to-cell spread in vitro and determined the degree to which cell-
to-cell spread is reduced when individual HCV entry factors are blocked. The results demonstrate the ability of this approach to
recapitulate and quantify cell-to-cell transmission, as well as the impact of specific factors and potential antivirals.

Viral entry into permissive cells is the first step in establishing
infection and is thus a common and often effective target for

antiviral therapy. However, after replication and assembly of viral
particles in an infected cell, many viruses, including hepatitis C
virus (HCV), can spread to infect additional cells by two routes of
transmission: cell-free and cell-to-cell spread (1, 2). Although vi-
ral dissemination is facilitated by the release of “cell-free” virus
from infected cells, which can then travel throughout the body to
enter distant cells, direct cell-to-cell transmission allows the virus
to spread to neighboring cells while remaining shielded from host
neutralizing antibodies and other extracellular viral clearance
mechanisms (3, 4). It is the latter advantage that implicates cell-
to-cell spread in the establishment and maintenance of persistent
infections and therapy failure (3, 5, 6).

Different mechanisms of direct viral cell-to-cell transmission
have been described (reviewed in references 1 and 2). In cell cul-
ture, cell-to-cell spread of HIV-1 has been found to be much more
efficient than cell-free virus uptake, with estimates ranging be-
tween 10-fold- and 18,000-fold-higher efficiency in mediating vi-
ral spread (7–11). However, while HIV-1 cell-to-cell transmission

is more efficient, it appears to be mediated by the same factors that
are involved in cell-free virus entry, as it has been found to be
equally sensitive to inhibition by the same fusion inhibitors and
receptor-blocking antibodies that inhibit cell-free virus entry (8).
Consistent with cell-to-cell spread being efficient, cell-to-cell
transmission has been implicated in mediating HCV persistence
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(12–14) and possibly playing a role in viral escape during therapy
by allowing the spread of viral variants resistant to direct-acting
antivirals (15). For HCV infection, cell-to-cell transmission has
been studied in vitro using HCV focus spread assays in which
cell-free virus uptake is blocked by neutralizing antibodies against
the HCV E2 glycoprotein (6, 13, 16, 17). Based on these in vitro
studies, it appears that the factors that mediate HCV cell-free viral
spread do not completely overlap those involved in cell-to-cell
spread, and thus some inhibitors block cell-free entry but not
cell-to-cell spread (6, 16). However, the dynamics of cell-to-cell
spread has not been determined and the involvement of different
HCV entry factors on the kinetics of cell-to-cell spread has not
been quantified.

Mathematical modeling has been widely used to understand
viral infection dynamics and treatment response; however, these
models typically assume only cell-free virus infection mechanisms
(18–23). In vitro mathematical models were developed to under-
stand intracellular HCV RNA kinetics during infection and treat-
ment (24–26) and cell-free HCV entry (27). Models accounting
for the dynamics of cell-to-cell viral spread have been developed
for HIV-1 (3, 28–31), as well as for oncolytic virotherapy (32).
However, there are no mathematical models specifically address-
ing the kinetics of HCV cell-to-cell spread in vitro.

In this study, we performed experiments to monitor the kinet-
ics of HCV cell-to-cell spread and the effect of blocking different
HCV entry factors on those kinetics. To quantify and provide
insight into the dynamics of cell-to-cell spread, we developed
mathematical models that describe focus growth assuming differ-
ent modes of expansion and that account for stochastic variability
in the initiation and the growth rates of individual foci. Fitting our
models to the observed experimental data, we determined that
models assuming size-dependent focus growth best recapitulate
the data. To quantify the effect of blocking different HCV entry
factors, such as the tetraspanin CD81, claudin-1 (CLDN1), the
Niemann-Pick C1-like 1 receptor (NPC1L1), and transferrin re-
ceptor 1 (TfR1), on focus expansion, we performed experiments
in the presence of blocking antibodies and small-molecule inhib-
itors. Consistent with previous reports suggesting differential re-
quirements for individual cellular factors in HCV cell-to-cell
spread, blocking CLDN1 and NPC1L1 potently reduced focus ex-
pansion, while blocking TfR1 and CD81 resulted in more inter-
mediate effects. The results demonstrate the ability of this ap-
proach to recapitulate and quantify cell-to-cell transmission, as
well as the impact of specific factors and potential antivirals.

MATERIALS AND METHODS
Cells. Huh7 cells (33) (also known as Huh7/scr cells [34, 35] and Huh7-1
cells [36]) were obtained from Francis Chisari (The Scripps Research In-
stitute, La Jolla, CA). Cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Mediatech) supplemented with 10% fetal bovine se-
rum (FBS) (HyClone, Logan, UT), 100 units/ml penicillin, 100 mg/ml
streptomycin, and 2 mM L-glutamine (Gibco Invitrogen, Carlsbad, CA).

Virus. Plasmid DNA containing the full-length HCV JFH-1 genome
(pUC-JFH1) was provided by Takaji Wakita (National Institute of Infec-
tious Diseases, Tokyo, Japan) (37–39). Methods for HCV RNA in vitro
transcription, HCV RNA electroporation, as well as propagation and
titration of HCV cell culture (HCVcc) stocks have been described in detail
elsewhere (40).

Reagents and antibodies. Dimethyl sulfoxide (DMSO) stocks of
ezetimibe (Sequoia Research Products) and the TfR1 inhibitor ferristatin
(NSC306711; National Cancer Institute) were diluted into culture me-

dium to the indicated concentrations. Rabbit anti-human CLDN1 poly-
clonal antibody was obtained from Abcam (Cambridge, MA). Rabbit
anti-human NPC1L1 polyclonal antibody was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). TfR1 monoclonal antibody (clone
M-A712) was obtained from BD Pharmingen (San Jose, CA). Mouse anti-
human CD81 monoclonal antibody (clone 1D6) was purchased from
AbD Serotec (Raleigh, NC). Inhibition of all these HCV entry factors by
antibodies/inhibitors has been previously reported by us or others to
block HCV cell-free entry without affecting HCV RNA replication (6, 16,
41, 42). The human anti-HCV E2 monoclonal antibody (MAb) AR3A (or
C1), obtained from Dennis Burton and Mansun Law (The Scripps Re-
search Institute, La Jolla, CA), was described previously (33, 43, 44).
Horseradish peroxidase (HRP)-conjugated anti-human, anti-mouse, and
anti-rabbit secondary antibodies were purchased from Pierce (Rockford,
IL). Negative-control IgG antibodies were obtained from Santa Cruz Bio-
technology.

Cell-to-cell spread “focus size” assay. Confluent monolayers of Huh7
cells were infected with 50 focus-forming units (FFU) of HCVcc. After 17
h of incubation, the viral inoculum was removed, cells were rinsed with
phosphate-buffered saline (PBS), and medium containing 10 �g/ml
anti-E2 was added to neutralize cell-free virus infection as previously de-
termined (6, 13, 16). Additional indicated treatments were performed in
parallel with anti-E2 treatment for the duration of the experiment to
assess the effect of blocking different host factors on HCV cell-to-cell
spread. For antibody inhibition experiments, all blocking antibodies were
used at 25 �g/ml in a total volume of 100 �l, a concentration that ensured that
the maximal effect of each antibody was achieved. Triplicate wells were fixed
and stained to detect HCV-positive foci. The number of HCV-positive cells
per focus was counted as a readout of HCV cell-to-cell spread. To determine
the degree of cell division during the assay period, cell counts from equiva-
lently infected and treated triplicate wells were performed at the time of in-
fection and 72 h postinoculation at the time of fixing.

Immunostaining of HCV positive foci. Immunostaining of HCV-
positive cells was described previously (40). Briefly, endogenous peroxi-
dases were blocked by incubating fixed cells in 1� PBS containing 0.3%
(vol/vol) hydrogen peroxide (Fisher, Fairlawn, NJ). Following three
washes with 1 � PBS, cells were permeabilized and blocked for 1 h with
1� PBS containing 0.5% (vol/vol) Triton X-100 (Fisher), 3% (wt/vol)
bovine serum albumin (BSA) (Sigma), and 10% (vol/vol) FBS. The pri-
mary human HCV E2 MAb AR3A was diluted to 2.3 �g/ml in 1� PBS
containing 0.5% (vol/vol) Triton X-100 and 3% (wt/vol) BSA and incu-
bated with cells for 1 h at room temperature. Bound anti-E2 was
subsequently detected with a 1:1,000 dilution of an HRP-conjugated anti-
human antibody (Pierce) followed by a 30-min incubation with a 3-ami-
no-9-ethyl-carbazole (AEC) detection substrate (BD Biosciences). Cells
were washed with distilled water (dH2O), and foci were quantified and
photographed using a Nikon TE2000U microscope (Nikon Instruments).

Mathematical models of HCV focus expansion. We assume that each
focus of HCV-infected cells is founded by a single infected cell that be-
came infected at time t0. The size of each focus, measured in number of
cells [N(t)], changes over time according to a stochastic model represent-
ing the propagation of infection to other cells: the probability of a cluster
of size k existing at time t to expand to a cluster of size k � 1, with k �
1,2,. . ., in a small interval of time h given that the first cell became infected
at time t0, is denoted by

P[N(t � h) � k � 1 � N (t) � k ;t0] � �k � o(h)

k � 1, 2, ... (1)

Here, �k represents the growth rate of the cluster from size k to k � 1.
The first cell of each focus is assumed to have become infected in a time
window of 0 to 17 h postinoculation before anti-E2 and individual anti-
body/inhibitor treatments were applied; i.e., t0 is between 0 and 17 h. The
initiation of infection could have occurred at any point during this time
interval. Thus, the time of infection, t0, is assumed to follow a probability
distribution truncated on the time interval from 0 to 17 h. The actual
distribution for t0 with density function f(t) (see equation 8) is inferred
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from our experimental data (45) as described below. Based on the lack of
any observed cell death, we also assume that no cell death occurs during
the 72-h assay.

The transition probabilities described in equation 1 lead to the follow-
ing equations for the conditional state probabilities pk(t|s) � P[N(t) �
k|s]:

dp 1 ⁄ dt � ��1p1

dp 2 ⁄ dt � �1p1 ��2p2

� � �
dp k ⁄ dt � �k�1pk�1 ��kpk

� � �

(2)

where pk, k � 1,2, . . . is shorthand for the probability that a focus contains
k cells at time t given that the focus was founded at time s, pk(t|s). We
assume that each focus is founded by one infected cell at time s, which is
equivalent to the initial conditions p1(s|s) � 1 and pk(s|s) � 0, k � 1. For
all t�s, pk(t|s) � 0, k � 1,2,. . . ., as no cell is infected before time s. The
system of equation 2 can be solved once �k is specified (see below) to
determine the probability generating function for the conditional state
probabilities pk(t|s) (46). The probability that we would observe a cluster
of size k at a time t after anti-E2 treatment (t � 17 h), given that the first
cell of the focus became infected at time s in the time interval from 0 to 17
h postinoculation, can then be calculated by integrating over all possible
times at which a focus could have been initiated, i.e.,

pk(t) � �
0

17h

pk(t � s)f(s) ds, t � 17 h (3)

With this, the probability of observing, for example, a focus of size 12 or
larger is then given by

p�12(t) � 1 � �
k�1

11

pk(t).

As stated earlier, each focus is assumed to be established by a single cell
that became infected by an HCV particle administered to the culture at
time zero. Because there is an eclipse phase of 	 24 h (42) between the
time a cell becomes infected and the time progeny virus are secreted into
the medium and we removed the original viral inoculum when neutraliz-
ing anti-E2 was added to the culture at 17 h postinoculation, we assume
that all virus transmission in a specific focus is due to cell-to-cell trans-
mission of progeny virus from the founding cell. We then made the fol-
lowing different assumptions about the growth rate, �k, with each corre-
sponding to different assumed focus growth dynamics.

(i) Poisson process. In the simplest scenario, we assume a constant
growth rate � independent of the size of the focus, hence, �k � �, k � 1,2,
. . . . In this case, foci grow according to a Poisson process, where the time
between infection events is exponentially distributed with parameter �
(46). In this scenario, the probability of observing a cluster of size k at time
t � 17 h (equation 2) is given by

pk(t) � �
0

17h

e��(t�s)���t � s��k�1

�k � 1� !
f(s) ds, t � 17 h (4)

This formulation represents focus growth dynamics that is not depen-
dent on the limitations that would be inherent in a growth process solely
depending on cell-to-cell transmission, especially for larger focus sizes.

(ii) Birth process. A second possible assumption would be a birth
process where each infected cell in a focus can give rise to another infected
cell with a constant rate �, i.e., �k � k� (46). In this case, the probability of
observing a cluster of size k at time t is given by

pk(t) � �
0

17h

e���t�s��1 � e���t�s��k�1f(s) ds, t � 17 h (5)

Under this assumption, at later times even when infected cells are
completely surrounded by other infected cells (termed inner focus-in-

fected cells), these cells would still contribute to the expansion of the focus
(Fig. 1).

(iii) Boundary process. A third possible assumption is a boundary
expansion process, where only infected cells at the perimeter of the focus
contribute to focus expansion (Fig. 1). Thus, the growth rate of a focus of
size k, �k, depends on the number of infected cells at the edge of the focus
that are in direct contact with uninfected hepatocytes, IB. This size of the
focus boundary and, thus, the growth rate vary with increasing cluster
size. Considering compact focus expansion, cluster growth can be as-
sumed to occur radially. A focus comprising k infected cells would cover
an area (A) of 
r2, where r is the radius of the cluster, and hence, k 	 
r2.
Analogously, we can approximate the boundary cells by IB 	 2
r. As only
cells at the edge of the cluster would contribute to focus growth, the
growth rate per infected cell of the total cluster is given by IB �0/k, where �0

defines the basic infection rate per cell. The growth rate of a focus of size k
is then defined by

�k � k
IB

k
�0 � k

2	r

	r2 �0 � 2		k�0 (6)

with r � 	k⁄ 	. Defining � � 2		�0, i.e., �k � 	k�, we can calculate
the probability of observing a focus of size k at time t given that the focus
was established at time t0 by

pk(t | t0)�
 e��(t�t0) for k � 1

�
j�1

k

ak,je
�	j��t�t0� for k � 2

(7)

with ak,j defined by

ak,j � ��1�k�1� j

k �
i�1,i
j

k  	i

	j � 	i�
The detailed derivations and mathematical proofs for the state prob-

abilities in equation 7 are given in the Appendix. Using equation 7 in
equation 3, we can derive the probability of observing a focus of size k at
the end of the experiment, i.e., t � 72 h.

Distribution for the time to infection of the first cell in a focus, t0. We
previously demonstrated that the rate of HCVcc infection initiation after

FIG 1 Depiction of cells that contribute to focus expansion in the birth and
boundary models. Shown is a sample 12-cell focus. In the birth model, all
HCV-infected cells of a focus contribute to focus expansion (i.e., red and light
red cells); in the boundary model, only cells at the perimeter of a focus can
mediate focus growth (i.e., only light red cells). Of note, the boundary model
assumes a compact focus shape, i.e., infected cells are approximately distrib-
uted in a circle.

Dynamics of HCV Cell-to-Cell Spread
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viral inoculation is not constant but rather decreases over time (see Fig. 1
in reference 45). If the infection rate was constant, then the number of foci
would increase linearly over time. However, as shown in reference 45, the
number of foci increases more slowly than linearly. To match the data, we
assume that the infection rate �0 decreases exponentially over time with a
loss rate �; hence, �(t) � �0e-�t. This is equivalent to assuming that virions
lose infectivity at rate �. Fitting �(t) to the data, we estimated �0 and � to
determine the distribution of the time to infection of the first cell of a
focus. The data and the best fit of �(t) using our derived estimates of � �
0.065 h1 and �0 � 6.59 foci per hour are shown in Fig. 2A. A possible
distribution of t0 at which the first cell of a focus becomes infected after
inoculation of the culture with HCVcc and before antibody treatment,
i.e., t0 � [0, 17 h], is shown in Fig. 2B.

The corresponding density function for the time to infection of the
founding cell of a focus, f(t), truncated on the time interval from 0 to 17 h
is then defined by

f(t) �
d

dt� �
0

t

�0e��sds

�
0

17h

�0e��sds��
�e��t

1 � e��17h (8)

The definition of f(t) as given in equation 8 is then used in equation 3
when the focus growth rate � is estimated. Assuming that the infection
rate decays in a multiphasic manner, as observed in reference 45, which
leads to a biphasic infection rate on the interval from 0 to 17 h, does not
lead to a significant change in our results (data not shown).

Data fitting. We fitted equation 3 with the different scenarios for the
focus expansion rate, �k, given by equations 4 to 7, to the data using a
maximum likelihood approach. The log likelihood of observing n differ-
ent foci in the culture at 72 h, with each focus comprising ki, i � 1,. . .,n
infected cells, is then denoted by

�(�|k, t � 72h) � �
i�1

n

ln�pki
�t � 72h�� (9)

Equation 9 was maximized to estimate � using the fitting routine op-
tim in the R language of statistical computing (47).

RESULTS
HCV focus expansion is best described by mathematical models
assuming focus size-dependent growth rates. In order to moni-
tor the kinetics of HCV cell-to-cell spread, we performed focus
formation assays in which a neutralizing antibody to the HCV E2
glycoprotein is used to block cell-free virus infection such that
focus expansion is dependent on cell-to-cell viral transmission (6,
13, 16, 17). Specifically, as depicted in Fig. 3A, confluent Huh7 cell
cultures were inoculated with 50 FFU of HCVcc for 17 h to allow
time for 	80% viral entry into 	40 individual single cells (45).
Cells were then washed, and cell-free virus spread was blocked by
the addition of anti-E2 at a concentration that neutralizes extra-
cellular virus infection of cells (6, 13, 16). At 72 h postinoculation,
cell monolayers were fixed and stained for HCV-positive cells. The
extent of cell-to-cell spread was assessed by counting the number
of HCV-positive cells per focus. Across experiments, under these
conditions (i.e., anti-E2-only treatment), we observed an average
of 41 � 2 (standard deviation [SD]) individual foci per well, with
	35% of the foci consisting of 12 or more infected cells (Fig. 3B).

Despite the fact that the assay was performed in confluent
monolayers, limited cell division still occurred under these exper-
imental conditions, and thus, net focus expansion could be af-
fected not only by cell-to-cell virus transmission but also by pro-
liferation of infected cells. Hence, in parallel equivalently treated
wells, we counted the number of cells present at the time of
infection and at 72 h postinoculation, when the assay ended, to
estimate the number of cell divisions that had occurred.
Though the precise cell count varied between experiments, we
observed an average 	5.3-fold (� 0.7-fold) increase in the
number of cells during the 72-h experiment in untreated cul-
tures and in those treated with anti-E2 alone, indicating that
approximately 2 to 2.5 cell divisions had occurred. As such, cell
division alone could in theory result in foci containing up to 4
to 6 cells; however, because HCV-infected cells divide more
slowly than noninfected cells (48), we assume that cell prolif-
eration could account for foci containing up to 4 cells.

To elucidate the dynamics of focus expansion observed and
more accurately quantify the kinetics of spread, we fitted three
mathematical models to the observed data that describe focus ex-
pansion as a stochastic process according to different assumptions
(see Materials and Methods). The different models explicitly ac-
count for the fact that individual foci are initiated at different time
points during the 17 h before anti-E2 is added to the culture (Fig.
2). The Poisson model, which assumes that foci grow at a constant
rate independent of focus size, �k � �, did not fit the observed data

FIG 2 Time of infection of the first cell in a focus. (A) Analysis of the experi-
mental data from reference 45 indicates that the number of foci per well de-
pends on the time postinoculation (p.i.). Open circles indicate numbers of foci
counted in triplicate wells. Filled circles are means for each time point. The
gray curve shows the fit of a time-dependent infection rate, �(t), to the data,
assuming an exponential loss of infectivity over time, �(t) � �0e�t. (B) Dis-
tribution of the time of first cell infection in a focus in the period from 0 to 17
h. The plot shows the histogram for 1,000 random draws.
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well (Fig. 3C). In contrast, the birth and boundary models, which
are based on the assumption that the rate of focus expansion de-
pends on the current size of the focus, led to better fits of the
experimental data (Fig. 3B and C). Ruling out the Poisson model
is consistent with the anti-E2 treatment inhibiting cell-free virus
infection, confirming that the focus expansion observed was me-
diated solely by cell-to-cell transmission and potentially prolifer-
ation of infected cells.

With a model assuming that individual foci grow according to
a birth process where each infected cell of a focus can contribute to
focus expansion, �k � k�, we estimate a focus expansion rate of
� � 0.038 h1 [0.034, 0.041] (Table 1). This model provides a

good explanation of the experimental data; however, it overesti-
mates the frequency of foci of size k � 1 (Fig. 3B and C). As a
modification of the birth model, the boundary model assumes
that focus expansion is mainly driven by infected cells at the
boundary of the focus. While both models fit the data reasonably
well, the boundary model overestimates intermediate focus sizes
(Fig. 3B) and provides a slightly impaired fit to the data compared
to the birth model as measured by the Akaike information crite-
rion (AIC), where a lower AIC value indicates a better fit of the
model (49) (corrected AIC for the birth model, 348.9; that for the
boundary model, 369.7). The boundary model leads to estimates
of the focus expansion rate that are roughly twice as high as those

FIG 3 HCV cell-to-cell spread assays with observed and predicted focus size distribution. (A) Sketch of the experimental protocol. (B) Distribution of
focus sizes at 72 h postinoculation, when cell-free virus is neutralized by anti-E2 treatment. Foci comprising 12 or more cells were combined. Observed
data from two replicate wells (black and gray) compared to model predictions (red, birth model; blue, boundary model) are shown. Results are
representative of over 5 experiments in which the anti-E2-alone condition was included. (C) Agreement of model fits (lines) and data (symbols) can best
be determined when looking at the cumulative probability of observing a focus that comprises up to k infected cells. The birth model (red line) provides
the best fit to the data.

TABLE 1 Estimated HCV focus expansion rates using different mathematical modelsa

Treatment Parameter

Value with model

Poisson Birth Boundary

Anti-E2 � (102 per hour) 10.83 (9.79, 12.13) 3.76 (3.49, 4.02) 6.70 (6.22, 7.27)
LL 224.5 173.4 183.8
AIC 453.2 348.9 369.7

Anti-E2 � IgG � (102 per hour) 7.91 (7.10, 8.66) 3.07 (2.84, 3.27) 5.24 (4.85, 5.69)
LL 276.6 222.4 233.2
AIC 557.4 446.8 468.5

a Focus expansion rates during anti-E2 treatment alone and with additional IgG control treatment were estimated assuming constant focus expansion, �k � � (Poisson), or size-

dependent focus expansion, �k � k� (birth) or �k � 	k� (boundary) after 17 h p.i. Triplicates of each condition were combined in the fitting procedure. Numbers in parentheses
are the 10% and 90% percentiles over 200 bootstrap replicates of the data. The maximized value of the log likelihood function (equation 8) (LL) determines the quality of the fit.
The higher the LL, the better the model explanation of the data. In addition, the corrected Akaike information criterion (AIC) for model comparison is shown, indicating a
consistent improper fit of the Poisson model. Analysis of one representative experiment of 5 is shown.
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for the birth model, � � 0.067 h1 [0.062, 0.073] (Table 1). Be-
cause the birth and the boundary models represent the two ex-
treme scenarios of size-dependent focus growth, we proceeded
under the assumption that the actual growth rate lies between the
values estimated by these two models.

Quantification of focus expansion when blocking specific
host factors with antibodies. It has been previously reported that
blocking host factors, such as NPC1L1 (6), CLDN1 (4, 13), TfR1
(16), and possibly CD81 (4, 13, 14, 50–52), inhibits HCV cell-to-
cell spread. In order to quantify the effect of blocking these host
cell factors on HCV cell-to-cell spread, we performed the same
focus cell-to-cell spread assay described above, but cultures were
additionally cotreated with antibodies that block individual HCV
entry factors, in particular, NPC1L1, CLDN1, TfR1, and CD81. As
a negative control, parallel cultures were cotreated with nonspe-
cific IgG. At 72 h postinoculation, cell monolayers were fixed and
stained for HCV E2 (Fig. 4A), so that the number of cells per focus
could be counted (Fig. 4B). Again, in parallel infected and equiv-
alently treated wells, we counted the number of cells present at the
time of infection and at 72 h postinoculation, when the assay
ended, to estimate the number of cell divisions that occurred un-
der each treatment condition. In contrast to the average 	5.3-
fold � 0.7-fold increase in cell number observed in the untreated
and anti-E2-alone-treated cultures, cell numbers increased only
	2-fold � 0.4-fold during the 72-h experiment in cultures treated
with any of the other antibodies or small-molecule inhibitors
(Table 2). Thus, in this case, foci comprising 2 cells could be due to
cell division alone. Under all of these conditions, we observed on
average 37 � 7 individual foci per well. However, foci in cultures
treated with anti-NPC1L1 or anti-CLDN1 had an average focus
size of only 1 or 2 cells with a maximum of 5 or 7 cells, respectively,
consistent with high levels of inhibition of cell-to-cell spread.

Since the appropriateness of the Poisson model was ruled out
above because it generated poor fits to the observed data, we quan-

tified the effect of the various antibodies on HCV focus expansion
rates using the birth and the boundary models. Both models indi-
cate that cotreatment of cultures with control IgG led to an 	20%
nonspecific reduction of focus expansion rates (Table 1), which is
at least in part due to the reduced cell proliferation observed dur-
ing treatment with the IgG (Table 2). To control for this reduced
cell proliferation and estimate the effect of blocking the targeted
host factors, in these assays we defined the focus expansion rate by
�k � (1  ε)�k

IgG, k � 1,. . .,n, where �k
IgG defines the baseline

expansion rate calculated from the IgG control (Table 1). The
parameter ε represents the degree to which focus expansion was
reduced in the presence of the different antibody treatments, with
ε � 0 indicating no specific effect and ε � 1 defining 100% inhibition
of focus growth. Model fits are shown in Fig. 5A and B. Both models
indicate a similar hierarchy of efficacies for reducing HCV focus ex-
pansion when these different host factors are targeted (Table 3 and
Fig. 5C). Blocking CLDN1 with antibodies showed the largest reduc-

FIG 4 Blocking different cellular HCV entry factors exhibits differential effects on HCV focus expansion. HCV cell-to-cell spread assays were performed in the
presence of neutralizing anti-E2 plus IgG, anti-CLDN1, anti-NPC1L1, anti-TfR1, or anti-CD81. (A) Representative images of foci formed 72 h postinoculation.
HCV-infected cells were stained for E2 (red). (B) Distribution of focus sizes at 72 h postinoculation. For each condition, 3 replicate wells were analyzed. Results
of one representative experiment of three are shown.

TABLE 2 Proliferation of cells during the in vitro focus assaya

Treatment
Fold increase
(mean � SD) Average fold increase

None 5.4 � 1.0 Untreated, 5.3 � 0.7
Anti-E2 5.1

IgG 2.4 � 1.0 Specifically treated, 2.0 � 0.4
Anti-CLDN1 1.4 � 0.4
Anti-NPC1L1 1.7 � 0.4
Anti-TfR1 1.9 � 0.2
Anti-CD81 1.9 � 0.1
EZE 1.9 � 0.7
Ferristatin 2.7 � 0.2
a During each experiment, cell number was counted in equivalently treated cell cultures
at the time of infection and at 72 h p.i. The averages for triplicate wells from one
representative experiment of three are shown.
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tion of focus growth of 	 93% for boundary (	84% for birth).
Antibody blocking of NPC1L1 exhibited a slightly less potent reduc-
tion of 	87% (	72%). Antibodies against TfR1 resulted in even less
inhibition of 	80% (	67%), and antibodies against CD81 resulted
in the least inhibition, 	77% (	64%). As the amount of cell prolif-
eration is comparable among the different treatment regimens (Table
2), the estimated efficacy ε mainly represents the effect of the treat-
ments on cell-to-cell transmission rates.

Quantification of focus expansion when specific host factors
are blocked with small-molecule inhibitors. To confirm the
above antibody results, we performed the same focus assay but
used an alternative blocking strategy utilizing the small-molecule
inhibitors ezetimibe and ferristatin, which specifically inhibit
NPC1L1 and TfR1, respectively. In this case, estimated focus ex-

pansion rates with anti-E2 treatment alone, �k
anti-E2, were consid-

ered the baseline expansion rates, and the focus expansion rate
was defined as �k � (1  ε)�k

anti-E2. Importantly, similar to what
was observed with anti-NPC1L1, ezetimibe blocking of NPC1L1
led to a similar reduction in focus growth (	90% [	81%]). Like-
wise, the inhibition of focus growth under ferristatin treatment
was comparable to the efficacy of anti-TfR1, with an 	73%
(	61%) reduction in focus growth (Fig. 5B and Table 3). Of note,
although the effects measured were similar to that observed in
response to antibody blocking of these receptors, the anti-E2-only
control cultures exhibited more cell proliferation during the assay,
and thus, the model estimates of focus growth inhibition by these
small-molecule inhibitors are influenced to some extent by inhi-
bition of cell proliferation (Table 2).

FIG 5 Observed and predicted focus size distributions under different treatment conditions. HCV cell-to-cell spread assays were performed in the presence of
neutralizing anti-E2 plus antibodies (anti-CLDN1, anti-NPC1L1, anti-TfR1, and anti-CD81) or small-molecule inhibitors (ezetimibe [EZE] and ferristatin) against
specific HCV entry factors. The birth (red) and boundary (blue) models were used to analyze the data. (A) Data and model predictions of foci in control cultures treated
with anti-E2 plus IgG. (B) Data and model predictions of focus sizes in cultures treated with antibodies or small-molecule inhibitors blocking specific HCV entry factors.
(C) Both the birth and boundary models indicate the same hierarchy in the estimated focus growth reduction when the different HCV entry factors are blocked. Circles
and bars indicate the estimated effectiveness of blocking specific host factors (ε) and the 95% confidence interval, respectively (see Table 3).

TABLE 3 Effect of blocking host factors on HCV focus expansiona

Factor

Birth model Boundary model

ε (%) LL AIC ε (%) LL AIC

CLDN1 83.6 (77.3, 87.6) 119.2 240.3 93.3 (89.9, 95.8) 117.7 237.4
NPC1L1 71.5 (64.2, 77.4) 96.7 195.5 86.6 (81.8, 91.1) 94.5 191.1
TfR1 66.7 (61.7, 69.7) 188.4 378.9 79.5 (76.0, 81.9) 178.2 358.5
CD81 60.6 (55.3, 64.4) 176.7 355.5 72.9 (67.4, 76.8) 169.3 340.7
EZE 80.7 (77.0, 82.8) 271.3 339.6 89.8 (87.7, 92.1) 256.2 329.3
Ferristatin 60.6 (56.2, 64.1) 168.8 544.6 73.0 (69.2, 76.6) 163.6 514.3
a The estimated effectiveness (ε) of host antibodies and small inhibitors in blocking focus expansion using the birth and boundary models is shown. Triplicates of each treatment
were combined in the fitting procedure. Numbers in parentheses are the 10% and 90% percentiles over 200 bootstrap replicates of the data. LL and AIC parameters are as described
in Table 1. Analysis of one representative experiment of 3 is shown.
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Modeling predicts that the growth of larger foci is best ex-
plained by the birth model, while the dynamics of smaller foci
could be better described by the boundary model. We observed
that some HCV foci appeared to grow in a more irregular (i.e.,
noncircular) pattern (Fig. 6). In these cases, the boundary model,
which assumes a circular focus shape, would underestimate the
number of infected cells that contribute to focus growth. In
order to better define the differences in how these two models
explain the observed focus size distributions, we performed a
detailed comparison of the birth and the boundary models
using the current 72-h assay data. Initial analysis suggested that
the birth model provides a better fit to data when larger focus
sizes are observed (e.g., for anti-E2-alone treatment, AICbirth �
348.9 and AICboundary � 369.7 [Table 1]), while the boundary
model performs better for scenarios with smaller average focus
sizes. We tested this observation by fitting the data to a model
with a growth rate defined by �k � k��, where the exponent 0 
�  1 defines the dependence of � on focus size. For � � 1, the
model would be equivalent to the birth model, while for � �
0.5, the relationship is equivalent to the one assumed by the
boundary model. Fitting such a model to the observed data and
estimating � and �, we estimated � � 1 for anti-E2 alone and
anti-E2 � IgG with a confidence interval of 0.92 to 1.0 based on
10% and 90% percentiles over 200 bootstrap replicates of the
data. With CLDN1 and NPC1L1 inhibitors, which led to small-
est focus sizes, we estimated � � 0.5 for CLDN1 (� � 0.43) and
NPC1L1 (� � 0.45), but with large confidence intervals rang-
ing from 0.0 to 1.0. These results corroborate our initial obser-
vations, i.e., that scenarios leading to larger focus sizes during
the 72-h experiment are best explained by a birth model, while
the dynamics of smaller focus sizes seems to be better described
by the boundary model.

DISCUSSION

Understanding the mechanisms and dynamics by which viruses
spread within a host has important implications for pathogenesis,
viral escape, and the design of potent antiviral therapies (6, 12, 15,
53). Hence, in this study, we analyzed data from in vitro HCV
cell-to-cell spread assays using simple stochastic models describ-
ing focus expansion as a means to understand and quantify the

dynamics of HCV cell-to-cell spread and the degree to which
spread is reduced when individual HCV entry factors are blocked.
Specifically, we tested three different mathematical models and
found that focus expansion in the presence of neutralizing anti-E2
is best explained by models based on size-dependent growth rates
(Fig. 3). Cell-free infection should lead to focus growth rates that
are independent of focus size. Because the Poisson model, which
assumes size-independent focus growth rates, does not explain the
observed focus size distribution, our analysis supports the empir-
ical determination that 10 �g/ml of AR3A anti-E2 is effective at
blocking cell-free HCV infection and thus confirms that the focus
expansion observed in our assay is due to cell-to-cell spread of
HCV and/or proliferation of infected cells.

Since our data indicate that cell proliferation in anti-E2 treated
cultures can increase cell numbers 5.3-fold � 0.7-fold (Table 2), pro-
liferation of infected cells can in theory account for foci up to size k �
4 to 6. However, most foci formed under anti-E2 treatment alone are
larger than k � 4, suggesting that cell-to-cell transmission is the main
mechanism of the focus expansion observed under these assay con-
ditions. The birth and the boundary models tested represent two ex-
tremes of size-dependent focus growth, with the birth model assum-
ing that every cell in a focus contributes to expansion while the
boundary model only allows cells at the edge of a focus to contribute.
Despite this difference, both models fit the current data reasonably
well. This might be because most cells in the small foci formed during
the short (72-h) experiment are in contact with uninfected cells for
the majority of the assay period.

Interestingly, the boundary model provided a better fit to ex-
perimental data where there were smaller average focus sizes,
while scenarios with the growth of larger foci were better described
by the birth model. Two possible explanations for this observation
can be suggested. (i) The boundary model assumes compact focus
growth, with the surface of a focus of size k approximated by a
circle. Because some HCV foci appear to grow in a more irregular
(i.e., noncircular) pattern (Fig. 6), this might underestimate the
number of cells that contribute to focus expansion. While this
would not affect the analysis of relatively small foci (e.g., k � 4
cells), where all cells are by default adjacent to uninfected cells, as
observed for CLDN1 and NPC1L1, it might play a role as foci

FIG 6 Irregular shape of HCV foci. HCV cell-to-cell spread assays were performed in the present of neutralizing anti-E2. At 72 h postinoculation, cells were fixed
and stained for E2 (red). Photographs were taken at a magnification of �20 using a Nikon TE2000U microscope. Representative noncircular images are shown.
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become larger. (ii) Although most of the cell proliferation de-
tected likely occurred early in the assay before cells became in-
creasingly compressed, the relative contribution of cell prolifera-
tion on focus expansion might increase proportionally to focus
size, which would more easily violate the assumption that foci
expand only by cell-to-cell transmission along the boundaries of a
focus. Additionally, our data indicate that cell proliferation is sig-
nificantly larger in untreated cultures (Table 1), suggesting that
cell proliferation may perhaps have played a more significant role
on the larger foci formed in these untreated cultures. Further ex-
perimental and modeling efforts are needed to estimate the effect
of cell-to-cell spread in conjunction with cell proliferation, not
only accounting for focus size but also controlling for observed
focus shapes (Fig. 6) and possibly decreased proliferation rates of
infected cells (54).

The actual influence of cell proliferation on the observed focus
sizes is difficult to quantify in these assays. For cultures cotreated
with anti-E2 plus antibodies against NPC1L1 or CLDN1, we ob-
served average focus sizes of only 1 or 2 infected cells. In addition,
we found that incubation with any nonhuman antibody reduced
cell proliferation slightly, such that only a roughly 2-fold increase
in cell numbers occurred during the 72 h experiment (Table 2).
This seems to indicate that inhibition of CLDN1 or NPC1L1
blocks the majority of cell-to-cell spread, with the observed focus
sizes being solely due to proliferation of infected cells. Performing
the same HCV cell-to-cell spread assays in a nongrowing Huh7
cell culture model (40, 55, 56) could be useful to eliminate the
influence of cell proliferation on focus size.

One factor not considered in our analysis is the possibility that
two or more individual foci may merge at some point during the
experiment, which might happen if closely situated foci grow large
enough, as previously analyzed (32). However, because the aver-
age numbers of foci per well are comparable between the different
conditions tested (anti-E2 and IgG, 	36 foci per well; all other
scenarios, 	38 foci per well; Wilcoxon test, P � 0.5), we can
assume that this did not affect our comparisons of the efficacies of
different antibody treatments on cell-to-cell spread. For longer
experiments monitoring more extensive focus expansion, even
less virus per square millimeter of cell monolayer could be inocu-
lated to allow more room for individual foci to grow. Additionally,
live cell imaging and/or counting the number of foci at subsequent
time points over the course of the experiment would help to de-
termine if merging of individual foci occurs (e.g., focus number
would decrease over time).

Despite the difficulties and limitations of mathematical models
in capturing the dynamics of individual focus growth, estimates of
focus growth rates obtained by the birth and the boundary models
describing size-dependent focus growth represent the potential
upper and lower limits of the actual growth rates, respectively.
Importantly, when various inhibitors targeting different host cell
factors are assessed, both the birth and the boundary models in-
dicate the same hierarchy of cell-to-cell inhibition, with blocking
of CLDN1 reducing focus expansion the most, followed by
NPC1L1, TfR1, and finally CD81 (Fig. 5C). As foci up to a size of
k � 2 cells could be solely due to cell proliferation (Table 2),
antibodies against CLDN1 and NPC1L1 may in fact block all cell-
to-cell transmission of infection, given the observed focus sizes in
these scenarios. Blocking TfR1 either with an antibody or a small-
molecule inhibitor does not exhibit as great a reduction of focus
expansion, consistent with TfR1 being less essential for cell-to-cell

transmission of HCV. Likewise, our anti-CD81 data suggest that
CD81 is not absolutely required for HCV cell-to-cell spread; how-
ever, further analysis with additional antibodies or other types of
CD81-targeted inhibitors is needed to resolve the ongoing debate
(6, 13, 14, 16) regarding the involvement of CD81 in HCV cell-to-
cell transmission.

In summary, in the current study we developed stochastic
models to explain the dynamics of HCV spread in an in vitro focus
expansion assay and to quantify the effect that blocking specific
host factors has on cell-to-cell spread. This mathematical ap-
proach confirms that our anti-E2 treatment blocks cell-free infec-
tion and indicates a hierarchy of effectiveness of the tested entry
factor-targeted inhibitors in slowing focus expansion/cell-to-cell
viral spread. This type of approach could be used to quantify in
vitro cell-to-cell transmission of other viruses and to determine
the effectiveness of antivirals on blocking viral cell-to-cell spread.

APPENDIX
Detailed derivation and calculation of the state probabilities for the
boundary model. Here, we prove the state probability of observing a
focus of size k at time t for the boundary model as defined in equation 7.
For simplicity, we assume that the first cell of the focus was infected at time
t0 � 0. Given �1 � �, the probability of observing a focus of size k � 1 at
time t, p1(t), is given by

p1(t) � e��t (A1)

As given in equation 7, the general probability of observing a focus of
size k at time t, pk(t), k � 2, is then defined by

pk(t) � �
j�1

k

ak,je
�	j�t for k � 2 (A2)

To prove equation A2, we can use the following relationship between
pk(t) and pk � 1(t). To observe a focus of size k � 1 at time t, the focus needs
to have expanded to a size k by time s � t, one additional cell must become
infected at time s with rate �k, and there must be no further expansion of
the focus until time t. Thus, the probability of observing a focus of size k �
1 at time t, pk � 1(t), is defined by

pk�1(t) � �
0

t

pk(s) �ke
�k�1(t�s)ds (A3)

The proof that equation A2 holds true for all k  � follows by induc-
tion. With equation A3 and equation A1, it is easy to show that equation
A2 holds for k � 2. For k � 1, we then obtain

pk�1(t) � �0

t
pk(s)	k�e�	k�1�(t�s)ds

�	k�e � 	k � 1�t �
j�1

k

(�1)k�1 �
i�1,i
j

k  	i

	j � 	i�
� j

k �0

t
e���	j�	k�1�sds

� e�	k�1�t �
j�1

k

(�1)k �
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j

k  	i

	j � 	i�
	j
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��
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k

(�1)k � j
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��
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k � 1 �
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� �
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Thereby, the last equation follows, as

�
j�1

k

(�1)k� j

k � 1 �
i�1,i
j

k�1  	i

	j � 	i�
� (�1)k�1 �

i�1

k  	i

	k � 1 � 	i� � ak�1,k�1

With this, equation 7 has been shown.
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