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Abstract
Herpes Simplex Virus-2 (HSV-2) is a sexually transmitted infection that is the leading cause of genital
ulcers worldwide. Infection is life long and is characterized by repeated asymptomatic and
symptomatic shedding episodes of virus that are initiated when virus is released from neurons into
the genital tract. The pattern of HSV-2 release from neurons into the genital tract is poorly understood.
We fit a mathematical model of HSV-2 pathogenesis to curves generated from daily quantification
of HSV in mucosal swabs performed from patients with herpetic genital ulcers. We used virologic
parameters derived from model fitting for stochastic model simulations. These simulations
reproduced previously documented estimates for shedding frequency, and herpetic lesion diameter
and frequency. The most realistic model output occurred when we assumed minimal amounts of
daily neuronal virus introduction. In our simulations, small changes in average total quantity of
HSV-2 released from neurons influenced detectable shedding frequency, while changes in frequency
of neuronal HSV-2 release had little effect. Frequent HSV-2 shedding episodes in humans are
explained by nearly constant release of small numbers of viruses from neurons that terminate in the
genital tract.
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Herpes Simplex Virus-2 (HSV-2) is a widely prevalent sexually transmitted infection that is
the leading cause of genital ulcer disease (1), and is a risk factor for human immunodeficiency
virus-1 (HIV-1) acquisition and transmission (2,3). Initial infection results in viral replication
in epithelial cells of the genital tract and spread into innervating peripheral neurons. The virus
is not cytopathic to neurons and exists indefinitely in the nuclei of neurons within the dorsal
root ganglia in a protected state termed “latency” (4). Virus is released from the neurons back
into the genital tract during “reactivations”.

Until recently, a common view of HSV-2 pathogenesis was that reactivations occur one to two
times per month, and almost always result in a genital ulcer (5). Recent work with intensive
sampling methods and sensitive assays for HSV DNA by polymerase chain reaction (PCR)
indicates that most people who exhibit antibodies to HSV-2 in their blood shed virus frequently
in the genital tract (6). “Viral shedding”, or detection of virus in the genital tract by culture or
PCR, is characterized by distinct “shedding episodes” that are preceded and followed by
periods in which HSV is not detected. Eight-five percent of shedding episodes are “subclinical”
or “asymptomatic” and are not perceived by the infected host (7), despite the presence of virus
from genital swabs. Sixty percent of shedding episodes last less than 12 hours, implying rapid
production and clearance of virus in the genital mucosa (7).

There is substantial heterogeneity among patients regarding frequency of subclinical episodes
(6,8) and “recurrences” which are shedding episodes associated with a genital lesion (9). While
individuals who have recurrences also experience subclinical episodes (7), many infected
persons who exhibit antibodies to HSV-2 only shed virus asymptomatically (8). Factors that
influence shedding frequency in an individual or among individuals are poorly understood.
Studies in animals indicate that quantity of virus in ganglia, as well as host responses can
influence reactivation frequency (10,11). However, the relevance of animal models to human
HSV infection is unclear. Because asymptomatic shedding can lead to HSV-2 transmission
(12), determinants of shedding frequency are important to understand.

Mathematical models are useful tools to evaluate the interplay between host and viral pathogens
and model findings can be informative to the practicing clinician. The original HIV-1 models
estimated extremely rapid production and clearance of HIV-1 during plasma virus steady state,
which necessitates the need for multiple antiviral medications to avoid drug resistance; other
models predicted the existence of a latently infected pool of cells with slower turnover and
viral production, making cure of HIV a daunting prospect (13–15).

In this article, we describe a stochastic mathematical model of mucosal HSV-2 infection. The
model utilizes experimentally-derived virologic data pertaining to mucosal HSV-2
reactivation, and a wide array of clinical data on the frequency, pattern and duration of human
HSV-2 infection in immunocompetent persons. Our results indicate that release of only a few
HSV viruses per day is sufficient to initiate subclinical and clinical shedding episodes, and that
overall quantity of neuronal virus release per unit time, rather than frequency of neuronal
reactivation, is a dominant factor in determining the frequency of HSV-2 shedding.

Results
Model of the mucosal reactivation pattern in patients with recurrent HSV-2 infection

We achieved good fit between curves generated from the deterministic form of our
mathematical model, which included parameters of viral replication and infection as well as
parameters of CD8+ T-cell response (Fig. 1), and empirical measures of viral expansion and
clearance during herpetic genital lesions. We achieved good fit to all 89 patient curves derived
from swabs of the entire anogenital tract, and all 15 patient curves derived from lesion-only
swabs (Fig. 2, Fig. S2). We were unable to fit a deterministic form of the model, which included
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parameters of viral replication and infection but no parameters of CD8+ T-cell response, to 20
patient-derived curves in which this was attempted (Fig. S3), confirming that host immune
response is an essential component of the empirically observed pattern of genital shedding.

The measured HSV copy number was identical in concurrently performed anogenital and
lesional swabs in 11 out of 15 patients on each day of sampling, and differed by less than one
log in no more than 2 data points in the other 4 patients. Parameter values derived from curve
fitting to anogenital swab data and lesion-only swab data, from concurrent swabs on the same
patient during a genital HSV lesion, were the same in all 15 cases.

Parameter estimates from the deterministic model-fitting highlight key features of pathogenesis
(Table 1). First, considerable variability was noted among patients. For example, model-
derived estimates of viral infectivity differed among patients by as much as a factor of eight.
Second, viral lifespan was brief (1.5 – 3 hours) implying rapid viral turn over in the genital
tract. Finally, the model predicted that epithelial cells burst after a median of 8807 HSV DNA
copies are produced within the cell, provided the cell avoids being killed by CD8+
lymphocytes. Thus, a single epithelial cell can release 170 times more viruses than was released
by all of the sensory neurons in the area during a single day [(50 HSV DNA copies per day
(see below)]. Therefore, amplification of sufficient virus to produce a detectable shedding
episode occurs mainly by means of viral replication within and release from epithelial cells.

Stochastic model simulation output
We evaluated how closely the model with parameters of viral replication and CD8+ lymphocyte
dynamics, predicted variability that we observed in subclinical and clinical reactivation
patterns from prospectively studied patients. Empiric patterns of viral shedding were
reproduced when we simulated the stochastic model over a year. Each simulation demonstrated
episodes that varied in duration, frequency and severity (Fig. 3D–F). HSV-2 shedding patterns
resembled those gathered prospectively from patients who underwent anogenital swabs every
six hours for sixty-days (Fig. 3A–C). Stochastic simulations using the model that lacked terms
for CD8+ lymphocyte response, resulted in persistent rather than episodic viral production
from epithelial cells (Fig. S4A). This simulated shedding pattern is not consistent with the
typical pattern of HSV-2 shedding in an immunocompetent host.

Reflecting observed variability in reactivation patterns of HSV-2 infection, the ranges of
outcomes generated from 445 model stochastic runs of the CD8+ lymphocyte inclusive model,
were broad and consistent with previously defined outcomes in patient cohorts (Table 2). The
median values for percent of time shedding greater than 50 HSV-2 copies (21%), and peak
estimated lesion diameter (7.2 millimeters) per year were virtually equivalent to those in the
literature (20.5% and 8.7 millimeters, respectively).

Failure to detect the briefest shedding episodes
The model predicted a higher number of shedding episodes per year and lower percent of
episodes that result in clinical recurrences, than has been previously reported from studies in
patients (Table 2) (6,7). Thus, the model suggested that subclinical reactivation might be even
more frequent than current empirical data suggest. We previously demonstrated that sampling
frequency influences number of detected subclinical episodes (7). We therefore performed an
additional run of the model using mean values of each parameter with continuous simulated
sampling (1000 samples per day) versus simulated sampling every six-hours. Although
frequency of shedding greater than 50 copies was equal under both modeled conditions
(19.69% versus 19.66%), continuous sampling predicted more episodes lasting six hours or
less (43 versus 21), more total episodes (56 versus 34), and a lower proportion of clinical
episodes (5.4%[3/56] versus 8.8%[3/34]). Episodes that were missed with simulated sampling
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every six hours were 1.5 to 4 hours long. Thus, the model suggests that greater numbers of
subclinical episodes of HSV-2 reactivation would be detected if we sampled patients every
hour.

If a limited number of epithelial cells become infected, then viruses may not reach the skin
surface because not enough cells die to create a micro-ulceration. In this circumstance, model
simulations would again describe brief episodes that are not documented clinically with PCR
swabs. We have described the existence of such episodes in PCR sampling from biopsy
specimens (16). We re-examined the above 365-day stochastic simulation to measure the
impact of this phenomenon on model output: if episodes with no more than one infected cell
at any point in time (31/43) were not counted in our analysis, the model predicted that 25%
(3/12) of detectable episodes were lesional compared to 15% in the clinical literature (7).

Distinctions between subclinical shedding episodes and recurrences based on number of
cells infected

Detailed analysis of a 365-day stochastic simulation suggested three types of shedding episodes
that we define as low-copy (<104 copies HSV/mL), medium-copy (104–106 copies HSV/mL)
and high-copy or lesional (>106 copies HSV/mL). These types of episodes are observed in
patients (Fig 3A–C). However, our model simulations allow for a more detailed analysis of
their structure: during the many low-copy episodes, very few cells were infected, duration of
shedding was brief, and HSV copy number was low; medium-copy episodes were less frequent
and characterized by higher number of infected cells, longer shedding duration and higher copy
numbers of HSV. Medium-copy episodes accounted for the largest proportion of time with
detectable shedding; during high-copy episodes, enough cells were killed to generate a lesion
diameter of greater than two millimeters (Table 3).

In our simulations, the total number of infected cells and viruses generated over the course of
an entire medium or high copy episode were higher than the peak instantaneous number of
infected cells and peak number of viruses during the episode because turnover of infected cells
and viruses was extremely rapid. The average lifespan of infected cells was considerably
shorter than the several days during which a lesion forms and heals. Even during large lesions,
only a small percentage of the total number of infected cells over the course of the episode was
infected at any point in time. Similarly, average lifespan of a virus during this simulation was
only 2.7 hours (Table 3). The model predicted that viral production and clearance were rapid
during the first two days of a high-copy episode. HSV DNA copy number was approximately
1.4e7 and number of infected cells was approximately 21,000 at the time of lesion detection
(> 2 mm diameter) during a typical genital lesion simulation, while total number of HSV DNA
copies and infected cells produced before lesion detection was 3.3e7 and 93,500 respectively
(Fig S5A, B).

High variability in shedding frequency due to small variations in neuronal introduction rate
of virus

Model simulations with rate of neuronal virus introduction of 50 copies per day per 2-
centimeter diameter surface area generated numerous shedding episodes and realistic ranges
of outcomes. The average ratio of viruses produced by epithelial cells versus neurons in 445
simulations was 103.5 (range for individual simulation: 101.3, 106.1). Higher ratios occurred
during simulations with large lesions. An average of one out of every 241 (range: 65, 1088)
viruses infected an adjacent epithelial cell.

Reduction in HSV-2 release rate from neurons to 25 copies per day in our simulations led to
a decrease in shedding frequency (Fig. 3E, Fig. 4A), while an increase to 100 copies per day
had the opposite effect (Fig. 3F, Fig. 4A). Subclinical and clinical shedding episodes occurred
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when we ran simulations with as few as two HSV copies per day in the model area. There was
only limited alteration in shedding frequency when we altered pattern of viral introduction
from the neuronal tissue (even when virus was introduced as infrequently as every 2 weeks),
provided that average amount of virus added per day remained the same (Fig. 4B and C).

Discussion
We present a stochastic model of mucosal HSV-2 pathogenesis that closely reproduces the
pattern of actual HSV-2 genital shedding and measurement-based estimates of shedding
frequency (6,7,17), annual clinical recurrences (8,18), peak copy number during episodes (6,
7), duration of shedding episodes (8,19), and lesion diameter (20). The output from our
stochastic model mirrors the substantial variability in HSV-2 shedding frequency and clinical
recurrence among patients and within the same patient over time (7,8,21). Although HSV-2 is
detectable in the genital tract on a median of 20% of days, the range within the 95% of
seropositive patients who shed HSV-2 during 6–12 weeks of observation is 0–78% of days
(6). Our model generates similar heterogeneity within patients by virtue of its stochastic nature,
and among patients as a result of patient-to-patient differences in parameters that determine
viral replication, viral spread and cytolytic immune response.

Our simulations suggest that genital HSV-2 infection represents a highly dynamic system in
which viral particles are frequently but slowly introduced into the genital area in very low
numbers by sensory neurons, and periodically released in an explosive fashion by infected
epithelial cells. Once an epithelial cell produces a burst of viral particles, these particles have
a few hours to infect contiguous cells before losing infectivity. Whether any of the hundreds
of particles released from the first infected cells are able to infect surrounding cells and initiate
a chain reaction of infection determines which of three distinct shedding episodes will ensue:
(i) a brief low-copy episode, (ii) a more prolonged subclinical, medium-copy episode, or (iii)
a high-copy episode associated with a clinically apparent genital lesion.

In our model, no more than a single epithelial cell is infected at any point in time during many
low-copy shedding episodes. These smallest reactivations are the most likely to be missed with
current methods of detecting shedding. First, if a tiny number of nucleated epithelial cells are
infected during an episode, then only cells at the dermal epidermal junction will produce HSV:
viruses may never reach the skin surface, and will not be detected, even with well-timed
sampling. Second, because most low-copy shedding episodes are brief, many are missed with
every six-hour swabbing protocols. Our model’s output reinforces our observation that current
estimates of shedding frequency with every 6-hour sampling are accurate (7,17,18), but implies
that measures of number of detectable shedding episodes per year are likely to be
underestimates.

Medium-copy episodes may be responsible for person-to-person transmission because,
although not enough epithelial cells die to generate a visible lesion, shedding is prolonged. In
addition, there is a much higher inoculum of HSV-2 during a medium than a low-copy episode.
High-copy episodes create enough infected cells to generate a detectable lesion. Lesions used
for our curve fitting all were associated peak copy numbers greater than 106. Fitting results
were equivalent whether we used anogenital or lesion only swabs. This does not rule out
concurrent HSV shedding at other anogenital sites during a genital lesion. Rather, the amount
of virus produced at the lesion site so far exceeds that from other subclinical shedding sites
that curve fitting is not affected, and swabs of the entire anogenital region are adequate for this
study.

In order to initiate shedding episodes in epithelial cells of the genital mucosa, our model
suggests that miniscule numbers of viruses must be introduced from the neuronal tissue per
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day. Moreover, the vast majority of detectable viral DNA in the genital tract appears to be of
epithelial cell origin, rather than from neurons. Several clinical phenomena are potentially
explained by a slow but steady release of HSV from genital tract neurons. The low amount of
neuronal virus required for disease and transmission might explain why neurons survive HSV-2
infection, and why peripheral neuropathy is not a disease manifestation (22). The prodromes
that often precede ulcer formation are conventionally thought to result from travel of viral
particles down the neuron (20). However, asymptomatic episodes, which lack prodromes, also
occur after neuronal reactivation. Our model suggests that prodromes could possibly be from
high levels of viral replication among epithelial cells early during recurrence and prior to lesion
detection. The frequent pattern of neuronal viral release might also explain why currently
available DNA nucleoside analogues prevent recurrences more than sub-clinical shedding
episodes and transmissions (6,23). Recurrences occur over several days. Therefore, high levels
of an antiviral medication that is dosed on a daily basis are certain to coincide with early lesion
formation. However, because viral release from neurons is so frequent, even brief periods with
sub-therapeutic drug levels might be sufficient to allow for shedding episode initiation.

Even small, modeled variations in neuronal virus introduction rate have a dramatic impact on
detectable shedding frequency. Determinants of neuronal viral production remain unclear but
may include ganglionic lymphocyte infiltration, cytokine production, and immune response to
primary HSV-2 infection (10,11,24,25). These mechanisms likely determine the rate of virus
release into the genital tract, which in turn predicts shedding frequency in our model. If the
number of viruses produced from the neurons is below a certain threshold, then shedding
episodes are rare. This scenario may explain findings in six patients with HSV-2 directed
antibodies who appear to never shed virus (26). If over 200 copies of HSV are shed from
neurons per day in our simulations, then detectable shedding from infected epithelial cells is
present over 50% of the time. This result suggests a mechanism for persistent shedding
described in immunocompromised patients, as well as a subset of immunocompetent patients
(6,27).

It was once common wisdom that infectious HSV-2 particles are only periodically introduced
into the mucosa from neuronal tissue, and that these reactivations almost always caused genital
lesions (5). Because initiation of an HSV-2 shedding episode implies that ganglionic
reactivation recently occurred, reactivation must be at least as common as episode frequency.
Recent work documenting sub-clinical detection of HSV-2 in the genital mucosa on 20% of
days suggests that reactivation occurs at least this often (7). Our model is consistent with
another study that concluded that HSV-2 release from sacral ganglia is likely to occur much
more frequently than actual HSV-2 detection (17). Our findings also suggest that a constant,
extremely slow release of infectious viruses from sensory neurons can explain localized HSV-2
shedding episodes in the genital mucosa. The same net amount of virus, whether introduced
on a continuous, daily, weekly or bi-weekly basis in our model, causes the same frequency of
detectable virus. The key periodic event in HSV-2 shedding may not be release of HSV-2 from
the neurons, which is possibly a constant, low-grade process, but rather infection of a first
epithelial cell that denotes episode initiation.

Our model has important limitations. First, the mucosal immune compartment involves innate
and humoral processes not included in our current model for lack of adequate in vivo data.
Since our model accurately reproduced true clinical outcomes, these immunologic phenomena
are at least partially captured within included model parameters such as viral lifespan,
infectivity, and burst phase. Second, our model oversimplifies kinetics of the infected cell in
its progress towards death. There is more viral production over time as transcriptional activity
is up-regulated (28), and HSV-2 may inactivate the cytolytic immune response against the
infected cell as infection progresses (29). With accrual of more precise laboratory and clinical
data, we hope to incorporate these relevant concepts of viral replication into the model.
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Despite the model’s oversimplification of viral pathogenesis, we include a high number of
parameters and we may have arrived at local optima for estimates of certain parameter values.
Nevertheless, we incorporated the minimum possible number of parameters to describe HSV-2
shedding in the genital tract: exclusion of basic CD8+ T-cell parameters resulted in poor model
fit to empirical data. In addition, our parameter estimates are from several sources and are not
all disease or host specific. Increasing the complexity of the model and detail of empirical data
for model fitting will inevitably change certain parameter estimates, although the fundamental
concepts described here will likely remain intact. Our conclusions are model-derived and
represent hypothesis generation. Future studies should focus on validating our findings
experimentally and clinically, and will inform more detailed permutations of our model.

The findings of our model suggest a formidable challenge in controlling HSV shedding and
person-to-person transmission. In persons infected with HSV, successful antiviral medication
or immunotherapy will need to completely eliminate the frequent trickle of HSV from the
neurons into the genital tract. A vaccine that is effective in promoting mucosal immunity may
limit recurrences only, while elimination of both asymptomatic shedding and recurrences may
require immune activation in both neurons and genital mucosa.

Materials and Methods
Model format

We developed a model to evaluate the pathway of mucosal HSV reactivation from release of
viral particles at the neuro-epithelial junction to development of mucosal ulceration (Fig. 1).
The model’s ordinary differential equations describe infection of susceptible epithelial cells
(S), release of virus (Y) from infected neurons, release of virus (Z) from infected epithelial
cells (I), and clearance of infected cells by CD8+ lymphocytes (E). Each model parameter has
a specific influence on these variables at a certain stage of pathogenesis. Estimates and sources
for parameter value ranges that determine the rate of change for the variables S, I, Y, Z and E
are listed in Table 1 and described in the SM.

Model fitting to patient data
To estimate model parameters during an HSV-2 shedding episode associated with a genital
lesion, we employed a deterministic form of our model that we fit to empirically derived data
from patients with clinically, serologically and virologically documented recurrent HSV-2
infection. The data were obtained from natural history studies of genital HSV-2 in which
quantitative HSV PCR was collected on a daily basis from the entire anogenital tract of 81
patients with a genital ulcer (Fig. 2) (8,30,31). We solved our ordinary differential equations
for unknown parameter values using nonlinear least-squares regression (SM). Based on
inclusion criterion, we used 89 of 115 curves from 64 patients for our analysis (35 male/54
female, 18 penile/45 vulvar/26 peri-anal) (SM). Fifteen of 89 curves were derived separately
from swabs of the entire anogenital tract and lesion-only swabs: we calculated parameter
estimates for each of these curves.

Stochastic model simulations
Once parameters were estimated for the 89 curves, we converted the model to a stochastic
stage-structured form with unchanged compartmental structure (SM) (32). The advantage of
the discrete stochastic system is that by allowing for only integer values of variables and run-
to-run heterogeneity, it highlights variability of infection over time, and functions well when
small numbers of cells are initially infected. We ran the model for 365 days on five occasions
for each set of 89 patient parameters to allow for average measurements of outcomes (445
simulations).

Schiffer et al. Page 7

Sci Transl Med. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



For the 445 simulations, we selected outcomes for clinical and epidemiologic relevance.
Possible transmission surrogates included a) percentage of time with > 50, and >1000 HSV-2
copies/mL, and b) shedding episodes (>50 copies) per year (33); surrogates for disease
severity included a) recurrences (>2 millimeter diameter lesions) per year, and b) highest
estimated lesion diameter during a year (millimeters). For each simulation, we measured
proportion of viruses produced from epithelial cells versus neurons, and proportion of viruses
that died before infecting another cell. We also ran the stochastic model with mean values of
the 89 sets of derived parameters to obtain detailed measures of total numbers of cells, and
viruses produced during individual subclinical and clinical (> 2 millimeter diameter) shedding
episodes.

Neuronal patterns of introduction
To assess effect of neuronal introduction rate on shedding frequency, we adjusted rate of
neuronal virus introduction to 25, 50 and 100 viruses per day. For these simulations, we used
mean values of 89 patient-derived parameters from curve fitting (Table 1). For each
introduction rate, we ran the model ten times accounting for 30 simulations.

We also introduced HSV into the genital mucosa at different frequencies to simulate different
rates of ganglionic reactivation (continually, every twelve hours, daily, every three days,
weekly or bi-weekly). To isolate the effect of frequency of introduction, we held total amount
of HSV-2 per day constant at 50 or 25 copies per day for each change in frequency.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cartoon diagram of model. S = Susceptible epithelial cells; I = Infected epithelial cells; E =
CD8+ lymphocyte cells; Z = Viral particles from infected epithelial cells; Y = Viral particles
from the neuronal bed. Green = sensory neurons.
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Figure 2. The deterministic form of the model achieves good fit with empiric data from lesional
swabs
Four examples of deterministic model curve fitting to mucosal HSV-2 shedding curves with
daily serial quantitative PCRs performed on anogenital lesions. Actual patient quantitative
HSV PCR data from anogenital swabs (blue circles) and lesional swabs (orange triangles)
performed during herpetic lesions, and deterministic model fits (red lines).
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Figure 3. In a stochastic form, the model generates shedding patterns that resemble those from
actual patients
(A, B, C) Actual patient HSV-2 shedding patterns over 60 days (x axis) with anogenital swabs
performed every 6 hours. Red line, log-10 HSV-2 DNA/mL transport medium. Green line,
symptoms present. Blue line, lesion present. Arrow 1, high-copy episode. Arrow 2, medium
copy episode. Arrow 3, low-copy episode. (A) There is 1 high-copy episode, no medium-copy
episodes, 11 low-copy episodes episode, and 22.0% detectable shedding. (B) There are 3 high-
copy episodes, 3 medium-copy episodes, 21 low-copy episodes, and 34.8% detectable
shedding. (C) There are 3 high-copy episodes, 4 medium-copy episodes, 4 low-copy episodes
and 39.3% detectable shedding. (D, E, F) Variations in the number of HSV particles
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introduced by neurons per day (φ) directly affect frequency of shedding and number of
reactivations. Sixty-day stochastic model simulations using mean model-derived parameters
from Table 1. Red line, log-10 HSV-2 DNA/mL transport medium. Green line, log-10 infected
cells. Arrow 1, high-copy episode. Arrow 2, medium copy episode. Arrow 3, low-copy episode.
(D) Neuronal release rate is 50 HSV-2 copies per day per 2-centimeter model area. There is 1
high-copy episode, 2 medium-copy episodes, 13 low-copy episodes, and 22.9% detectable
shedding. (E) Neuronal release rate is 25 copies per day per 2-centimeter model area. There is
1 high-copy episode, 1 medium-copy episodes, 6 low-copy episodes and 16.9% detectable
shedding. (F) Neuronal release rate is 100 copies per day per 2-centimeter model area. There
is 1 high-copy episode, 2 medium-copy episodes, 22 low-copy episodes and 36.9% detectable
shedding.
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Figure 4. Determination of the detectable shedding of HSV-2 in the genital tract by average amount
of HSV-2 introduced from sensory neurons into the genital tract per day
The pattern of reactivation from the sensory neurons has minimal effect on detectable HSV-2
shedding frequency provided that the average amount of HSV-2 per day is unchanged. (A)
Simulations of constant HSV-2 introduction at rates of 25, 50 and 100 copies per day per 2-
centimeter diameter area (~ 1, 2 and 4 copies HSV per hour) with percent of time with detectable
shedding > 50 copies, > 1000 copies and > 10000 copies HSV/mL medium as outcomes. (B)
Simulations of introduction of HSV-2 into the genital tract at an average rate of 50 copies per
day per 2-centimeter diameter area with different patterns of viral introduction (constant versus
bolus introductions twice daily, daily, every three days, weekly or bi-weekly). (C) Simulations
of introduction of HSV-2 into the genital tract at an average rate of 25 copies per day per 2-
centimeter diameter area with different patterns of viral introduction (constant versus bolus
introductions twice daily, daily, every three days, weekly or bi-weekly). For each example, we
performed ten simulations for each set of parameters to provide a range of shedding frequency.
Boxes represent intra-quartile range (IQR). Whiskers represent the furthest data point, or
1.5*IQR below or above the quartile, whichever is closer. Dots represent data points more than
1.5*IQR above or 1.5*IQR below the quartile.
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Table 1

Model parameter range estimates from the literature, and model-derived parameter estimates from 89 curve fitting
exercises.

Parameter Units Range in literature (ref)
Model estimates:
Mean, [% range]

Viral infectivity: (1/(β*S0)) Virion-days per
infected cell

3 – 69(34) 19.3 [6.4, 53.3]

Infected cell DNA burst size: (p/a) p = Per cell per
day
1/a = Days

p=1000–26700
1/a =0.75–0.83 (35–37)

8807 [4241, 15098]

Viral life span: (24/c) Hours 0.25 – 3 (38) 2.4 [1.5, 3]

Peak CD8+ lymphocyte
production rate: (θ)

CD8+ cells per
day

0.98 – 3.1 (39) 1.68 [0.98, 2.62]

CD8+ antigen recognition: (r) Infected cells 5–200 63 [5,157]

CD8+ killing efficiency: (f) Infected cell per
CD8+ cell per day

0.001 – 0.2(40–43) 0.0081 [0.0011,0.016]

Initial CD8 level (E0) CD8 cells 1000 – 15000(16,44) 2053 [1000, 3092]

Neuronal viral production (φ) Virions per day 1 – 2000 --

CD8+ mucosal lifespan: (1/δ) Days 12–28 (16) --
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