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Understanding the dynamics of acute viral infection is crucial for developing strategies to prevent and control
infection. In this study, lentiviral dynamics in a host without adaptive immunity were examined in order to
determine kinetic parameters of infection and quantify the eﬀect of neutralizing antibodies in preventing infection, using mathematical modeling of data from equine infectious anemia virus (EIAV) infection of horses
with severe combined immunodeﬁciency (SCID). Estimated parameters were used to calculate the basic reproductive number and virus doubling time and found that the rate that antibodies neutralized virus was ~18
times greater than the virus clearance rate. These results establish EIAV replication kinetics in SCID horses and
the minimal eﬃcacy of antibodies that blocked infection. Furthermore, they indicate that EIAV is at most mildly
cytopathic. This study advances our understanding of EIAV infection and may have important implications for
the control of other viral infections, including HIV.

1. Introduction
The dynamics of acute lentivirus infection have not been fully understood. In particular, viral kinetics independent of adaptive immune
responses have not been elucidated but can inform eﬀective vaccine
development. Here we determine estimates of kinetic parameters of
acute lentivirus infection in a host without adaptive immunity and
quantify the eﬀects of antibody infusions that prevented viral infection.
Equine infectious anemia virus (EIAV) is a macrophage-tropic lentivirus
that establishes a persistent infection in horses and ponies (Issel et al.,
2014; Maury and Oaks, 2010). While EIAV infection typically induces
an eﬀective adaptive immune response including cytotoxic T lymphocytes (CTL) and antibodies (Cook et al., 2013; Mealey et al., 2005,
2003), horses with severe combined immunodeﬁciency (SCID) lack
functional B and T lymphocytes and therefore completely lack the
ability to mount these responses to infection (Taylor et al., 2010, 2011).
Thus, kinetic analysis of EIAV dynamics in SCID horses provides a unique opportunity to study the dynamics of viral infection and to estimate infection kinetics in the absence of CTL and antibody

⁎

involvement. Using these results, we are able to quantify the eﬃcacy of
neutralizing antibody infusions that can block infection.
Our previous studies document the time course of early EIAV infection in SCID horses and demonstrate the protection from infection of
a SCID horse by passive transfer of broadly neutralizing antibodies
(Taylor et al., 2010; Mealey et al., 2008). In the present study, EIAV
infection dynamics in these SCID horses were examined using mathematical modeling in order to investigate viral growth kinetics in the
absence of adaptive immunity and to estimate the eﬀect of the antibodies that inhibited infection. The kinetic estimates were used to
calculate the basic reproductive number, virus doubling time, and
steady state values for viral load, uninfected target cells, and infected
cells. Due to the availability of this rare data set of viral loads in the
complete absence of T and B cell-mediated immune responses, this
study provides estimates of key parameters of lentivirus dynamics in
vivo without the interference of adaptive immunity. Such estimates
may have considerable implications for understanding the dynamics of
other lentiviral infections, including human immunodeﬁciency virus
(HIV-1) (Cook et al., 2013; Sponseller et al., 2007). Moreover, our
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3. Results

estimate of the eﬃcacy of infused antibodies that can prevent infection
may be useful in vaccine development.

Parameter estimates for infection rate (β), death rate of infected
cells (δ), virus production rate (b), and viral clearance rate (γ) were
determined for each unprotected horse. These parameter estimates,
along with 95% conﬁdence intervals and the median values across all
horses, are given in Table 1. Of note, these values were calculated with
the beneﬁt of frequent sampling during early infection (median number
of data points before viral peak = 12). To our knowledge, no similar
study has included this many data points before peak viremia in acute
infection. Furthermore, these parameter estimates are independent of
the contributions of adaptive immune mechanisms such as CTL killing,
neutralization by antibodies, and inhibition by CD8-derived soluble
factors (Cocchi et al., 1995; Klatt et al., 2010; Levy, 2015; Mosoian
et al., 2010; Saksena et al., 2008). Previously, an appropriate data set
that could be utilized to yield quantitative estimates of infection kinetics in the absence of adaptive immunity was unavailable.
Fits of the model (lines) to the data (points) are shown in Fig. 1.
There is excellent agreement between the model and the data. The
model ﬁts identiﬁed a trend in the dynamics in which the viral load
increased exponentially and then saturated, reaching a plateau (or
steady state) at the peak virus load, around 106 or 107 vRNA copies/ml.
Notably, it is a valid question why virus replication does not continue to
increase in the absence of adaptive immune responses. These trends
indicate that adaptive immunity is not essential to limit the exponential
viral growth during acute EIAV infection in SCID horses. The leveling
oﬀ of the growth could be due to target cell limitation or innate immune
responses.
The median estimate for the infected cell death rate, δ, was 0.057/
day, which indicates that infected cells turned over in about 18 days,
implying only a slight reduction in cell lifespan due to infection, since
uninfected cells turn over in 21 days (ρ = 0.048/day (Valli, 2007),
Table 1). Because the conﬁdence interval for δ includes 0.048 in six of
the seven horses, we also report parameter estimates obtained assuming
equal infected and uninfected cell death rates (i.e., δ = ρ = 0.048/day)
(Table 1). There was little evidence against this constrained model in
any of the horses (F-test p-value > 0.05 for each horse). Therefore, all
subsequent results are shown for the model assuming equal death rates
δ = ρ = 0.048/day. Model simulations using these median values from
Table 1 are shown in Fig. 1 (bottom right panel). Together, these results
imply that EIAV infection in SCID horses is at most mildly cytopathic,
certainly less cytopathic than other lentiviruses studied in immunocompetent hosts (Staﬀord et al., 2000). A modest cytopathicity is
plausible because the evidence for macrophage cytopathicity caused by
EIAV in vivo is not deﬁnitive, and SCID horses lack CTLs to kill infected
cells. In vitro, EIAV can kill some of the cell types it infects but not
others (Maury et al., 2003; Rasty et al., 1990). In vivo, the extent of
EIAV-induced infected cell lysis in either SCID or immunocompetent
hosts needs further study.
The basic reproductive number, R0, which indicates the average
number of cells infected by a single infected cell when uninfected cells
are not limiting (Staﬀord et al., 2000; Bonhoeﬀer et al., 1997), was
calculated to be

2. Methods
To mathematically model the viral load data, the following basic
model of viral infection was considered (Perelson and Ribeiro, 2013;
Neumann et al., 1998; Nowak and Bangham, 1996; Perelson et al.,
1996):

dM
= λ − ρM − βMV
dt

dI
= βMV − (δ + σ ) I
dt
dV
= bI −(γ + α ) V
dt
The target cells of EIAV infection are primarily tissue macrophages
(Harrold et al., 2000; Oaks et al., 1998; Sellon et al., 1992). Uninfected
target cells are represented by M. The model assumes that these cells
become infected cells (I) at rate β following contact with EIAV (V).
Infected cells produce virus at rate b; the model accommodates the
possibility that viral particles either bud or burst. Uninfected target
cells arise at rate λ and die at rate ρ. Infected cells die at rate δ, and
virus is cleared at rate γ. We introduce σ and α to represent the eﬀects of
infected cell killing by CTLs and virus cleared by neutralizing antibodies, respectively.
To determine the values of the model parameters, we ﬁt the model
to plasma viral load data from seven Arabian SCID horses experimentally infected with EIAV (see Supplementary Material) (Taylor et al.,
2010; Mealey et al., 2008). For each horse, the model was ﬁt to data on
plasma viral load using nonlinear least squares data ﬁtting, as described
previously (Vaidya et al., 2010). Viral load measurements were taken
beginning the initial day of infection through 4–6 weeks post-infection
with sampling every few days. As part of previous studies, horses A2245
and A2247 received infusions of irrelevant control antibodies from an
uninfected immunocompetent horse (Taylor et al., 2010), and horses
A2193, A2199, A2202, A2205, and A2217 received infusions of EIAVspeciﬁc CTL clones that did not engraft (Mealey et al., 2008). Thus all of
these SCID horses were completely devoid of all EIAV-speciﬁc adaptive
immunity. Therefore, we take the infected cell killing by CTLs and the
virus clearance by neutralizing antibodies equal to zero (i.e., σ = α =
0) for these seven horses. An eighth horse (horse A2241) was infused
with plasma containing EIAV-speciﬁc neutralizing antibodies from a
long-term EIAV-infected immunocompetent horse, which protected
horse A2241 from EIAV challenge (see Supplementary Material)
(Taylor et al., 2010). As this horse showed protection from infection
due to EIAV-speciﬁc antibodies, we used σ = 0 and α > 0 to model viral
dynamics in this horse. All experiments involving animals in these
previously published studies were approved by the Washington State
University Institutional Animal Care and Use Committee.
We carried out an analysis to determine whether the model parameters we expect to estimate are uniquely identiﬁable for the available
EIAV viral load data. Based upon estimates derived from previous experimental studies (see Table 1 footnote 2), we ﬁxed the values of two
model parameters, λ (the uninfected target cell recruitment rate) and ρ
(the uninfected target cell death rate). Using the techniques of Wu et al.
(2008), we found that with λ ﬁxed and at least eight viral load (V) data
points, ﬁve parameters (β , ρ , δ , γ , b) of our model can be uniquely
estimated. Since we ﬁxed ρ using previously available data, and as we
have greater than eight viral load data points (average number of data
points per horse = 11), identifying four parameters, δ (the death rate of
infected cells), β (the infection rate), b (the virus production rate), and γ
(the virus clearance rate), in this study is feasible and does not violate
the conditions required for unique parameter identiﬁability.

R0 =

λβb
(δ + σ )(γ + α ) ρ

Values for R0 for each unprotected horse (σ = α = 0; i.e., no infected cell killing by CTLs (σ) nor virus clearance by neutralizing antibodies (α)) are shown in Table 2; the median value was 18.8. According to mathematical theory (Ribeiro et al., 2010), a value of R0 > 1
indicates that the infection establishes, consistent with the data. Another SCID horse A2241 (see Supplementary Material), which was infused with broadly neutralizing antibodies from a long-term EIAV-infected immunocompetent horse (Taylor et al., 2010), however, showed
no viral load and was protected from infection. The data from this horse
clearly indicate that the infection was prevented, implying R0 < 1. Note
109
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Table 1
Estimates of kinetic parameters of infection.a,b
Horse

Infection rate,β (× 10−7) (ml/(vRNA
copies*day))

A2245
0.94 (0.88–1.00)
A2247
1.98 (1.73–2.24)
A2193
4.08 (2.31–5.85)
A2199
3.20 (1.18–5.23)
A2202
1.77 (1.29–2.23)
A2205
4.52 (3.46–5.58)
A2217c
5.40 (2.68–8.12)
Median (IQR) 3.20 (1.88–4.3)
Estimates of kinetic parameters with δ = ρ = 1/21
A2245
0.94 (0.89–0.99)
A2247
2.11 (1.82–2.39)
A2193
4.06 (3.51–4.60)
A2199
3.25 (2.16–4.33)
A2202
1.86 (1.25–2.47)
A2205
5.09 (2.35–7.84)
A2217c
5.91 (4.51–7.32)
Median (IQR) 3.25 (1.99–4.58)

Infected cell death rate,δ
(/day)

Virus production rate,b (vRNA copies/
(cell*day))

Virus clearance rate,γ (/day)

0.06
0.06
0.05
0.06
0.06
0.07
0.07
0.06

2124 (2122–2125)
889 (879–898)
870 (849–890)
746 (670–823)
1294 (1281–1307)
507 (500–513)
101 (91–108)
870 (626.5–1091.5)

16.84 (16.65–17.04)
10.88 (9.58–12.17)
16.91 (13.73–20.08)
9.01 (1.21–16.78)
9.60 (7.81–11.39)
10.01 (9.22–10.77)
2.85 (1.58–4.12)
10.01 (9.31–13.86)

2267 (2265–2268)
505 (503–508)
846 (842–849)
646 (615–676)
379 (373–386)
108 (100–115)
92 (86–97)
505 (244–746)

17.82 (17.68–17.95)
6.73 (6.62–6.84)
16.31 (15.88–16.73)
8.02 (4.82–11.22)
2.82 (2.28–3.35)
2.33 (1.06–3.59)
2.94 (2.52–3.35)
6.73 (2.88–12.17)

(0.04–0.07)
(0.05–0.066)
(0.01–0.09)
(0–0.58)
(0.010–0.11)
(0.02–0.12)
(0.00–0.13)
(0.06–0.06)

1/21
1/21
1/21
1/21
1/21
1/21
1/21
1/21

a

Values and 95% conﬁdence intervals (in parentheses) were determined using DEDiscover software (http://www.dediscover.org).
The ﬁxed parameters λ (uninfected target cell recruitment rate) and ρ (uninfected target cell death rate) were set as follows: The value for λ, 2019 cells/(ml*day), was calculated
using λ = ρ*M0 (where M0 is the initial number of uninfected target cells (i.e., tissue macrophages)), as it is assumed that dM/dt = 0 before infection. The value for ρ, 1/21 per day, was
calculated using the estimate for a macrophage lifespan of 21 days (Valli, 2007). The value for M0 was estimated to be 42390 cells/ml as follows: Because this cell population arises from
monocytes in the circulation that enter the tissue and diﬀerentiate into macrophages, the average monocyte count in the peripheral blood of 4 SCID horses (measured as 353.25 cells/μl
(Mealey et al., 2008)) was multiplied by the rate of monocyte turnover in one day (due to dying or diﬀerentiating into tissue macrophages), which is 0.12 (Hasegawa et al., 2009). All
animals were inoculated IV with 106 TCID50 EIAVWSU5, a cell culture-adapted strain derived originally from wild-type EIAVWyo (Taylor et al., 2010; Mealey et al., 2008). The number of
vRNA copies that established infection, V0, 467 copies/ml, was estimated from the initial inoculum of infectious virus (106 TCID50) and the plasma volume of the horses (3 L, as the horses
weighed ~ 60 kg at the time of the experiment and plasma volume is 5% of body weight) using the conversion factor between TCID50 and plaque forming units (PFU) of 0.7 (Bryan,
1957), and given 2 copies of RNA in each viral particle. The initial number of infected cells, I0, was 0 cells/ml. Studies presume proportionate measurements between blood and tissue.
c
Previously unreported data (see Supplementary Material).
b

and 10-fold higher than the base value, parameter estimates were not
signiﬁcantly altered (Table 3). Furthermore, we allowed V0 to be a free
parameter in our ﬁtting process. In this case, we did not ﬁnd signiﬁcant
improvement in ﬁtting the data, and the estimated V0 appeared to be
approximately the same as the base value. In all these sensitivity analyses, we found that the estimated values do not vary greatly compared
to our previous estimates.
Using our model, we next calculated the infectivity of EIAV in vivo.
In terms of the ﬁxed parameter for the initial number of uninfected
target cells 42390 cells/ml, and estimated parameters for infection rate
β = 10-7 ml/(vRNA copies*day) and viral clearance rate γ = 6.73/day,
the number of infected cells per RNA copy in a single cycle in vivo on
average is given by βM0/γ = 2.05 × cells/RNA copy. Equivalently, 205
out of 100,000 viral RNA copies infect a cell. It is interesting to note
that the infectivity in vivo estimated here is similar to that reported by
Wu et al. (2011) for infectivity in vitro, despite diﬀerences between
these studies. Wu et al. performed infectivity assays for EIAV by
counting focus forming units (FFU), and estimated that 38 out of
100,000 viral RNA copies successfully infect a cell in a single cycle in
vitro.

that for this horse, σ = 0 and α > 0 . Comparison of R0 between unprotected horses and the protected horse allows us to estimate α , the
eﬀect of infused neutralizing antibodies on clearing the virus, to be
greater than 17.8 times higher (median value; range 9.6–22.3) than the
virus clearance rate γ .
Other kinetic estimates predicted by the model are also provided
(Table 2). The virus doubling time, estimated from the exponential
growth rate, was 1.0 day. Steady state values for viral load (V*), infected cells (I*), and uninfected target cells (M*) were calculated from
the model steady state solutions and evaluated at parameter values.
Steady state viral loads were predicted to range between 106 to 107
RNA copies/ml in the unprotected SCID horses. The total cell loss, as
calculated from the initial sum M0 + I0 and the steady state sum M* +
I*, was 0.07%. This mild target cell destruction due to infection is in
accordance with the lack of cytopathicity of EIAV discussed above.
Other values calculated here are similar to those reported for other
lentiviral infections such as HIV-1 and simian immunodeﬁciency virus
(SIV). Speciﬁcally, the value for R0 for EIAV (median 18.8; IQR 15.3 –
21.6) falls within the ranges reported for HIV (5.7 – 19.3) (Staﬀord
et al., 2000; Ribeiro et al., 2010; Althaus et al., 2009; Little et al., 1999)
and SIV (3.6 – 36.5) (Nowak et al., 1997). EIAV doubling time (median
1 day; IQR 0.88 – 1.18) is not far greater than that reported for HIV
(median 0.65 day; IQR 0.56 – 0.91) (Ribeiro et al., 2010). Steady state
levels for EIAV log virus load that we calculate here (6.47 RNA copies/
ml) are within an order of magnitude of that reported for HIV (5.26
RNA copies/ml) (Staﬀord et al., 2000).
The parameter estimates were obtained assuming known values for
the target cell death rate (ρ), the initial number of susceptible target
cells (M0), and the initial virus load (V0) (Table 1). There is uncertainty
in these values, so we conducted a sensitivity analysis in order to determine their eﬀect on our parameter estimates. Changing the parameter ρ aﬀects the estimates of parameters for the infection rate (β), the
viral production rate (b), and the viral clearance rate (γ), and changing
M0 aﬀects the estimate of b, while the other parameters are unaﬀected
(Table 3). When we considered an initial viral load (V0) 10-fold lower

4. Discussion
This study combines mathematical modeling with a unique viral
load data set from immunodeﬁcient animals, allowing us to establish
kinetic parameters of infection in the absence of speciﬁc immune responses and the minimal eﬃcacy of infused antibodies that prevented
infection. Furthermore, this study found EIAV to be at most mildly
cytopathic. This study and its ﬁndings are diﬀerent from previous viral
dynamics studies in that not only is it uncommon to have such frequent
viral load data from acute infection, but also most other kinetics reported (Vaidya et al., 2010; Staﬀord et al., 2000; Ribeiro et al., 2010)
have been estimated from viral infection data that included the eﬀects
of adaptive immune responses without knowledge about the magnitude
of the eﬀects of these immune responses. The ﬁnding that viral load,
110
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Fig. 1. Results of ﬁtting model to viral load data in EIAV-infected
Arabian SCID horses. Data (points); model (lines). Bottom right
panel: model simulation using median values from Table 1.
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Table 2
Basic reproductive numbers (R0), exponential growth rates (r), virus doubling times (t2), steady state uninfected target cell levels (M*), steady state infected cell levels (I*), and steady
state viral loads (V*) for each horse.a
Horse

R0

r (/day)

t2 (day)

M* (× 103) (cells/ml)

I* (× 104) (cells/ml)

log10(V*) (RNA copies/ml)

A2245
A2247
A2193
A2199
A2202
A2205
A2217
Median (IQR)

10.6
14.1
18.8
23.3
22.3
21.0
16.5
18.8 (15.3–21.6)

0.45
0.57
0.80
0.95
0.78
0.72
0.60
0.72 (0.59–0.79)

1.6
1.2
0.9
0.7
0.9
1.0
1.1
1.0 (0.88–1.18)

3.99
3.01
2.26
1.82
1.90
2.02
2.57
2.26 (1.96–2.79)

3.84
3.94
4.01
4.06
4.05
4.04
3.98
4.01 (3.96–4.04)

6.69
6.47
6.32
6.51
6.74
6.27
6.10
6.47 (6.30–6.60)

a

Estimates assume equal uninfected cell and infected cell death rates, i.e., δ = ρ = 1/21 (as in Table 1 bottom).

1996; Staﬀord et al., 2000). In vivo, however, an inﬂux of macrophages
may result from infection. Inaccuracies in these assumptions, as well as
diﬀerences in EIAV strain or dose, may lead to variation in our reported
parameter values.
This report also quantiﬁes the eﬀect that antibodies had in preventing EIAV infection. Our estimate that α, the rate at which neutralizing antibodies cleared the virus (thereby preventing infection),
was at least 17.8-fold greater than the virus clearance rate (γ) indicates
that when antibody neutralization is this order of magnitude greater
than virus clearance, it can be suﬃcient to block infection. This estimate of the minimal eﬃcacy of infused antibodies that successfully
prevented infection may be useful in vaccine development.

Table 3
Sensitivity analysis using a range of values for uninfected cell death rate, ρ (/day),a initial
uninfected cell number, M0 (cells/ml),b and initial viral load, V0 (vRNA copies/ml),c to
compute sensitivity to parameters β (infection rate), b (virus production rate), and γ (virus
clearance rate). Values shown are for horse A2193, which was representative of the
patterns seen in all horses.
Parameter
ρ
0.1
0.048
0.023
0.0058
M0
32,852
42,390
57,580
353,250
500,000
V0
46.7
467
4670

β (× 10−7)

b

γ

4.58
4.06
4.05
2.62

1024
846
574
166

20.35
16.31
11.52
3.06

4.06
4.06
4.06
4.06
4.06

1092
846
623
102
72

16.31
16.31
16.31
16.31
16.31

6.14
4.06
2.02

846
846
846

18.88
16.31
11.40

5. Conclusions
In summary, this study, made possible by this unique data set, determines EIAV replication kinetics in SCID horses, giving kinetic estimates of lentiviral dynamics in vivo in the absence of cellular or humoral immunity. This work also quantiﬁes the functional eﬀect of
infused antibodies in preventing EIAV infection. These results add to
our understanding of the dynamics of viral infection and may have
implications for the control of other viral infections, such as HIV-1.

a
Values were chosen as follows: Τhe estimate of 21 days for the lifespan of a Kupﬀer
cell (liver macrophage) in mice (Valli, 2007) gives ρ = 1/21 = 0.048. The estimates of 30
days and 120 days for the half-life of alveolar macrophages in mice (Murphy et al., 2008)
give ρ = ln2/30 = 0.023 and ρ = ln2/120 = 0.0058, respectively. All results assume
equal death rates of uninfected and infected cells, i.e., δ = ρ. Other ﬁxed values were as
described (Table 1) except the calculation of the uninfected target cell recruitment rate, λ
= ρ*M0.
b
Values for M0 were chosen as follows: The value 32,852 was calculated as before (see
Table 1) using the minimum value measured, 0.093/day (Hasegawa et al., 2009), for the
monocyte turnover rate; the value 42,390 was calculated using the median value measured (0.12/day), and the value 57,580 was calculated using the maximum value measured, 0.163/day (Hasegawa et al., 2009), for the monocyte turnover rate; the value
353,250 equals the average monocyte count in the peripheral blood of 4 SCID horses
(Mealey et al., 2008), without taking into account monocyte turnover; and the value
500,000 was calculated given a horse with 10,000,000 PBMC of which 5% are monocytes/macrophages (Carrick and Begg, 2008; Giguere et al., 2003). All estimates assume
equal death rates of uninfected and infected cells, i.e., δ = ρ. Other ﬁxed values were as
described (Table 1) except the calculation of the uninfected target cell recruitment rate, λ
= ρ*M0.
c
For the sensitivity of V0, we considered a 10-fold lower and 10-fold higher viral load
than the base case, 467 vRNA copies/ml, which was calculated, which was calculated as
before (see Table 1). Other ﬁxed values were as described (Table 1).
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