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The development of an HIV cure is a global health priority, with the target
product profile (TPP) for an HIV cure guiding research efforts. Using a math-
ematical model calibrated to data from men who have sex with men (MSM) in
the Netherlands, we assessed whether an effective cure could help end the HIV
epidemic. Following the TPP, we evaluated two scenarios: (i) HIV remission,
where the virus is suppressed in an individual without ongoing antiretroviral
therapy (ART) but may rebound, and (ii) HIV eradication, which aims to
completely remove the virus from the individual. Here, we show that sustained
HIV remission (without rebound) or HIV eradication could reduce new HIV
infections compared to a scenario without a cure. In contrast, transient HIV
remission with a risk of rebound could increase new infections if rebounds are
not closely monitored, potentially undermining HIV control efforts. Our
findings emphasize the critical role of cure characteristics in maximizing cure
benefits for public health and highlight the need to align HIV cure research
with public health objectives to end the HIV epidemic.

Over the past decades, significant progress has been made toward
achieving the United Nations Sustainable Development Goal of ending
the HIV epidemic by 2030". Successes in reducing HIV transmission are
particularly notable among men who have sex with men (MSM) in
several Western European countries, including the Netherlands*™*.
Since 2008, annual HIV diagnoses and HIV incidence among MSM in

the Netherlands have declined by approximately 70%?, largely due to
public health interventions such as pre-exposure prophylaxis (PrEP)°
and treatment as prevention®.

Despite these advances, developing an HIV cure is a global health
priority’~®, as millions of people worldwide depend on lifelong anti-
retroviral treatment (ART) for viral suppression and a preventive
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Table 1| The relation of HIV cure scenarios to the minimum
and optimum TPP for an HIV cure

Characteristics (Model Minimum TTP Optimum TTP
parameter)
HIV remission scenario
Target population Adults on -
stable ART
Efficacy® () 20% 90%
Protection from re-infection None Full
Need for monitoring’ (1/7f) Every 2 weeks None

Mean time to rebound (1/¢) 2 years (transient Never (sustained HIV

HIV remission) remission)
HIV eradication scenario
Target population Adults on —
stable ART
Efficacy® (e) 20% 90%
Protection from re-infection None Equivalent to sustained

HIV remission

Need for monitoring’ (1/7f) Every 2 weeks None

Following the TPP framework®, we refer to HIV remission and HIV eradication scenarios as ‘a cure’
and to individuals who achieve it as ‘cured’.

$Efficacy was defined as the proportion of individuals for whom the HIV-cure intervention was

successful.

'Need for monitoring indicates monitoring frequency for individuals who achieved HIV remission
or HIV eradication. The minimum TPP specifies that monitoring should occur every 1-4 weeks

after ART interruption, with the frequency decreasing to every 3 months once a cure is achieved®.
In our model, the cure process is simplified by assuming that cure delivery and ART interruption
are instantaneous. To align with the TPP’s requirements while considering this simplification, we
used a monitoring interval of 2 weeks, which falls within the specified range, as the

minimum TPP.

‘The HIV remission and eradication scenarios targeted at all people with HIV were not modeled.

vaccine is not yet available. People with HIV, including those in key
populations such as MSM, experience impaired health-related quality
of life despite effective ART'™%, Compared to individuals without HIV,
people with HIV have worse physical and mental health due to chronic
comorbidities and stigma'®*2. Emerging biomedical technologies, such
as an HIV cure, have the potential to improve health and well-being of
all people with HIV including MSM across various life domains, similar
to how ART revolutionized HIV treatment in the past”*%,

Biomedical research and human clinical trials for curative HIV
interventions are advancing rapidly'®”. To date, several patients have
been cured of HIV through HIV-resistant stem cell transplants'®, but a
scalable cure has yet to be developed and may take considerable time
to become widely available. The consensus is that an acceptable and
scalable cure for HIV will most likely require a combination of strate-
gies targeting different aspects of HIV infection”*", HIV eradication—
aiming for the complete removal of HIV from the body—represents the
ultimate goal for people with HIV***°, However, HIV remission, where
the virus remains suppressed below transmissible levels without
ongoing ART, could be a more attainable target for researchers. Stra-
tegies that are currently being developed may contribute to both HIV
remission and HIV eradication”'**"%,

The target product profile (TPP) for an HIV cure, a tool commonly
used to guide drug development, has been devised by the Interna-
tional AIDS Society to align stakeholders on essential attributes for
potential HIV cure interventions’. The TPP specifies key characteristics
of a cure, including the target population, clinical efficacy, protection
from re-infection, time to viral rebound, and monitoring requirements
(Table 1). According to the TPP’s minimum and optimum criteria,
interventions resulting in either HIV remission or HIV eradication
could be considered curative. Following the TPP framework, we refer
to each of these cure scenarios as ‘a cure’ and to individuals who
achieve it as ‘cured’.

The characteristics of a cure intervention could have major con-
sequences not only for the well-being of people with HIV but also for
virus transmission at the population level. It is often hypothesized that
an effective cure could aid in controlling the HIV epidemic’***. How-
ever, there is limited research investigating whether and how a cure
would affect HIV transmission dynamics. For example, in an HIV
remission scenario with a risk of viral rebound, transmission of the
virus could occur. In an HIV eradication scenario, if a cure does not
confer immunity, cured individuals may still be susceptible to re-
infection. These considerations underscore the need for further
investigation into the potential impact of curative HIV interventions on
transmission dynamics. The early analyses would help identify which
cure characteristics mentioned in the TPP are important and provide
an initial understanding of which cures may align with the current
public health objectives of ending the HIV epidemic.

From the early days of the HIV epidemic, mathematical modeling
played an important role in advancing our understanding of HIV epi-
demiology, evaluating the impact of interventions, and shaping public
health strategies®?. For example, the seminal modeling study by
Granich et al.”® investigated the impact of test-and-treat on reducing
HIV transmission, significantly influencing the international policy to
end the HIV epidemic. Understanding how emerging HIV technologies,
such as a potential cure, may affect the course of the epidemic is key to
their successful implementation at the population level.

The impact of a cure intervention in a specific context may
depend on several factors, such as key populations, the state of the HIV
epidemic, standards of HIV care and prevention, and sexual behaviors
relevant to HIV transmission. Previous modeling studies investigated
the potential impact of a cure on generalized epidemics in hetero-
sexual populations in Africa®*>°. These studies suggested that a cura-
tive intervention could reduce HIV incidence in settings with less
controlled epidemics. However, their focus on generalized epidemics
differs from the concentrated HIV epidemic among MSM in the
Netherlands, where substantial progress has been made toward HIV
control under the current standard of care and prevention, leading to
low HIV incidence and high ART coverage. Furthermore, they did not
explicitly incorporate the full range of cure characteristics and possi-
ble cures outlined in the TPP. In this study, we used a mathematical
model calibrated to epidemiological and sexual behavior data to
evaluate the potential impact of curative interventions in this distinct
population. We modeled how different cure scenarios, based on the
full range of acceptable criteria established in the TPP, would affect
HIV transmission dynamics. Finally, we explored the conditions under
which these interventions may increase or decrease HIV transmission
among MSM in the Netherlands and discussed the implications for the
population-level cure implementation.

Results

Dynamics without cure

The model was fitted to and reproduced well the annual number of
new HIV diagnoses and the estimated number of undiagnosed HIV
infections among MSM from 2017 till 2022, reported by the Dutch HIV
Monitoring Foundation (Stichting hiv monitoring, SHM) (Fig. 1)°. The
number of new HIV infections per 100,000 persons per year acquired
in the country was estimated to decrease from 73 (95%Crl 10-143) in
2017 to 42 (95%Crl 5-91) in 2022. The estimated mean time to diag-
nosis was 28 months (95%Crl 24-32), consistent with the SHM data”.
The model predicted that, among all new HIV diagnoses, the propor-
tions of diagnoses within 6 months, between 6 to 12 months, and more
than 12 months since HIV infection were 22% (95%Crl 20-24%), 14%
(95%Crl113-16%), and 63% (95%Crl 60-66%), respectively, also aligning
with the SHM data”. In 2024, treated individuals accounted for 75%
(95%Crl 23-94%) of new infections acquired in the country, undiag-
nosed individuals for 23% (95%Crl 6%-71%), and diagnosed but
untreated individuals for only 2% (95%Crl 0-6%), compared to the
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Fig. 1| Model fit to HIV surveillance data for MSM in the Netherlands.

a Incidence of new HIV diagnoses per 100,000 persons per year, b estimated total
number of undiagnosed HIV infections, including importations from abroad,
cincidence of new HIV infections acquired in the country per 100,000 persons per
year, and d contribution to the mean new HIV infections by status of the source of

b
22000 e Data
g1500 Model
(6]
581 |
2 3 1000 +*
E o
5 ¢ |4 |
& 500
e)
C
=}
0
A D 9 Q N 2 o) ™
N XTI
S S S S S S
d
80
o @ Diagnosed
% g B Undiagnosed
o % 60 Treated
5§36
5 2 540
26 a
£ 88
SES™
z o
2= o0
A D 9 Q N N 2 o) ™
ST ST P AR LR S
S S S S S S
Year

HIV infection. The red dots and the error bars correspond to the mean estimates
and the 95% confidence intervals reported by SHM The mean trajectories esti-
mated from the model are shown as orange lines. The shaded regions correspond
to 95% credible intervals based on 100 samples from the joint posterior parameter
distribution.

respective contributions of these groups of 52% (95%Crl 7-85%), 45%
(95%Crl 14-85%), and 3% (95%Crl1-6%) in 2017. Note that in the model,
the category of treated individuals has a very low, but non-negligible
infectivity, as it includes not only virally suppressed individuals but
also those who are not virally suppressed due to recent treatment
initiation, imperfect treatment adherence, treatment failure, or drop-
out. The estimated HIV prevalence was almost constant, around 6-7%
throughout the considered period, which is in the range observed for
MSM in Western Europe®. The model was additionally validated using
independent data, not included in the model fitting, on the annual
number of MSM on PrEP, the annual number of MSM on ART immi-
grating to the Netherlands from abroad, and the ART coverage among
all MSM with HIV from 2017 till 2022 (Fig. S1).

Cure scenarios
Guided by the TPP’, we developed a transmission model for the HIV
remission and HIV eradication scenarios (see Fig. 2 and Methods). The
relation of these cure scenarios to the minimum and optimum TPP’ is
summarized in Table 1. In both scenarios, the cure was targeted at
virologically suppressed individuals on ART (minimum TPP).

From an HIV dynamics perspective, the key difference between
HIV remission and HIV eradication is that, in the remission scenario,
the HIV reservoir within an individual is not completely removed. We
defined ‘sustained’ HIV remission as a scenario where the virus remains
below transmissible levels indefinitely (optimum TPP), whereas ‘tran-
sient’ HIV remission allows for possible viral rebound and potential
onward transmission after a mean period of virus control of 2 years
(minimum TPP). We assumed that individuals achieving HIV remission

have full protection against re-infection (optimum TPP). In contrast, in
the eradication scenario, all HIV including the intact and rebound-
competent reservoir is fully removed. We further assumed that indi-
viduals achieving HIV eradication remain susceptible to re-infection
(minimum TPP) and could start using PrEP if they have a high risk of
HIV acquisition.

In both cure scenarios, we explored the entire range of acceptable
values for cure characteristics outlined in the TPP, i.e., annual uptakes
(proportion of eligible individuals receiving a cure intervention each
year) of 10%, 50%, and 90%, and efficacy (proportion of individuals for
whom the intervention was successful) of 20% (minimum TPP) and
90% (optimum TPP). In our model, the cure process is simplified by
assuming that cure delivery and ART interruption are instantaneous.
Individuals who did not take up a cure intervention or for whom the
intervention was unsuccessful remained on ART. Moreover, we con-
sidered three monitoring strategies for individuals who may experi-
ence a viral rebound after HIV remission or re-infection after HIV
eradication: (i) no monitoring (optimum TPP), resulting in a mean
(across all HIV stages) diagnostic delay of 28 months, which aligns with
the estimated delay of HIV infections under the current standard of
care’; (i) PrEP-like monitoring, with a mean diagnostic delay of
3 months, similar to the testing interval for PrEP users®’; and (iii) fre-
quent monitoring (minimum TPP) every two weeks, as used in analy-
tical treatment interruptions studies®.

A cure intervention was assumed to be introduced in 2026, with
maximum uptake reached within 3 years. We compared projections of
HIV dynamics under the two cure scenarios and the no-cure scenario
from 2026 to 2036. Changes in HIV incidence under the cure scenarios
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parameters, and assumptions for a HIV remission and b HIV eradication is given
in the Supplementary Material.
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Fig. 3 | Projections of HIV dynamics under the HIV remission scenario. a New
HIV infections, b new rebounds in individuals achieving HIV remission, ¢ HIV pre-
valence (proportion of individuals with HIV), and d cure coverage (proportion of
eligible individuals achieving HIV remission) for different times until viral rebound.
The legend for different curves shown in d corresponds to all panels. The red
vertical arrows indicate the cure introduction. The mean trajectories from the
model are shown as solid lines. The shaded regions correspond to 95% credible
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intervals based on 100 samples from the joint posterior parameter distribution.
Different shades of blue correspond to different times until viral rebound. The
projections of the model without a cure are shown in orange. Parameters: efficacy
of 90% (proportion of individuals for whom the intervention was successful),
annual uptake of 90% (proportion of eligible individuals receiving the intervention
each year), and a 3-month diagnostic delay of rebounds in individuals who achieved
HIV remission.

were always reported relative to the no-cure scenario. A detailed
description of the model equations, parameters, and assumptions is
provided in the Methods section, Fig. 2, and the Supplementary
Material.

Dynamics for HIV remission scenario

We first explored how the dynamics under the HIV remission scenario
might unfold based on different assumptions about the time to viral
rebound. We simulated the model with mean rebound times of 2 years
and 6 years, as well as the possibility of sustained HIV remission (i.e., no
rebound). We assumed 90% intervention efficacy and 90% annual
uptake, along with a 3-month diagnostic delay of rebounds. Projec-
tions of the epidemic dynamics for these parameters are shown in
Fig. 3. Sustained HIV remission, with no risk of rebound, resulted in the
fewest new HIV infections compared to the no-cure scenario—7 (95%
Crl 1-15) versus 36 (95%Crl 3-83) per 100,000 persons per year in
2036. If the time to viral rebound was 6 years, an estimated 26 (95%Crl
3-57) new HIV infections and 685 (95%Crl 630-730) new rebounds per
100,000 persons per year would occur in 2036. For a shorter rebound
time of 2 years, new HIV infections and new rebounds increased to 47
(95%Crl 8-109) and 1,477 (95%Crl 1377-1582) per 100,000 persons per
year in 2036. The HIV prevalence, including individuals in whom HIV
remission was achieved but the viral reservoir was not fully removed,
remained nearly constant regardless of the rebound time, while cure
coverage (proportion of eligible individuals achieving HIV remission)
was lower for shorter rebound times.

The contribution of different groups to new HIV infections
occurring in the country varied depending on the time to rebound
(Fig. S2). For sustained HIV remission, undiagnosed and treated
individuals remained the primary sources of new infections. Spe-
cifically, in 2036, these groups accounted for 51% (95%Crl 10%-88%)
and 45% (95%Crl 5%-89%) of new infections, respectively, compared
to 20% (95%Crl 5-67%) and 79% (95%Crl 27-95%) in the no-cure
scenario. This suggests that the main effect of sustained HIV
remission is a reduction in the contribution to HIV incidence of the
population on ART, associated with its reduced relative weight. In
the case of transient HIV remission, the contribution of the popu-
lation on ART to incidence decreased too; however, individuals who
were diagnosed but not yet treated, as well as those who experi-
enced viral rebound, became substantial sources of new HIV infec-
tions. In 2036, diagnosed but untreated individuals and those with
viral rebound accounted for 20% (95%Crl 11-28%) and 27% (95%Crl
14-39%) of new infections for a mean rebound time of 6 years, with
even higher proportions, 23% (95%Crl 13-32%) and 32% (95%Crl
18-44%), for a rebound time of 2 years.

The cumulative person-years on ART averted over ten years,
relative to the no-cure scenario, also depended on the time to
rebound (Fig. S3a). In the sustained HIV remission scenario, ART use
was reduced by 73% (95%Crl 72-74%) compared to the no-cure
scenario. When the rebound time was 6 years and 2 years, ART use
was reduced by 66% (95%Crl 65%-67%) and 56% (95%Crl 54-58%),
respectively.
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Fig. 5 | Projections of HIV dynamics under the HIV eradication scenario. a New
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(secondary infections in cured individuals), ¢ HIV prevalence (proportion of indi-
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correspond to 95% credible intervals based on 100 samples from the joint posterior
parameter distribution. Different shades of green correspond to different cure
uptakes. The projections of the model without a cure are shown in orange. Para-
meters: efficacy of 90% (proportion of individuals for whom the intervention was
successful) and a 3-month diagnostic delay of re-infections in individuals who
achieved HIV eradication.

Impact of HIV remission under varied intervention
characteristics

We further systematically compared the impact of HIV remission
under varied efficacy, uptake, time to rebound, and diagnostic delay
from its introduction in 2026 to 2036 (Fig. 4). Sustained HIV remission
consistently resulted in fewer HIV infections, regardless of diagnostic
delay (Fig. 4, top rows). Mean reductions in cumulative HIV infections
over this period, compared to the no-cure scenario, ranged from 60%
(95%Crl 21-72%) for 90% uptake and 90% efficacy to 4% (95%Crl 1-6%)
for 10% uptake and 20% efficacy. Intermediate reductions in HIV
infections were predicted for all other parameter combinations.

The impact of transient HIV remission on cumulative HIV infec-
tions from 2026 to 2036, compared to the no-cure scenario, depended
on diagnostic delay and rebound time (Fig. 4, middle and bottom
rows). Without a dedicated monitoring strategy for diagnosing
rebounds—resulting in a 28-month diagnostic delay, as observed under
the current standard of care—this intervention consistently led to an
increase in HIV infections. The extent of this increase was greater for
shorter rebound times and for higher cure uptake and efficacy. This
rise can be attributed to individuals experiencing viral rebound, whose
contribution to incidence grows over time, reaching up to 72% (95%Crl
65-84%) in 2036 in the worst-case scenario of a 2-year rebound time,
no additional monitoring, and 90% uptake and efficacy (Fig. S4).

In contrast, frequent monitoring of individuals in HIV remission
(i.e., a 2-week diagnostic delay of rebounds) led to a reduction in
cumulative HIV infections compared to the no-cure scenario for a
6-year rebound time. However, this came with an estimated maximum

of 6132 (95%Crl 5770-6484) cumulative rebounds per 100,000 per-
sons. For a shorter 2-year rebound time, even with frequent monitor-
ing, cumulative HIV infections slightly exceeded those in the no-cure
scenario, with an estimated maximum of 14,518 (95%Crl 13,611-15,430)
cumulative rebounds per 100,000 persons.

We also computed the minimum monitoring frequency required
for the HIV remission cure intervention to provide a net benefit in
terms of cumulative new infections, using the values of efficacy,
uptake, and time to rebound explored in Fig. 4 (see Table S1). The
minimum monitoring frequency is approximately every 4.5 to
5 months for all combinations of cure uptake and efficacy, if the mean
time to rebound is 6 years. However, if the mean time to rebound is
only 2 years, even monitoring as frequently as every two weeks would
be insufficient to mitigate the increase in new infections.

Dynamics for HIV eradication scenario

Similar to HIV remission, we first assessed transmission dynamics
under the HIV eradication scenario, considering 90% efficacy and a
3-month diagnostic delay for re-infections. The introduction of HIV
eradication led to a consistent reduction in the number of new HIV
infections in naive individuals, with values varying based on cure
uptake (Fig. 5). For 90% uptake, the estimated number of new HIV
infections decreased to 7 (95%Crl 1-15) per 100,000 persons per year
in 2036, which is comparable to the outcome of sustained HIV remis-
sion. For lower uptakes, new HIV infections also declined, albeit less
markedly, reaching 9 (95%Crl 1-18) and 22 (95%Crl 2-48) per 100,000
persons per year for 50% and 10% uptake, respectively. Notably, across
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Fig. 6 | Impact of the HIV eradication on HIV dynamics under varied cure
characteristics. The color bar corresponds to a mean change in cumulative HIV
infections (primary infections in naive individuals) relative to the no-cure scenario
and b mean cumulative HIV re-infections (secondary infections in cured
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individuals) from the introduction of HIV eradication scenario in 2026 to the end of
the simulation in 2036. The color bar scale in (a) is the same as that in Fig. 4a for
direct comparison.

the entire range of uptakes considered, the estimated number of re-
infections in cured individuals remained low, approaching only about
2 re-infections per 100,000 persons per year in 2036. Furthermore,
unlike in the HIV remission scenario, HIV prevalence markedly drop-
ped after the introduction of HIV eradication, reaching 3.31% (95%Crl
3.00-3.63%) for 10% uptake and falling to less than 1% for uptakes
above 50%. The model also indicated that for lower uptakes, equili-
brium in HIV dynamics had not yet been reached, with new HIV
infections projected to decline further after 2036 (e.g., falling below 22
per 100,000 persons for 10% uptake).

Similarly to sustained HIV remission, the HIV eradication inter-
vention substantially reduced the contribution of individuals on ART
to new HIV infections (Fig. S5). In 2036, this contribution declined from
79% (95%Crl 27-95%) in the no-cure scenario to 44% (95%Crl 5-89%)
with a cure uptake of 90%. The contribution of re-infections was neg-
ligible. HIV eradication reduced ART use by 73% (95%Crl 72-75%) for a
cure uptake of 90% (Fig. S3b), mirroring the effect of sustained HIV
remission.

Impact of HIV eradication under varied intervention
characteristics

A systematic comparison of the impact of HIV eradication under varied
efficacy, uptake, and diagnostic delay of re-infections is shown in Fig. 6.
Similar to sustained HIV remission, HIV eradication consistently
reduced HIV infections in naive individuals, regardless of diagnostic
delay. Like before, the largest and smallest reductions in cumulative
HIV infections over the 2026-2036 period were observed at the
extreme values of uptakes and efficacy, with the reduction ranging
from 4% (95%Crl 1-6%) to 60% (95%Crl 21-72%) for all parameter
combinations explored. For all diagnostic delays, the estimated num-
ber of cumulative re-infections remained low, not exceeding 23 per
100,000 persons over 10 years.

Robustness and sensitivity analyses

The qualitative trends in projected HIV dynamics from the main
analysis hold under alternative assumptions about importation of
infected individuals, including a scenario without importation and
one where the proportion of undiagnosed imported cases matches
that of undiagnosed individuals in the infected population within
the country (Figs. S6-S11). Furthermore, our results remained robust
across different years of cure introduction (Figs. S12-S13) and when
assessed over longer post-cure time frames (Figs. S14-S15). A
potential increase in sexual risk behavior among MSM in response
to a cure based on survey data did not qualitatively affect the overall
outcomes (Fig. S16). Specifically, ten years post-cure, the number of
new HIV infections was always lower for HIV eradication compared
to the no-cure scenario, but this was not the case for transient HIV
remission. Sensitivity analyses regarding the infectivity of indivi-
duals after viral rebound indicated that our projections for HIV
remission were the most optimistic (Fig. S17). In contrast, the results
for HIV eradication were consistent across varying assumptions
about the infectivity of re-infections (Fig. S18). In an HIV remission
scenario including both rebounds and re-infections (Fig.S19), the
results remained consistent with those in Fig. 3, showing an increase
in new HIV infections when the time to rebound is two years. The
findings in Fig. 3 also hold for a scenario in which HIV remission is
modeled with a rebound time following an Erlang distribution
instead of an exponential distribution (Fig. S20). Whether an HIV
remission cure prolonged survival compared to ART had minimal
impact on our results. The qualitative insights into the impact of
cure scenarios relative to the no-cure scenario were also robust to
potential changes in the underlying trend in HIV incidence, parti-
cularly when new HIV infections started to increase from 2022
onward (Fig. S21). Further details of these and additional sensitivity
analyses are given in the Supplementary Material.
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Discussion

In light of rapidly advancing HIV cure research®, anticipating the
potential population-level impact of cure implementation is essential
before effective interventions become available. From a public health
perspective, an effective cure should align with the United Nations
Sustainable Development Goal of ending the HIV epidemic’. Indeed,
there is a prevailing assumption that a cure will contribute to epidemic
control”®%*, In Western European countries where HIV epidemics are
concentrated among MSM and HIV incidence is already low, this
assumption implies that the implementation of a cure should not
disrupt the progress made in HIV control under the current prevention
and treatment standards.

We found that introducing either cure scenario could alter the
course of the HIV epidemic among MSM in the Netherlands. The
impact differed between sustained HIV remission or HIV eradication,
which both have the potential to further reduce HIV transmission, and
transient HIV remission, which could increase HIV transmission. This
divergence in the potential outcomes of cure scenarios underscores
the importance of evaluating their public health impacts, which, for
now, can only be done through mathematical modeling®. Specifically,
the model projections indicated that while sustained HIV remission
consistently resulted in a decrease in cumulative HIV incidence over
ten years (by up to 60% for optimum TPP), transient HIV remission
could increase new infections. Notably, the increase in incidence was
observed for plausible parameter combinations that might be
achievable in a real-world setting (e.g., a 3-month diagnostic delay,
which matches the testing interval for PrEP users®, and the TPP’s
minimum requirement of 2 years before relapse®). This effect
remained unmitigated even with frequent monitoring (e.g., every 2
weeks), which is unlikely to be feasible in a real-world setting. HIV
incidence under transient HIV remission increased in the model
because individuals who experienced viral rebound could transmit the
virus before being diagnosed and after diagnosis until treatment
initiation. This led to a counterintuitive effect where higher incidence
was observed for higher cure uptakes and efficacies. The more indi-
viduals achieved HIV remission, the more rebounds occurred, leading
to an increase in new infections. This effect could be mitigated by
developing HIV remission strategies with longer times to rebound or
through stricter monitoring. However, even in scenarios where tran-
sient HIV remission reduces HIV incidence, managing numerous
rebound cases may pose a challenge in the real world and lead to
adverse health outcomes for patients. Lifelong monitoring has been
shown to negatively impact acceptance of a potential cure among
people with HIV in the Netherlands, though it is not their primary
concern compared to other cure characteristics. However, its
potential mental burden on cured individuals remains to be investi-
gated. People with HIV in the Netherlands and Australia have also
raised concerns about transient HIV remission because of fear of
transmitting the virus to their partners and stigma“?°. Frequent
rebound episodes would require ongoing efforts for rapid viral load
monitoring and timely diagnosis of rebounds to maximize the public
health benefits of any HIV remission strategy. The development of a
simple point-of-care or at-home diagnostic for detecting rebounds
may be a potential solution mentioned by experts who developed the
TPP for an HIV cure’.

In contrast, the HIV eradication scenario presents a more opti-
mistic outlook for HIV dynamics. Our findings suggest that this sce-
nario would always reduce HIV incidence among naive individuals,
without the requirement of additional monitoring, with projected
cumulative new infections decreasing similarly to the sustained HIV
remission scenario (by up to 60% for optimum TPP) within ten years.
Importantly, the HIV eradication scenario would maintain a low num-
ber of re-infections, which is relevant for those MSM who are parti-
cularly vulnerable due to their sexual risk behavior*. The main reason
for few re-infections under the HIV eradication scenario and a

potentially large number of rebounds under the transient HIV remis-
sion scenario is that the rate of re-infections depends on the popula-
tion with HIV, while rebounds occur at a constant rate among
individuals who achieved HIV remission. This could also explain why, in
high-incidence settings like South Africa, the potential for re-infection
might offset the decline in incidence expected from an eradication
cure®,

Itis recognized that mathematical modeling can help advance HIV
cure research®. However, few studies have modeled the impact of cure
strategies at the population level. To our knowledge, this is the first
study to assess the potential impact of an HIV cure on an epidemic
among MSM in a Western European country with low HIV incidence.
We ensured the reliability of our model to project HIV dynamics
without a cure by inferring key model parameters and conducting
model validation on multiple datasets. Unlike other studies assessing
interventions for HIV control in low-incidence settings® =, our model
accounted for the openness of the MSM population by incorporating
immigration of individuals to the Netherlands who acquired HIV
abroad. The strength of our modeling approach lies in its ability to
project HIV dynamics without requiring precise information on the
biological mechanisms underlying a cure. Instead, our analyses were
guided by the TPP, using the full range of acceptable values for several
cure characteristics’. Our findings indicate that certain cure scenarios
meeting the TPP criteria may lead to unintended increases in trans-
mission. This suggests that further refinement of the TPP may be
necessary to ensure that curative interventions align optimally with
public health goals, particularly in concentrated epidemics such as
among MSM in the Netherlands.

There is concern that the introduction of a cure could shift per-
ceptions of HIV risk, severity, and prevention, as observed when ART
became widely available*. Our study is the first to incorporate actual
survey data on potential behavioral changes among MSM following the
introduction of a cure into sensitivity analyses. Our findings suggest
that risk compensation could further reduce the effectiveness of the
transient HIV remission scenario while having minimal impact on the
outcomes of the HIV eradication scenario. Therefore, real-world cure
interventions may need to be accompanied by additional prevention
strategies to address the potential change in sexual behavior.

While our findings are particularly relevant for similar HIV epi-
demics among MSM in Western European countries, where HIV inci-
dence is low, they exhibit qualitative similarities with two previous
modeling studies for a generalized epidemic in heterosexual popula-
tions in Africa®*°. The qualitative comparison with these studies is
possible because they also explored scenarios with more optimistic
epidemic projections and relatively high ART coverage, similar to the
Dutch setting. Beacroft and Hallett™ demonstrated that in a well-
controlled epidemic, both HIV eradication and HIV remission with
100% efficacy and a time to rebound of 8 years would reduce the
number of new infections, aligning with our findings. While Dimitrov
et al.”’ concluded that HIV eradication strategies targeting treated
individuals have minimal impact on incidence in low-ART settings,
their results in high-ART settings qualitatively agree with our findings
for the Netherlands, showing substantial reductions in new infections.
However, our results differ from ref. 30, as we found that the timing of
cure introduction did not substantially alter the outcomes of cure
scenarios. This discrepancy may be explained by the fact that the HIV
epidemic in the Netherlands was estimated to be close to reaching a
low stable level of incidence, unlike the more dynamic epidemic in
South Africa.

Our study has several limitations. First, we used a classical deter-
ministic compartmental model, which assumed an exponential dis-
tribution for the time until viral rebound. Although this distribution
may not perfectly capture relapse timing, it provides a way to compare
cure scenarios conceptually, given the limited empirical data available.
To test this assumption, we conducted a sensitivity analysis using an
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Erlang distribution for the time to rebound, which is more peaked but
preserves the same mean. This modification did not alter the overall
long-term trends observed in the HIV remission scenario. While a
stochastic model might yield different quantitative outcomes, our
primary conclusions would likely remain robust. Second, self-reported
sexual behavior data may be biased, potentially affecting the estimated
per-partnership transmission probability. However, because this
parameter primarily scales the relative contributions of different risk
groups to overall transmissibility, a uniform underestimation of con-
tact rates across risk groups would likely have minimal impact on
transmission dynamics. If the underestimation varied across risk
groups, its effects on model estimates could be more complex and
merit further investigation. Third, our projections are not intended as
precise forecasts, given that future changes in the national PrEP pro-
gram, the transition from daily ART regimens to long-acting injectable
ART formulations, sexual behavior, or migration trends could influ-
ence the quantitative predictions for the no-cure scenario, potentially
leading to an increase in HIV incidence. Nevertheless, our sensitivity
analyses showed that the qualitative insights regarding the impact of
cure scenarios relative to the no-cure scenario are expected to hold
despite such changes. Fourth, despite the formulation of the TPP,
uncertainty remains around several biological parameters for cured
individuals. Based on data from ART interruption studies, we assumed
that the infectivity of individuals following viral rebound would be
similar to that observed during the chronic stage of HIV infection*"*%,
Conversely, we assumed the infectivity of individuals re-infected after
HIV eradication would resemble the acute stage of HIV infection,
similar to what occurs with superinfection by a different HIV subtype*
or re-infection with hepatitis C virus®***. While these assumptions are
biologically plausible, they remain hypothetical. Our sensitivity ana-
lyses demonstrated that high infectivity could undermine the effec-
tiveness of the transient HIV remission scenario and should be
carefully considered when developing a cure. Moreover, in line with
the call for equitable HIV cure solutions* ™%, our analysis did not focus
on targeting cure strategies to specific population groups based on
behavior or HIV status. Instead, in agreement with the inclusion criteria
for many HIV cure trials*” and the minimum requirement in the TPP?,
our model assumes that a cure is administered to individuals on ART.
Since most MSM with HIV in the Netherlands are diagnosed and
receive effective treatment promptly upon diagnosis>*, this assump-
tion likely has minimal impact on our findings. Lastly, to assess whether
certain cure scenarios would bring the epidemic closer to or further
from elimination, we used HIV incidence as the primary outcome.
While we also examined how cure interventions could reduce the
burden on the healthcare system by lowering the number of people on
ART, we did not assess their cost-effectiveness or the disability-
adjusted life years they could prevent. A health economic evaluation of
cure interventions—relative to the standard of care with lifelong daily
ART regimens, as well as forthcoming long-acting injectable ART for-
mulations—should be a focus of future research.

In summary, our study suggests that both HIV eradication and
sustained HIV remission have the potential to reduce new HIV
infections, contributing to the United Nations Sustainable Devel-
opment Goal of ending the HIV epidemic, while transient HIV
remission could increase infections if rebounds are not promptly
monitored. These findings emphasize the need for further research
to ensure strategic development and effective implementation of
cure interventions.

Methods

Overview

A classical deterministic compartmental model was calibrated using
sexual behavior and HIV surveillance data for MSM in the Netherlands.
The model was validated against independent data not used in the
fitting process. This calibrated model was then applied to explore the

potential impact of an HIV cure on epidemic dynamics at the
population level.

Data

Sexual behavior data. We used sexual behavior data from a cross-
sectional survey conducted from October 2021 to June 2022°. The
survey aimed to assess the anticipated impact of an HIV cure on quality
of life, sexual satisfaction, stigma, and sexual and preventive behaviors
among people with HIV and key populations in the Netherlands. From
this survey, we extracted and analyzed responses from n = 529 MSM
participants who provided information on the number of sexual
partners in the last six months and condom use, and hypothetical
changes in these variables following the introduction of HIV remission
and HIV eradication scenarios. Additional details on the use of beha-
vioral data are provided in the Model Calibration section and Supple-
mentary Material.

HIV surveillance data. In the Netherlands, care for people with HIV is
provided by 24 designated HIV treatment centers. The Dutch HIV
Monitoring Foundation (Stichting hiv monitoring, SHM) was appoin-
ted by the Ministry of Health, Welfare and Sport to continuously
monitor the HIV epidemic in the Netherlands and report on all aspects
of HIV care. Since 1998, SHM has collected data in the ATHENA cohort
from over 98% of all people with HIV who are receiving care in the
Netherlands®. SHM annually reports on the number of new HIV diag-
noses and publishes estimates of the number of newly acquired HIV
infections and the undiagnosed population. We used the SHM data for
MSM from 2015 to 2022 on the annual number of new HIV diagnoses,
the annual number of individuals on ART immigrating to the Nether-
lands from abroad, and ART coverage”. We also used the SHM esti-
mates of undiagnosed HIV infections, calculated using the European
Centre for Disease Prevention and Control HIV Platform tool**. Data
on the number of PrEP users in the national PrEP program from the
national sexually transmitted infections surveillance database*, avail-
able from June 2019 to April 2022, were taken from ref. 37.

Transmission model

Model without cure. The model described the sexual transmission of
HIV among MSM in the Netherlands. The population was stratified into
four risk groups based on the average number of new sexual partners
per year, ¢;*°. We denoted risk groups with subscript (=1, 2, 3, 4, where
[ = 1 represented the group with the lowest number of partners and
[ = 4 with the highest. Individuals did not change risk groups. The
population in risk group [ was further stratified by disease status into
different compartments as shown in Fig. 2.

Susceptible individuals were recruited into the sexually active
population at an overall rate of SNy and were assigned to risk group [
with a probability g, where Nj is the initial population size, S is the rate
of entry into the sexually active population, and g, is the initial fraction
of individuals in risk group L Cessation of sexual activity occurred at
rate u. In addition, we modeled the immigration of individuals to the
Netherlands from abroad who were undiagnosed or already on ART
and assigned them to risk group [ with a probability Q. Imported
undiagnosed infections were assigned to HIV stage k, where
k=1,2,3, 4, with a probability py.

In each risk group [, susceptible individuals acquired HIV at a time-
dependent rate/,(¢) (i.e., the force of infection) through sexual contacts
with the infectious individuals. Upon infection, they progressed
through four stages: acute (k = 1), chronic (k = 2), AIDS with severe
symptoms (k =3), and AIDS without sexual activity (k=4). These stages
were characterized by different progression rates p, and infectivities.
Individuals in the last stage died from HIV at rate p,. Infected indivi-
duals in stage k were diagnosed at rate 7. Once diagnosed, they either
began ART at rate i or died from HIV at rate pp. The average lifespan in
the infected undiagnosed and diagnosed untreated compartments
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was assumed to be equal (i.e., 1/pp = Zﬁ:ll/pk, see Table S2). The
infectivity of diagnosed individuals was computed as a weighted
average of the infectivity of undiagnosed individuals, with weights
proportional to the duration of the respective infectious stages. Indi-
viduals on ART left the population at rate y due to a shorter lifespan
compared to susceptible individuals. Note that the category of indi-
viduals on ART includes not only virally suppressed individuals but
also those who are not virally suppressed due to recent treatment
initiation, imperfect treatment adherence, treatment failure, or drop-
out. In the Netherlands, the rate of discontinuation of ART among
MSM is low, and a variety of next-line ART regimens are available in the
event of ART failure. To reflect this, we did not explicitly model ART
discontinuation or failure, considering instead that individuals on ART
had very low, but non-negligible infectivity. Susceptible individuals in
risk groups [ =3, 4 started using PrEP at rates k,°" (¢) and discontinued
it at rate k°". PrEP reduced the risk of infection with an effectiveness of
(1 - Q). Individuals who acquired HIV while on PrEP had lower infec-
tivity and were diagnosed more rapidly (at rate 7°) than individuals who
did not use PrEP due to 3-monthly HIV testing.

Cure scenarios. The schematics of the model for HIV remission and
HIV eradication are shown in Fig. 2. In both cure scenarios, all indivi-
duals on ART, regardless of their risk group, were eligible for a cure.
The rollout of the cure was modeled as a time-dependent uptake rate,
a(t), which grew logistically from the start of the rollout in 2026 until it
reached a maximum uptake rate, a™®, within 3 years. The efficacy of
the cure, e, was defined as the proportion of individuals on ART for
whom a cure intervention was successful (i.e., who achieved HIV
remission or HIV eradication). Individuals who did not achieve a cure
or did not take up a cure intervention remained on ART.

Individuals who achieved HIV remission (Fig. 2a) experienced a
viral rebound at a constant rate ¢p. We assumed that, upon rebound,
individuals entered the chronic HIV stage, similar to what occurs
during analytical treatment interruption studies**>, and continued
through disease progression at rates p;. They were monitored and
diagnosed at rates 7§, depending on the specific stage , or died from
HIV at rate p,. Since the viral reservoir was not completely removed by
the intervention, we assumed that individuals in HIV remission died at
the same rate as individuals on ART. After achieving HIV eradication
(Fig. 2b), individuals were assumed to become fully susceptible and
acquired HIV at the same rate J,(t) as naive susceptible individuals.
Cured individuals in risk groups [ = 3, 4 began using PrEP at rates
k,on (t) and discontinued it at rate k°T. Upon re-infection, these indi-
viduals entered the acute stage, similar to what occurs with super-
infection by a different subtype®, and followed the same disease
progression and diagnosis patterns as those in the HIV remission
scenario.

Model implementation. The model was implemented in R with the
RStudio interface (version 2022.12.0+353) using a system of ordin-
ary differential equations for the number of individuals in different
compartments. The equations are provided in the Supplementary
Material, along with a table describing all model parameters
(Table S2) and sensitivity analyses related to key model
assumptions.

Model calibration

The model was calibrated in three steps: (i) sexual partner change rates
were estimated from the sexual behavior survey data; (ii) diagnosis
rates were estimated from the SHM data on the proportions of diag-
noses by time since acquiring HIV; (iii) other parameters were esti-
mated from fitting the model to the SHM data on the annual number of
HIV diagnoses and the estimated number of undiagnosed HIV infec-
tions from 2017 to 2022. While undiagnosed infections are not directly
observed, including estimates of this data stream in the model fit is

essential for parameter identifiability. Other observed data, such as
ART coverage, not included in the fitting process, were used for model
validation (Supplementary Fig. S1).

Sexual partner change rates. The average number of new sexual
partners per year in risk group [, ¢, where [=1, 2, 3, 4, was estimated by
fitting a probability density function of a Weibull distribution to the
sexual behavior data using the maximum likelihood method, as
described in detail in ref. 55. A full explanation of the estimation pro-
cedure is reported in the Supplementary Material. The estimated
sexual partner change rates are given Table S2 and Fig. S22.

In the main analyses presented in Figs. 1-6, we assumed that
sexual partner change rates remained the same after the introduc-
tion of the cure and reflected survey data for the no-cure scenario.
In the sensitivity analyses, we relaxed this assumption and con-
sidered an increase in sexual risk behavior, as estimated from
survey data.

Diagnosis rates. We fixed the rates of diagnosis in AIDS stages, 73 and
174, S0 that the average time until an AIDS diagnosis was 1 month. The
rates of diagnosis in the acute and chronic stages, 7; and 7,, were
estimated prior to fitting the model to the epidemiological data. To
this end, we used a simple stochastic model that simulated the
dynamics of disease progression and diagnosis, aiming to reproduce
the proportions of diagnoses, among all new HIV diagnoses, within
6 months, between 6 to 12 months, and more than 12 months since
acquiring HIV, based on the SHM data’ (Fig. S23). The detailed esti-
mation procedure is described in the Supplementary Material. The
estimated diagnosis rates are given in Table S2 and Fig. S24.

Other estimated parameters. The estimated parameters were the
probability of transmission per sexual partner, A; the parameter
describing mixing between risk groups, w; the relative infectivity of
diagnosed and treated individuals, & the number of undiagnosed
individuals immigrating to the Netherlands from abroad per year Mj;
the initial number of undiagnosed individuals for model burn-in, Uy;
and the probability of initial and imported HIV infections being
assigned to risk group [, Q, where [ =1, ..., 4. These parameters were
estimated by fitting the model to the SHM data on new HIV diagnoses
and the estimated number of undiagnosed HIV infections from 2017 to
2022, using an Approximate Bayesian Computation approach based
on Latin Hypercube Sampling. The detailed procedure for obtaining
the posterior distributions of all estimated parameters is presented in
the Supplementary Material. The estimated parameters are given in
Table S2 and Fig. S25. The remaining model parameters were fixed
based on the literature (Table S2).

Varied cure parameters

The parameters varied in both cure scenarios were efficacy, e, and
maximum annual uptake percentage, a™¥. In the HIV remission sce-
nario, we also varied the average time until viral rebound, 1/¢. The
maximum annual uptake percentage was calculated as
am™ =[1 — exp(—a™™ x 1year)]100%, where a™¥ is the maximum
uptake rate per year used in the model equations.

Monitoring strategies were defined by varying the diagnostic
delay for rebounds/re-infections in infection stage k, 1/r,f: (i) No
monitoring, a diagnostic delay as estimated under the current
standard of care: 1/7¢ =1/7; for all k with 7, values taken from the
estimated posterior distribution, resulting in an average (across all
HIV stages) diagnostic delay of 28 months. (ii) PrEP-like monitoring:
1/1{,=1/4 year (acute and chronic stages) and 1/7§,=1/12 year
(AIDS stages), resulting in an average diagnostic delay of 3 months,
recommended for PrEP users in the Netherlands. (iii) Frequent
monitoring: 1/7¢=1/24 for all k, yielding an average diagnostic
delay of 0.5 months.
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Model outcomes

The model outcomes were annual new HIV infections (primary
infections in naive individuals), the change in cumulative HIV
infections compared to the no-cure scenario from 2026 to 2036, the
contribution of different groups to new HIV infections, and the
cumulative person-years on ART averted over 10 years relative to
the no-cure scenario. Estimates of HIV incidence presented in this
study referred to infections acquired in the country, excluding
importations from abroad. For HIV remission, we estimated annual
and cumulative viral rebounds; for HIV eradication, we estimated
annual and cumulative re-infections (secondary infections in cured
individuals) over the same period. For HIV remission, HIV pre-
valence was calculated as the ratio of the sum of individuals who are
infected, diagnosed, treated, and in remission and the total popu-
lation size. Individuals in remission were included in the prevalence
calculation because their HIV reservoir is not completely removed.
For HIV eradication, the compartments considered for HIV pre-
valence calculation were infected, diagnosed, and treated. Cure
coverage was calculated as the proportion of cured individuals
among all eligible (all treated and cured compartments). All model
projections were reported as mean values with 95% credible inter-
vals based on 100 samples from the joint posterior parameter
distribution.

Sensitivity analyses

In the sensitivity analyses provided in the Supplementary Material, we
explored the impact on model projections of (i) importation of infec-
ted individuals, (ii) the year of cure introduction, (iii) time horizon of
scenario simulations, (iv) infectivity of individuals after rebound and
re-infection, (v) risk compensation following cure introduction, (vi) the
underlying trend in HIV incidence, (vii) the distribution of the time to
rebound, (viii) susceptibility to re-infection of individuals achieving
HIV remission and HIV eradication, and (ix) duration of survival of
individuals achieving HIV remission.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The study that collected survey data received ethical approval from
the University Medical Center Utrecht (UMC Utrecht) ethics commit-
tee (20-546/C). All datasets analyzed and generated in this study are
available at https://github.com/alfredodebellis/HIVcure_rev®.

Code availability
The codes reproducing the results of this study are available at https://
github.com/alfredodebellis/HIVcure_rev®.
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