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Highly active antiretroviral therapy has revolutionized the battle against human immunodeficiency virus/acquired
immune deficiency syndrome (HIV/AIDS). From its current global rollout, HIV/AIDS morbidity and mortality has
been greatly reduced, yet there exists substantial interest in the development of new therapies to further mitigate
the HIV/AIDS health burden and to inhibit any fallout from the development of antiretroviral drug resistance. One
potential intervention is the human pegivirus (HPgV). HPgV is not known to cause disease, and most remarkably it
is shown to delay the progression of HIV to AIDS. However, the health benefit of increasing HPgV prevalence in
the community of HIV-infected men remains unknown at the public health level. We evaluated the utility of HPgV
biovaccination for mitigating the HIV/AIDS health burden usingmathematical models. Importantly, our work consid-
ers the potential concern that HPgV will, itself, evolve to become disease-causing by permitting mutant disease-
causing HPgV strains to potentially arise during treatment. Our findings show that HPgV biovaccination rates of
12.5%–50% annually could prevent 4.2–23.6 AIDS incidences and 3.3–18.8 AIDS deaths, and could save
2.9–18.6 disability-adjusted life years per 1,000 people. Together, these findings indicate that HPgV biovaccination
could be an effective therapy for reducing HIV/AIDSmorbidity andmortality, and thus warrants further exploration.

acquired immune deficiency syndrome; biological therapy; Flaviviridae; GB virus C; hepatitis G virus; human
immunodeficiency virus; human pegivirus; mathematical model

Abbreviations: AIDS, acquired immune deficiency syndrome; DALY, disability-adjusted life year; HAART, highly active
antiretroviral therapy; HIV, human immunodeficiency virus; HPgV, human pegivirus.

The human immunodeficiency virus (HIV) greatly threa-
tens the welfare of human beings, with an astounding 55 mil-
lion infections and 16 million attributable deaths over the
last 3 decades (1). During this time, the United States has
been one of the greatest funders of HIV research, yet it is still
facing 40,000 new infections annually, which add to the
already significant health burden caused by its 1.2 million
HIV-infected citizens (2). Consequently, there is urgent need
for new therapeutic options, especially given that only 37%
of HIV-infected people benefit from highly active antiretro-
viral therapy (HAART) (2). For those on HAART, there is a
profound increase in life expectancy (3). However, HAART
does have drawbacks. HAART drugs can have serious side
effects (4), and viral mutation can lead to drug resistance (5).
Furthermore, HAART is also rather expensive—the treat-
ment costs of $28,500 per patient annually (6) are more than
half of the average household income in the United States

(7). Fortunately, there continues to be significant progress
towards universal access to HAART (8), and research con-
tinues to usher in new drug formulations and HIV therapies.

One potential HIV therapy is the human pegivirus (HPgV)
(9). While HPgV is not as well-known as one of its closest
genetic relatives, hepatitis C, it is similarly transmitted
through infected blood and sexual routes, with male-to-male
sex documented as the most effective mode of transmission
(10). Furthermore, while hepatitis C can cause chronic liver
damage, studies suggest that HPgV infection has a mutualis-
tic relationship with humans (11). Towards this point, HPgV
infection is associated with antiinflammatory properties that
are considered generally beneficial (11). While some indi-
viduals can receive such benefits for decades due to persis-
tent HPgV infection, most healthy individuals clear HPgV
infection within 2 years (12, 13). Unfortunately, the mecha-
nisms behind HPgV persistence and host immunemodulation
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remain poorly understood, in part due to the difficulty of
studying HPgV in vitro (11). On the other hand, in vivo stud-
ies on HPgV have shed light on several important character-
istics. For instance, once HPgV infection is cleared, and
typically not before, HPgV surface envelope glycoprotein
E2 antibodies develop, which temporarily inhibit HPgV rein-
fection (14). In addition, in vivo studies have shown that
HPgV has relatively little impact on hepatitis C infection,
given that HPgV does not influence hepatitis C viral load or
the severity of liver disease (15, 16). While the aforemen-
tioned characteristics of HPgV are interesting, what truly
makes HPgV remarkable is the clinical finding that it helps
to mitigate the health burden of HIV (9, 17–22). Simply put,
HPgV has a major impact on the progression from HIV to
acquired immune deficiency syndrome (AIDS) (12, 19, 20, 23).
These findings have led to a call to use HPgV biovaccination as
a potential HIV therapy (9).

Before investing considerable time and resources into fur-
ther experimental and clinical research on the utility of HPgV
as a therapy option, it is first worthwhile to examine, theoreti-
cally, how effective such a strategy is likely to be. That is the
goal of the research reported here. We used the findings of a
meta-analysis on HPgV and HIV coinfection (19), as well as
epidemiologic data on HIV and AIDS incidence for the larg-
est HIV at-risk demographic in the United States, men who
have sex with men, to construct a mathematical model to eval-
uate HPgV biovaccination as an HIV therapy at the population
level. From this mathematical model, we evaluated the poten-
tial effectiveness of different HPgV biovaccination rates for
reducing AIDS incidence and averting AIDS-related deaths.

METHODS

To evaluate HPgV biovaccination as an HIV therapy, we
developed a mathematical model of HPgV and HIV coinfec-
tion to estimate the reduction inAIDS episodes (Web Figure 1,
available at https://academic.oup.com/aje). To estimate the
benefit of HPgV biovaccination with respect to HIV, we com-
pared scenarios that consider HPgV biovaccination rates of
12.5%, 25%, and 50% per year relative with the current benefit
from the uncontrolled HPgV transmission. For each scenario,
the health benefit from HPgV biovaccination of HIV-infected
individuals was characterized as the reduction in AIDS inci-
dence, AIDS deaths averted, and saved disability-adjusted life
years (DALYs) (24).

To provide further credibility towards the use of HPgV
biovaccination as an HIV therapy, we also evaluated the
potential spread of mutant strains of HPgV and the impact
that this might have on predicted health outcomes. Specifi-
cally, we considered mutant strains of HPgV that cause mor-
tality, possess an enhanced transmission rate, have slower or
faster viral clearance rates, and have a reduced delay in the
progression of HIV infection to AIDS.

Mathematical model

In the model, we considered a population divided into
susceptible individuals ( )S , HIV-infected and untreated in-
dividuals ( )I , HIV-infected individuals who are treated with
HAART ( )T , HIV-infected individuals who are treated with

HAART and have progressed to AIDS ( )H , and HIV-infected
individuals who have progressed to AIDS and are not
receiving HAART ( )A . The population is further subdivided
by HPgV infection status, which is positively indicated by a
subscript g and a subscript gp for individuals with persistent
HPgV infection. The rate at which susceptible individuals
acquire HPgV infection is given by the force of infection of
HPgV:

λ = ( − )β
( + + + + + )

( )p
S I T S I T

N
1 , 1g g

g g g g g gp p p

where p is the proportion protected by prophylactics (the
proportion of sexually active men who have sex with men
that did not engage in condomless sex), βg is the HPgV trans-
mission rate, and N is the total population size of sexually
active men who have sex with men.

The rate at which susceptible individuals acquire HIV
infection is given by the force of infection of HIV:

λ = ( − )β
( + α + + α + + α )

( )
p

I T I T I T

N
1 ,

2

HIV HIV

g g g gp p

where βHIV is the HIV transmission rate, and α is the reduc-
tion in HIV transmission caused by HAART.

We assumed that the duration of HIV infection until diag-
nosis is 1/ϵ. The rate at which HIV infection progresses to
AIDS for non-HPgV infected individuals is σ for the
untreated and γ for those treated with HAART. Symbols
with the subscript g denote the corresponding rates for
HPgV infected individuals. We also consider a HPgV bio-
vaccination rate ν, the efficacy of HPgV biovaccination f ,
the clearance of HPgV ψ, the persistence of HPgV ρ, and, for
the model augmented by a mutant strain of HPgV (Web
Appendix 1), a HPgV mortality rate dm. Note, the clearance
of HPgV is only considered for non-AIDS-diagnosed indivi-
duals, because individuals with AIDS are unlikely to clear
any virus due to the nature of their syndrome. Additional param-
eter details, including references, are available in Table 1.

Parameter estimation

The model population size of men who have sex with men
was estimated using data on the sexual preference of the sex-
ually active male population in the United States (Table 1).
To capture the spread of HIV among such men, the HIV
transmission rate, βHIV , was estimated using a least squares
procedure with recent HIV surveillance data (Web Figure 2).
Upon HIV infection, the rate of developing AIDS (on
HAART) γ, where AIDS is defined by stage 3 HIV infection
(25), was estimated using a standard approach (26) that
makes use of the US life expectancy of 78.8 years (27), esti-
mates that HIV infection reduces life expectancy on average
by 6.8 years (28), and the AIDS mortality rate dH (Web
Appendix 2). The HPgV transmission rate was estimated
from the HPgV prevalence in HIV-infected populations (13),
together with the assumption that HPgV infection is close to
its endemic equilibrium (Web Appendices 2 and 3). To
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Table 1. Parameter Values, Distributions, and Sources Used in Model Predictions of the Health Benefit of Human Pegivirus Biovaccination on
AIDSMorbidity andMortality in the United States

Symbol Parameter Base Distribution Reference

p Proportion protected by prophylacticsa 0.6 U(0.5, 0.7) (46)

βHIV HIV transmission rate −0.4063 year 1 U(0.356, 0.457) (25)

βg HPgV transmission rate −0.1807 year 1 Triangular(0.1604, 0.1869, 0.1948) –b

α Reduction in HIV transmission caused by HAART 0.6 (47)

θ Enhancement factor of mutant transmission rate a.U(1, 2)
b.U(1, 10)
c.U(1, 50)

βM Mutant HPgV transmission rate θβg

1/ϵ Duration of HIV infection until diagnosis 5.25 years Triangular(2, 4.14, 9.6) (26)

ζ Hazard ratio of the impact of HPgV coinfection on the
progression to AIDS

0.88 Triangular(0.3, 0.84, 1.50) –b

ζp Hazard ratio of the impact of persistent HPgV coinfection
on the progression to AIDS

0.41 Triangular(0.23, 0.31, 0.69) –b

κ Reduction factor of HPgV infection on AIDSmortality 0.22 Triangular(0, 0.08, 0.58) (17)

ξ Mutant HPgVmortality factor 0 0%, 0.1%, 1.0%, 10%

dm Mutant strain of HPgVmortality rate ξd

1/μ Natural life expectancy 78.8 years (27)

b Male population birth rate 0.024 year−1 (48)b

ν HPgV biovaccination rate 0.025 year−1 0.125, 0.25, 0.50

f Efficacy of HPgV biovaccination 0.25, 0.5,
0.75

U(0.25, 0.75)

ψ HPgV clearance rate 0.375 year−1 –b

ρ HPgV persistence rate 0.125 year−1 –b

ϕ Proportion of males that identify as homosexual or
bisexual

0.035 U(0.033, 0.037) (49)

M Male population 111,508,222 (48)

N Male persons that identify as homosexual or bisexual ϕM

Proportion of HPgV infections leading to non-Hodgkin’s
lymphoma

0.0182 (29)

δ HPgV antigenic drift rate 0.0084
year−1

(37)

Rate of
developing
AIDS

σ Without viral suppression 0.1064
year−1

Triangular(0.04, 0.10, 0.18) (50, 51)

σg Without viral suppression, coinfected with HPgV ζσ (50, 51)

σgp Without viral suppression, coinfected with persistent
HPgV

ζ σp (50, 51)

γ Receiving HAART 0.0384
year−1

Exp(0.0384 ) (26)

γg With treatment, coinfected with HPgV ζγ
γgp

With treatment, coinfected with persistent HPgV ζ γp

AIDSmortality
rate

d No treatment 0.5 year−1 Exp(0.5) (51)b

dg Coinfected with HPgV κ d

dH Receiving HAART 0.02 year−1 Exp(0.02) (28)

dHg Receiving HAART and coinfected with HPgV κ dH (17)

Table continues
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capture the benefits of HPgV and HIV coinfection on the
duration from HIV infection to AIDS, data were obtained
from a meta-analysis on HPgV and HIV coinfection (13).
Specifically, the hazard ratios, when combined with the stan-
dard assumption of exponentially distributed waiting times
in ordinary differential equation models, lead to the desired
rates (Web Appendix 3).

Predicted health outcomes

To determine the health benefit of HPgV infection on death
and disability due to the delayed progression from HIV to
AIDS, we measured health outcomes in DALYs (24). We sim-
ulated the health benefits of HPgV infection over a 20-year
period, discounting DALYs at the standard 3% annual rate. To
determine the net DALYs saved, total DALYs lost without
HPgV biovaccination were subtracted from scenarios with
HPgV biovaccination rates of 12.5%, 25%, and 50%. Included
in the calculation of DALYs is the slight increased risk of non-
Hodgkin’s lymphoma, which occurs in 1.82% of HPgV-infected
individuals (29). Parameter values for the calculation of DALYs
are available in Table 1. Additionally, because HPgV is associ-
ated with improved surrogate markers for HIV progression (30),
we also estimated the impact of HPgV biovaccination on the
average CD4+ counts occurring in the United States.

The benefits of HPgV infection

The considered benefits of HPgV infection on HIV-infected
individuals are: 1) a delayed progression rates of developing
AIDS (σg and γg), and 2) reduced AIDS mortality rates (dg and
dHg). For each benefit of HPgV infection, we estimated param-
eter distributions (Table 1, Web Appendix 3) based on avail-
able data, and then evaluated model predictions over 10,000
random parameter samples.

The risks of HPgVmutation

To evaluate the potential spread of mutant strains of HPgV
and the impact that this might have on the utility of HPgV
biovaccination as an HIV therapy, we use techniques from

evolutionary invasion analysis (31). First, we constructed a
model of HPgV and HIV coinfection (Web Appendix 1) for
the resident strain of HPgV. From the model, we determined
all equilibria (Web Appendix 2), identifying local stability
conditions for the HPgV and HIV coendemic equilibria (Web
Appendix 4). After this, the model was augmented to include
both the transmission and antigenic drift to a mutant strain of
HPgV (Web Appendix 1) that possesses novel traits. The novel
traits considered for the mutant strain of HPgV are the ability to
cause host mortality, an enhanced transmission rate (which is
only considered for mutant HPgV strains), a reduced benefit for
preventing AIDS, or some combination of these mutations
(Table 1, Web Tables 1–3). For each scenario of these traits, we
computed the proportion of 10,000 randommutations, as charac-
terized by random parameter samples (Table 1), where the inva-
sion number (a threshold indicating that a mutant strain would be
able to increase when rare) indicated that the mutant strain would
invade the population (Web Appendices 4 and 5). In addition,
given the successful invasions by the mutant strain of HPgV,
we also determined the proportion of cases where the mutant
HPgV strain is the dominant HPgV strain, as indicated by the
mutant reproductive number (the basic reproductive number
for the mutant strain of HPgV) being greater than the basic
reproductive number of the resident strain of HPgV ( > )R Rm 0
(Web Appendices 4 and 5). Furthermore, for each of these
mutant strains of HPgV, we conducted the above-described
simulations over a 20-year period as it attempted (and poten-
tially succeeded) in spreading through the population, and we
then calculated the AIDS incidence, number of AIDS deaths
averted, savedDALYs, and the potential number of people dying
from infection with the mutant HPgV strain.

Sensitivity analysis

To quantify the contribution of parameters to the variability
of predicted model outcomes, we calculated first-order sensi-
tivity indices (32). Specifically, a first-order sensitivity index
for a parameter is an indication of how uncertainty in a particu-
lar parameter contributes to the variability of model outcomes.
Details of the probability distributions used in the calculation
of first-order sensitivity indices are available in Table 1.

Table 1. Continued

Symbol Parameter Base Distribution Reference

DALYweights

DDT Non-Hodgkin’s lymphoma (diagnosis and treatment) 0.55 (52)

DR Non-Hodgkin’s lymphoma (remission) 0.19 (52)

DI HIV-infected individual (no treatment) 0.22 (24)

DT HIV-infected individual on HAART 0.053 (24)

DAIDS AIDS 0.55 (24)

Abbreviations: AIDS, acquired immune deficiency syndrome; DALY, disability adjusted life-year; HIV, human immunodeficiency virus; HPgV,
human pegivirus; HAART, highly active antiretroviral therapy.

a Homosexual and bisexual men that did not engage in condomless sex.
b Details available inWeb Appendix 3.
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RESULTS

To determine the health benefit of HPgV biovaccination
on AIDS morbidity and mortality, we simulated the trans-
mission of both HPgV and HIV in addition to the subsequent
progression of the HIV-infected individuals to AIDS. To
evaluate HPgV biovaccination as an HIV therapy, we con-
sidered scenarios of low (12.5%), intermediate (25%), and
high (50%) annual HPgV biovaccination rates, with efficacy
rates of 25%, 50%, and 75%, over a 20-year time horizon.
We gauged the risk of HPgV evolution by considering mutant
strains with mortality rates of 0%, 0.1%, 1.0%, and 10% that
of the AIDS mortality rate together with an enhanced trans-
mission rate (Table 1).

In the absence of HPgV evolution, AIDS morbidity and
mortality were significantly reduced for all HPgV biovacci-
nation scenarios (Figure 1). Annual HPgV biovaccination
rates of 12.5%–50% with an efficacy of 25% reduced AIDS
incidence by 4.2–12.9 episodes per 1,000 people, averted
3.3–10.0 AIDS deaths per 1,000 people, and annually saved
2.9–9.1 DALYs per 1,000 people (Web Table 1). For an effi-
cacy of 75%, the reduced AIDS incidence, averted AIDS
deaths per 1,000 people, and annually saved DALYs per 1,000
people improved to 10.6–23.6 (Figure 1A), 8.4–18.8 (Figure 1B),
and 7.7–18.6 respectively (Web Table 1).

Sensitivity analysis of model parameters showed that pre-
dictions of AIDS episodes were most sensitive to the rate of
developing AIDS (while on HAART), and the rate of devel-
oping AIDS (without treatment), followed by initial HPgV
prevalence (Table 2). Predictions of AIDS episodes were rel-
atively insensitive to model parameters directly related to
HPgV infection, with the HPgV transmission rate and clear-
ance rate being the least influential (Table 2).

When mutant strains of HPgV were introduced, only those
that cause very lowmortality were typically able to invade unless
they also had a greatly enhanced transmission rate (Table 3).

This result is further strengthened by the fact that the upper
bound of the 95%quantile of the invasion numberRm

g is predom-
inantly below the critical threshold of 1 when the enhancement
in transmission is low (Figure 2). However, for mutant strains of
HPgV with intermediate and high transmission rates, invasion
was much more likely (Table 2, Figure 2). For the most
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Figure 1. Reduction in AIDS episodes and averted AIDS deaths,
frommodel predictions of the health benefit of human pegivirus biovac-
cination in the United States. A) Reduction in AIDS episodes for annual
human pegivirus (HPgV) biovaccination rate of 12.5% (dashed line),
25% (dash-dotted line), and 50% (solid line); B) AIDS deaths averted
per 1,000 people for annual HPgV biovaccination rate of 12.5% (dashed
line), 25% (dash-dotted line), and 50% (solid line).

Table 2. First-Order Sensitivity Indices of Parametersa for a Model
to Predict the Health Benefit of Human Pegivirus Biovaccination on
AIDSMorbidity andMortality in the United States

Parameter Indices

p 0.0000

βHIV 0.0000

βg 0.0000

ϵ 0.0004

σ 0.0036

ζ 0.0000

γ 0.8925

κ 0.0001

d 0.0002

dH 0.0001

ϕ 0.0003

Initial HPgV prevalence 0.0009

ζp 0.0001

f 0.0000

ρ 0.0001

ψ 0.0000

ν 0.0008

aCalculations based on sample sizes of 10,000 where ν U~ [0,
0.75/365 ].

Table 3. Likelihood of Invasion andMutant Strain Dominance for a
Model to Predict the Health Benefit of Human Pegivirus
Biovaccination on AIDSMorbidity andMortality in the United States

Mutant Strain θ U~ (1, 2) θ U~ (1, 10) θ U~ (1, 50)

Invasion condition ( > )R 1m
g

Zeromortality ( ⋅ )d0 0.926 0.926 0.926

Lowmortality ( ⋅ )d0.001 0.580 0.891 0.936

Intermediatemortality
( ⋅ )d0.01

0.549 0.645 0.667

Highmortality ( ⋅ )d0.1 0.386 0.392 0.408

Strain dominance ( > )R Rm 0

Zeromortality ( ⋅ )d0 0.456 0.548 0.738

Lowmortality ( ⋅ )d0.001 0.448 0.548 0.736

Intermediatemortality
( ⋅ )d0.01

0.354 0.522 0.712

Highmortality ( ⋅ )d0.1 0.084 0.406 0.604

a Proportion of 10,000 simulations, given ν = 0, where the invasion
condition >R 1m

g and >R Rm 0 (given >R 1m
g ) for given mutant strain

mortality and enhancement factor of mutant transmission rate.

Am J Epidemiol. 2019;188(9):1586–1594

1590 Greenhalgh et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/aje/article/188/9/1586/5506606 by Q

ueen's U
niversity user on 10 August 2021



potentially worrisome case, whereby the mutant strain causes a
largemortality rate, only strains that also have a greatly enhanced
transmission rate are able to spread (Figure 3).

Even when mutant, mortality-causing strains of HPgV
spread, the use of HPgV biovaccination as an HIV therapy
was still projected to have considerable utility. For example,
under low and moderate mortality rates for the mutant strain,
and with low to moderate enhanced transmission, HPgV bio-
vaccination still reduced AIDS incidence by approximately
6.7–31.5 episodes per 1,000 people (Web Figures 3–5),
averted 5.1–27.6 AIDS deaths per 1,000 people, and annually
saved 4.3–26.0 DALYs per 1,000 people (Web Tables 2–7)—
all while still not resulting in a substantial number of deaths
from the mutant HPgV strain (Web Tables 2–7). Under more
extreme parameter values, including very high HPgV mortal-
ity rates and very high transmission rates, HPgV biovaccina-
tion still provided great improvement in terms of AIDS
incidence (Web Figures 3–5) and averted AIDS deaths at the
expense of a considerable number of deaths due to mutant
HPgV infection and its resultant impact on DALYs (Web
Tables 8–10). Unsurprisingly, in the most extreme cases of
both high mortality and high transmission, the number of
deaths through HPgV infection greatly outnumber the AIDS
deaths averted. However, this tends to require mutant HPgV
death rates on the order of 10% of the AIDS death rate and a
transmission rate enhancement of over 10 times that of the
original benign strain (Figure 3).

Non-mortality-causing mutant strains of HPgV were typi-
cally able to invade through enhanced transmission; only
17.0% of the considered scenarios in which mutant strains of
HPgV had enhanced transmission and modified viral clear-
ance rate fell below the critical invasion threshold of =R 1m

g

(Web Figure 6). This percentage drops below 1% when con-
sidering a diminished benefit of HPgV for delaying the pro-
gression to AIDS (Web Figure 7).

Model predictions showed that annual HPgV biovaccina-
tion rates of 12.5%–50%, with efficacies ranging from 25%
to 75%, increased HPgV prevalence from 30.0% to 35.9%–
88.5%. This result, coupled with the fact that HPgV is associ-
ated with improved surrogate markers for HIV progression
(30), implies that the average CD4+ count occurring in the
population of HIV-infected men who have sex with men
would improve by 1%–3.1%, respectively (Web Table 11).

Last, Web Tables 3–10 also reveal the initially surprising
outcome that the detrimental impact of HPgV evolution
tended to be most extreme under the lowest biovaccination
rates. This suggests that higher biovaccination rates better
protect the population against such adverse evolution, but
caution should be exercised with this interpretation. This out-
come is due to the fact that greater biovaccination rates
increase the intensity of competition experienced by any
mutant HPgV genotype that arises. While this is likely an im-
portant factor, the model does not include the fact that the
rate at which HPgV mutants appear will increase with the
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Figure 2. Invasion number ( )Rm
g and ratio of human pegivirus reproductive numbers ( )R R/ m0 versus themutant mortality factor (ξ), frommodel pre-

dictions of the health benefit of human pegivirus biovaccination in the United States. The critical thresholds (dashed lines) for invasion, median val-
ues of the invasion number (solid lines), and 95% quantiles (gray region) for 10,000 random parameter samples given a meanmutant transmission
rates of [θ] =( 1.5 (A), [θ] =( 5.5 (C), and [θ] =( 25.5 (E). The critical thresholds (dashed lines) for mutant strain dominance and the median ratio
of reproductive numbers (solid lines) along with 95% quantiles (gray region) for 10,000 random parameter samples given a meanmutant transmis-
sion rates of [θ] =( 1.5 (B), [θ] =( 5.5 (D), and [θ] =( 25.5 (F).
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biovaccination rate, and thus as the prevalence of HPgV
infection rises.

DISCUSSION

The analysis of our novel model of HPgV and HIV coinfec-
tion predicts that HPgV biovaccination substantially reduces
AIDS morbidity and mortality among men who have sex with
men in the United States. According to the model, rolling out
HPgV biovaccination as an HIV therapy would achieve a
reduction in AIDS incidence, avert AIDS deaths, and save
DALYs. Furthermore, our model shows that while there are
risks associated with using a live virus such as HPgV as an
HIV therapy, a dramatic increase in disease transmissibility
and mortality would need to occur in order to offset the bene-
fits of HPgV biovaccination.

The magnitude of annual DALYs saved as a result of
HPgV biovaccination is substantial and comparable to other
HIV interventions, such as the scale-up of HAART treatment
(33) and an improved quality of care (34). Our analysis was
also conservative in that we focused on the impact of HPgV
on AIDS episodes and AIDS mortality, and we did not
account directly for the positive benefits of HPgV on other
opportunistic infections, such as hepatitis C (35).

Although there are risks associated with the use of a live path-
ogen as a therapy, our results suggest that concern over the
spread of disease-causing HPgV strains is perhaps less signifi-
cant than might initially be anticipated for several reasons. First,
our results show that it is only under the most extreme parameter
values that the costs associated with mutant HPgV strains out-
weigh the benefits of using it as a therapy. Second, although we

cannot rule out the possibility that dangerous mutants might
arise and spread, there are sound theoretical reasons for expect-
ing this to be unlikely. For instance, HPgV has presumably been
circulating in the human population since speciation of the ho-
minin (36), and evidence suggests it has almost no antigenic drift
(37). Using it as a therapywould therefore effectively entail sim-
ply increasing the prevalence of an already naturally circulating
benign virus. This type of intervention would therefore have
adverse evolutionary consequences only if an increased preva-
lence of a wild-type pathogen would somehow lead to stronger
selection for more transmissible, virulent strains. However, the
majority of evolutionary epidemiologic theory and data shows
that increased pathogen prevalence tends to produce weaker
selection for increased transmission (38–41), and therefore
such an intervention should forestall the spread of highly
transmissible, virulent strains. Third, as far as can be discerned
to date, HPgV coinfection can be viewed as a disease that enables
HIV tolerance (42), as opposed to HIV resistance, and theory
suggests that such interventions are less prone to resistance evo-
lution on the part of HIV aswell (43).

While we considered only HPgV and HIV transmission
among men who have sex with men in the United States, our
model would also benefit other HIV-infected demographic
groups. For instance, studies illustrate a 85% reduced risk of
mother-to-child HIV transmission with infant acquisition of
HPgV (9, 44). Furthermore, our work is adaptable to describe
other HPgV coinfections, and it is postulated that HPgV is
beneficial in fighting other diseases, such as Ebola (45).

Necessarily, mathematical models of infectious diseases
involve simplifications. For example, in our analysis, we did
not account for transmission from AIDS-diagnosed indivi-
duals, the viral quasispecies nature of both HPgV and HIV, or
triinfection with other diseases that are known to affect HPgV
prevalence, such as hepatitis C. In addition, we accounted only
for transmission of HPgV and HIV among men who have sex
with men in the United States, and we did not take into account
the likely health benefits of increasing HPgV prevalence
among bisexual men’s female partners. Furthermore, we did
not evaluate the benefit of HPgV for other at-risk demographic
groups, such drug injectors, sex workers, or other communities
with high HIV prevalence, such as Sub-Saharan African popu-
lations. Because such at-risk demographics are highly studied,
future models could account for these gaps using available
data on HIV transmission and HPgV prevalence.

In summary, the use of HPgV infection as an HIV therapy
for men who have sex with men infected with HIV could
greatly reduce AIDS morbidity and mortality. Our findings
show that HPgV biovaccination could effectively reduce
AIDS episodes, avert AIDS deaths, and save DALYs, even
in the face of mutant HPgV strains appearing. Thus, we sug-
gest that the utility of HPgV biovaccination might be sub-
stantial and that further empirical research on this possibility
appears to be a valuable direction for future study.

ACKNOWLEDGMENTS

Author affiliations: Department of Mathematics, Siena
College, Loudonville, New York (Scott Greenhalgh); and

102

101

100

10–1

1.0

A)

B)

12.5 25.0 37.5 50.0

R
0

/R
m

102

101

100

10–1

R
g m

θ

1.0 12.5 25.0 37.5 50.0
θ

Figure 3. Invasion number ( )Rm
g and ratio of human pegivirus repro-

ductive numbers ( )R R/ m0 versus the enhancement factor of mutant
transmission rate (θ), from model predictions of the health benefit of
human pegivirus biovaccination in the United States. A) The ratio of
mutant and basic reproductive numbers for β = θβm g and ≤ θ ≤1 50,
showing the critical threshold for the mutant human pegivirus (HPgV)
strain to become the dominant HPgV strain (dashed line) and themedian
ratio of R R/m 0 for 10,000 random parameter samples (solid line) with
ξ = 0.1 and 95% quantiles (gray region). B) The invasion number for
β = θβm g and ≤ θ ≤1 50, showing the critical threshold for successful
invasion (dashed line) and themedian of Rm

g for 10,000 random parame-
ter samples (solid line) with ξ = 0.1and 95%quantiles (gray region).

Am J Epidemiol. 2019;188(9):1586–1594

1592 Greenhalgh et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/aje/article/188/9/1586/5506606 by Q

ueen's U
niversity user on 10 August 2021



Department of Mathematics and Statistics, Queen’s
University, Kingston, Ontario, Canada (Scott Greenhalgh,
Rebecca Schmidt, Troy Day).

T.D. was funded by the Natural Sciences Research and
Engineering Council of Canada (grant 377642).

Conflict of interest: none declared.

REFERENCES

1. CohenMS, Holmes C, Padian N, et al. HIV treatment as
prevention: how scientific discovery occurred and translated
rapidly into policy for the global response.Health Aff
(Millwood). 2012;31(7):1439–1449.

2. AVERT. HIV and AIDS in the United States of America
(USA). 2017. https://www.avert.org/professionals/hiv-around-
world/western-central-europe-north-america/usa. Accessed
April 25, 2017.

3. Fauci AS, Folkers GK. Toward an AIDS-free generation.
JAMA. 2012;308(4):343–344.

4. Walmsley S. Protease inhibitor-based regimens for HIV
therapy: safety and efficacy. J Acquir Immune Defic Syndr.
2007;45(suppl 1): S5–S13; quiz S28-31.

5. Tejerina F, Bernaldo de Quirós JCL. Protease inhibitors as
preferred initial regimen for antiretroviral-naive HIV patients.
AIDS Rev. 2011;13(4):227–233.

6. Horn Ti. Activists protest Stribild’s $28,500 price tag. 2012.
https://www.poz.com/article/hiv-stribild-cost-22878-5791.
Accessed April 25, 2017.

7. Guzman GG. Household Income: 2017—American
Community Survey Briefs. 2018;1–11. https://www.census.
gov/content/dam/Census/library/publications/2018/acs/
acsbr17-01.pdf. Accessed April 19, 2019.

8. Alfvén T, Erkkola T, Ghys PD, et al. Global AIDS
reporting—2001 to 2015: lessons for monitoring the
sustainable development goals. AIDS Behav. 2017;21(suppl 1):
5–14.

9. Gretch D. Editorial commentary: advocating the concept of GB
virus C biotherapy against AIDS. Clin Infect Dis. 2012;55(7):
1020–1021.

10. Berzsenyi MD, Bowden DS, Bailey MJ, et al. Male to male sex
is associated with a high prevalence of exposure to GB virus C.
J Clin Virol. 2005;33(3):243–246.

11. Chivero ET, Stapleton JT. Tropism of human pegivirus
(formerly known as GB virus C/hepatitis G virus) and host
immunomodulation: insights into a highly successful viral
infection. J Gen Virol. 2015;96(Pt 7):1521–1532.

12. Thomas DL, Vlahov D, Alter HJ, et al. Association of antibody
to GB virus C (hepatitis G virus) with viral clearance and
protection from reinfection. J Infect Dis. 1998;177(3):
539–542.

13. Stapleton JT, Foung S, Muerhoff AS, et al. The GB viruses: a
review and proposed classification of GBV-A, GBV-C (HGV),
and GBV-D in genus Pegiviruswithin the family Flaviviridae.
J Gen Virol. 2011;92(Pt 2):233–246.

14. Bhattarai N, Stapleton JT. GB virus C: the good boy virus?
Trends Microbiol. 2012;20(3):124–130.

15. McHutchison JG, Nainan OV, Alter MJ, et al. Hepatitis C and
G co-infection: response to interferon therapy and quantitative
changes in serum HGV-RNA.Hepatology. 1997;26(5):
1322–1327.

16. Xiang J. Human pegivirus (GB virus C/hepatitis G virus). J
Infect Dis Antimicrob Agents. 2002. http://www.antimicrobe.
org/v04.asp. Accessed September 9, 2018.

17. Vahidnia F, PetersenM, Stapleton JT, et al. Acquisition of GB
virus type C and lower mortality in patients with advanced HIV
disease.Clin Infect Dis. 2012;55(7):1012–1019.

18. Williams CF, Klinzman D, Yamashita TE, et al. Persistent GB
virus C infection and survival in HIV-infected men.N Engl J
Med. 2004;350(10):981–990.

19. ZhangW, Chaloner K, Tillmann HL, et al. Effect of early and
late GB virus C viraemia on survival of HIV-infected
individuals: a meta-analysis.HIVMed. 2006;7(3):173–180.

20. Xiang J, Wünschmann S, Diekema DJ, et al. Effect of
coinfection with GB virus C on survival among patients with
HIV infection. N Engl J Med. 2001;345(10):707–714.

21. Tillmann HL, Heiken H, Knapik-Botor A, et al. Infection with
GB virus C and reduced mortality among HIV-infected
patients. N Engl J Med. 2001;345(10):715–724.

22. Birk M, Lindbäck S, Lidman C. No influence of GB virus C
replication on the prognosis in a cohort of HIV-1-infected
patients. AIDS. 2002;16(18):2482–2485.

23. Stapleton JT,Williams CF, Xiang J. GB virus type C: a
beneficial infection? J Clin Microbiol. 2004;42(9):3915–3919.

24. Salomon JA, Vos T, Hogan DR, et al. Common values in
assessing health outcomes from disease and injury: disability
weights measurement study for the Global Burden of Disease
Study 2010. Lancet. 2012;380(9859):2129–2143.

25. Center for Disease Control and Prevention. HIV Surveillance
Report, 2014; vol. 26. 2015;123. https://www.cdc.gov/hiv/pdf/
library/reports/surveillance/cdc-hiv-surveillance-report-2014-
vol-26.pdf. Accessed April 25, 2017.

26. Medlock J, Pandey A, Parpia AS, et al. Effectiveness of
UNAIDS targets and HIV vaccination across 127 countries.
Proc Natl Acad Sci U S A. 2017;114(15):4017–4022.

27. National Center for Health Statistics. Health, United States,
2015: With Special Feature on Racial and Ethnic Health
Disparities. 2016. https://www.cdc.gov/nchs/data/hus/hus15.
pdf. Accessed April 19, 2019.

28. Samji H, Cescon A, Hogg RS, et al. Closing the gap: increases
in life expectancy among treated HIV-positive individuals in
the United States and Canada. PLoS One. 2013;8(12):e81355.

29. Chang CM, Stapleton JT, Klinzman D, et al. GBV-C infection
and risk of NHL among US adults.Cancer Res. 2014;74(19):
5553–5560.

30. Horemheb-Rubio G, Ramos-Cervantes P, Arroyo-Figueroa H,
et al. High HPgV replication is associated with improved
surrogate markers of HIV progression. PLoS One. 2017;12(9):
e0184494.

31. Hurford A, Cownden D, Day T. Next-generation tools for
evolutionary invasion analyses. J R Soc Interface. 2010;7(45):
561–571.

32. Sobol IM. Global sensitivity indices for nonlinear
mathematical models and their Monte Carlo estimates.Math
Comput Simul. 2001;55(1–3):271–280.

33. Granich R, Kahn JG, Bennett R, et al. ExpandingART for
treatment and prevention of HIV in South Africa: estimated cost
and cost-effectiveness 2011–2050.PLoSOne. 2012;7(2):e30216.

34. Orlando S, Diamond S, Palombi L, et al. Cost-effectiveness
and quality of care of a comprehensive ART Program in
Malawi.Medicine (Baltimore). 2016;95(21):e3610.

35. Berzsenyi MD, Bowden DS, Kelly HA, et al. Reduction in
hepatitis C-related liver disease associated with GB virus C in
human immunodeficiency virus coinfection.Gastroenterology.
2007;133(6):1821–1830.

36. Haydon DB, Basaras M, Frost S, et al. Phylogenetic analysis of
GBV-C/hepatitis G virus. J Gen Virol. 2000;81(Pt 3):769–780.

37. Kato T, MizokamiM, Nakano T, et al. Heterogeneity in E2
region of GBV-C/hepatitis G virus and hepatitis C virus. J Med
Virol. 1998;55(2):109–117.

Am J Epidemiol. 2019;188(9):1586–1594

Fighting AIDSWith HPgV 1593

D
ow

nloaded from
 https://academ

ic.oup.com
/aje/article/188/9/1586/5506606 by Q

ueen's U
niversity user on 10 August 2021



38. Day T, Proulx SR. A general theory for the evolutionary
dynamics of virulence. AmNat. 2004;163(4):E40–E63.

39. Day T, Gandon S. Insights from Price’s equation into
evolutionary epidemiology. In: Feng Z, Dieckmann U, Levin
S, eds.Disease Evolution: Models, Concepts and Data
Analyses. Providence, RI: American Mathematical Society;
2006:23–43. DIMACS: Series in Discrete Mathematics and
Theoretical Computer Science, Vol. 71.

40. Gandon S, Day T. The evolutionary epidemiology of
vaccination. J R Soc Interface. 2007;4(16):803–817.

41. Berngruber TW, Froissart R, ChoisyM, et al. Evolution of
virulence in emerging epidemics. PLoS Pathog. 2013;9(3):
e1003209.

42. Gupta V, Vale PF. Nonlinear disease tolerance curves reveal
distinct components of host responses to viral infection. R Soc
Open Sci. 2017;4(7):170342.

43. Roy BA, Kirchner JW. Evolutionary dynamics of pathogen
resistance and tolerance. Evolution. 2000;54(1):51–63.

44. Supapol WB, Remis RS, Raboud J, et al. Reduced mother-to-
child transmission of HIV associated with infant but not
maternal GB virus C infection. J Infect Dis. 2008;197(10):
1369–1377.

45. LauckM, Bailey AL, Andersen KG, et al. GB virus C
coinfections inWest African Ebola patients. J Virol. 2015;
89(4):2425–2429.

46. Paz-Bailey G, Mendoza MC, Finlayson T, et al. Trends in
condom use amongMSM in the United States: the role of
antiretroviral therapy and seroadaptive strategies. AIDS. 2016;
30(12):1985–1990.

47. Porco TC,Martin JN, Page-Shafer KA, et al. Decline in HIV
infectivity following the introduction of highly active
antiretroviral therapy. AIDS. 2004;18(1):81–88.

48. USDepartment of Commerce. 2007–2011American
Community Survey 5-year estimates. 2016. https://www.census.
gov/programs-surveys/acs/technical-documentation/table-and-
geography-changes/2011/5-year.html. Accessed April 25, 2017.

49. Gates GJ. Howmany people are lesbian, gay, bisexual, and
transgender? 2011. https://williamsinstitute.law.ucla.edu/wp-
content/uploads/Gates-How-Many-People-LGBT-Apr-2011.
pdf. Accessed April 25, 2017.

50. WHO. HIV/AIDS. Online Q&A. 2016. http://www.who.int/
features/qa/71/en/. Accessed June 11, 2019.

51. Morgan D, Mahe C, Mayanja B, et al. HIV-1 infection in rural
Africa: is there a difference in median time to AIDS and
survival compared with that in industrialized countries? AIDS.
2002;16(4):597–603.

52. Soerjomataram I, Lortet-Tieulent J, Ferlay J, et al. Estimating
and validating disability-adjusted life years at the global level:
a methodological framework for cancer. BMCMed Res
Methodol. 2012;12:125.

Am J Epidemiol. 2019;188(9):1586–1594

1594 Greenhalgh et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/aje/article/188/9/1586/5506606 by Q

ueen's U
niversity user on 10 August 2021


