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Introduction 

UNAIDS estimates that there were 37.9 million per-
sons living with HIV (PLWH) worldwide in 2019, 

24.5 million of whom are currently accessing antiretro-

viral therapy (ART)1. ART inhibits viral replication but 

does not eradicate the latent HIV reservoir, which 

causes a significant barrier to achieving a functional 
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cure2,3. The latent reservoir is composed of replication-
competent proviruses integrated into the host cell ge-
nome of CD4+ T cells and to a lesser extent, other cell 
types such as monocytes and macrophages4. If reac-
tivated, these cells can produce infectious HIV virions. 
If ART is not present, reactivated virions propagate 
infection within the body causing recrudescent vire-
mia5. Under suppressive ART, long-lived latently in-
fected cells decrease slowly over time, with a half-life 
between 3.5 and 13 years6,7, but do not entirely disap-
pear8. Given this long observed half-life, modeling 
studies predict more than 70 years of ART would be 
required to eradicate the reservoir with ART alone9. 
Thus, it is imperative to better understand factors as-
sociated with the maintenance of the HIV reservoir 
such that curative interventions can be designed. 

Primary HIV infection (PHI) generally refers to the 
first 6 months of infection, characterized initially by 
very high plasma viral load and activation of the im-
mune system with ultimate development of detectable 
HIV antibodies and relative equilibrium between viral 
replication and CD4+ T cell counts (Fig.  1). These 
changes can be described using Fiebig staging, 

which estimates an average duration of infection of 
17-22 days for Fiebig I/II stages (acute HIV) and 25-31 
days for Fiebig III/IV10 (Fig. 1). The HIV reservoir rap-
idly increases in these first few weeks of infection and 
then remains relatively stable11, creating an early “set 
point” that may contribute to persistent long-term con-
sequences, such as chronic inflammation and inten-
dent non-AIDS outcomes, including increased risk of 
cancer and cardiovascular disease12. To prevent in-
fection of target cells and limit the size of the HIV 
reservoir13,14, it is thought to be beneficial to begin 
ART in this critical early period15,16, in addition to the 
undisputed public health benefit of preventing HIV 
transmission by rapidly suppressing virus in plasma 
and body fluids16-18. 

Since 2016, the World Health Organization has rec-
ommended ART to all PLWH at any CD4 T-cell count. 
However, the influence of timing of ART initiation on the 
size of the HIV reservoir during PHI is unclear. Thus 
far, it has not been possible to completely circumvent 
the establishment of latency through use of early ART 
in non-human primates nor in clinical studies19. Al-
though post-exposure prophylaxis (PEP), comprised a 

Figure 1. Fiebig laboratory staging of early HIV infection, seroconversion occurs at Fiebig III (adapted from Fiebig et al.10). Acute HIV is 
defined either as being seronegative (Fiebig I or II) or the short duration of time (generally 1 month) after HIV acquisition. Primary or 
“early” HIV refers more broadly to the initial infection period, generally, the first 6 months, during which viral load stabilizes and immune 
responses mature.
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standard three-drug ART regimen, is successful at 
averting infection if prescribed within 5 days of expo-
sure and before any evidence of HIV infection, there 
are no known cases in which PEP or ART otherwise 
prescribed after documentation of HIV viremia has suc-
cessfully aborted infection and prevented latency es-
tablishment. Thus, this review aims to evaluate the 
impact of the timing of ART in PHI on the size of the 
HIV reservoir. 

Analytic treatment interruption (ATI) can be useful as 
a tool to evaluate HIV reservoir kinetics and potential 
efficacy of HIV remission strategies20. ATI involves ces-
sation of ART while viral load and clinical status are 
carefully monitored, and generally done only within the 
context of clinical research studies. Stopping ART has 
many ethical and logistical challenges, including the 
potential to negatively impact patient safety and risk of 
HIV transmission while a previously suppressed par-
ticipant becomes viremic again21,22. 

The goals of this systematic review were to answer 
the following questions: what is the effect of the timing 
of ART in PHI on the size of the HIV reservoir? What is 
the relationship between ATI and HIV reservoir size in 
persons treated during primary HIV? 

Methods 

This review followed Preferred Reporting Items for 
Systematic Reviews and Meta-analyses (PRISMA) 
guidelines. During June and July 2019, search terms 
“early HIV,” “acute HIV,” and “primary HIV” were cross-
referenced with “HIV reservoir,” “ART,” “ART timing,” 
and “ATI.” We searched these terms in PubMed, Web 
of Science, and Google Scholar; manual review of cita-
tions within selected articles was also performed to 
improve completeness of search. 

We evaluated both interventional and observational 
studies with clear descriptions of the intervention and 
sampling methods, outcomes of which included any 
quantitative method of evaluating the HIV reservoir and 
publication in English. We included studies published 
after 2000, containing at least 10 adult human partici-
pants, and with specified timing of ART initiation with 
respect to estimated HIV acquisition. We included 
studies with the same criteria that additionally included 
ATIs to answer the second question. Animal studies, 
case series of spontaneous virologic control, and stud-
ies not directly relevant to primary HIV or HIV reservoir 
were excluded (Fig. 2).

Article titles and abstracts were screened by two 
reviewers (EMS and RBI) to determine whether they 

met inclusion criteria. If the abstract was deemed 
potentially relevant by both reviewers, the full text was 
reviewed. Consensus was reached as to whether or 
not the article met inclusion criteria. All included arti-
cles are highlighted in table 1 (reservoir outcomes) and 
table 2 (ATI). 

We then performed a quantitative analysis (modified 
meta-analysis) to assess the relationship between time 
to ART initiation after estimated date of infection and 
reservoir size. From each study, we used the aggre-
gate reservoir outcome measurements. We trans-
formed all measurements into approximate units of 
log10 cell-associated HIV DNA in peripheral blood 
mononuclear cells (PBMC), the most uniformly report-
ed endpoint. This transformation required two assump-
tions: (1) in studies that only reported total HIV DNA 
per million CD4+ T cells, we used a 1:4 ratio of CD4+ 
T cells to PBMCs23; (2) if studies only reported mean 
values of reservoir size, we assumed normally distrib-
uted data (mean ≃ median), and calculated data 
spread from reported standard deviations. Using the 
aggregated transformed data, we quantified the cor-
relation between time to ART initiation and reservoir 
size. We used log10 (weeks) as a predictor of log10 
cell-associated-DNA copies (CA-DNA) per million 
PBMC. We performed Pearson correlations for end-
points measured at all times, as well as stratified by 
those measured < 1 year and > 1 year after ART ini-
tiation. This additional stratification was based on pre-
vious studies showing that reservoir clearance is mul-
tiphasic and estimates may be unstable before 1 year 
on ART24.

Results and discussion

Study characteristics

Our search criteria identified 591 potentially relevant 
titles, with 21 articles meeting criteria for inclusion in 
this review (Fig. 2, PRISMA diagram). 

Early ART limits size of the latent HIV 
reservoir 

HIV reservoir seeding rapidly increases with progres-
sion of PHI and involves the peripheral blood and tis-
sues, especially during the first 4 weeks of infection, as 
demonstrated by pre-ART data from the RV254/
SEARCH010 cohort25-27. In this subset of Thais diag-
nosed during very early infection (n = 30), total HIV 
DNA was found to increase 10-fold from Fiebig I through 
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Fiebig III28. The total HIV DNA in both CD4+ T cells and 
PBMCs at baseline strongly predicted reservoir size 
after 24 weeks of ART as well (  =  0.8, p  =  0.0002).

Profound differences in reservoir were also found 
when comparing between persons who started ART in 
PHI with those who started in chronic infection (> 6 
months after infection). Buzon et al. compared HIV 
DNA in PBMC from PLWH who initiated ART in Fiebig 
III-IV versus PLWH who initiated ART more than 2 years 
after diagnosis and found that the reservoir reduction 
was more pronounced when ART was started during 
PHI (log10 decay per 106 PBMC/year: acute 0.07 vs. 
chronic 0.01, p < 0.00001)29. In a similar study, Koel-

sch et al. conducted an open-label, non-randomized 
study comparing HIV DNA in PBMC from participants 
who began ART during Fiebig I-IV (n = 8) with those 
who began ART during chronic infection (n = 8). After 
52 weeks of ART, the size of the reservoir was five-fold 
lower in PLWH who initiated ART in early infection 
(p = 0.003)25,30. In the Swiss cohort characterized by 
Gianella et al., persons starting ART during the first 120 
days of infection had a mean level of HIV-DNA of 3.1 
log10 copies/106 PBMC (95% confidence interval [CI] 
2.9, 3.4) at diagnosis, which declined to a minimum of 
1.9 (95% CI 1.6, 2.1) in 18 months on ART31. Strain et 
al. characterized a cohort in San Diego and Los Ange-

Figure  2. Preferred reporting items for systematic reviews and meta-analyses diagram of literature search and process for selection of 
included manuscripts. 
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les using co-culture assays to evaluate the replication-
competent reservoir (n = 27). In PLWH who initiated 
treatment within 6 months of seroconversion, replica-
tion-competent virus was not recoverable after 1 year 
of ART; in contrast, virus remained recoverable after 6 
years of ART in PLWH who initiated treatment during 
chronic infection32. Thus, it is clear that treatment with-
in the first few months of infection limits the size of the 
HIV reservoir over longer term. 

The virologic benefits of early ART were confirmed 
in several other studies indicating a markedly smaller 
reservoir size in PLWH who began treatment earlier in 
PHI compared to those who begin later. Several stud-
ies suggest benefits of ART to be maximal when initi-
ated within 2 weeks of infection. The RV254/
SEARCH010 cohort and the RV217 cohort found that 
initiation of ART during Fiebig I-IV reduced the reser-
voir in PLWH by 20-fold after 2 weeks of treatment and 
by 316-fold after 144 weeks (n = 90)8. This difference 
did not differ between PLWH who were provided stan-
dard three-drug ART versus “megaHAART,” which 
included two additional drug classes to complete a 
five-drug regimen33; 3 of 15 persons with samples 
available after “megaHAART” had undetectable HIV 
DNA in PBMC at 24 weeks. These Thai studies were 
not able to provide comparisons with persons who 
initiated ART in chronic infection or comparative out-
comes by Fiebig stage at enrollment. The QUEST 
cohort (n = 148) found that ART initiated before Fiebig 
IV decreased PBMC associated DNA levels by 94% 
after 48 weeks of treatment34. Finally, the ANRS PRI-
MO CO6 cohort (n = 327) concluded that after 5 years 
of ART, the reservoir size was 25 times smaller in 
those who started ART 15 days after estimated date 
of infection compared to those who started ART ap-
proximately 3 months after infection (p = 0.0006)35. 
These findings suggest that ART best prevents ex-
pansion of the HIV reservoir when initiated within 2 
weeks of estimated acquisition and that this differ-
ence persists after a long duration of virologic sup-
pression. 

Our meta-analysis showed a moderately positive cor-
relation toward between reservoir size with longer in-
terval between HIV infection and ART initiation (r = 0.36, 
p = 0.045; Fig. 3A) when all aggregate endpoints were 
considered. When limited to endpoints measured after 
1 year of ART, the positive linear relationship was much 
stronger (r = 0.69, p = 0.0003; Fig. 3C) and there was 
little correlation with reservoir size for time points mea-
sured before or early after ART initiation (Fig. 3B). The 
lack consistent outcomes between early endpoints cor-
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respond to experience that latent reservoir clearance 
is multiphasic so that measurements may be highly 
dynamic until at least 6 months after virologic suppres-
sion, or about 1 year on ART (N. Chomont, personal 
communication and Blankson et al., Reeves et al.24,36). 

Data from these studies and others have shown that 
decay of the reservoir is extremely slow after 1 year 
of ART, even when initiated in PHI. Archin et al. used 
a mathematical model derived from measurements of 

HIV latency in the San Diego cohort who initiated ART 
during Fiebig I-III (n = 27). This model was able to 
predict frequency of resting cell infection (RCI) from 
time to ART initiation and also demonstrated minimal 
decrease in the frequency of RCI beyond 0.5/million 
after the 1st year of ART, demonstrating the persis-
tence of the latent reservoir following initial decay37. 
Leite et  al. used single genome amplification and 
next-generation sequencing in PBMC and plasma 

Figure 3. A: Reservoir size in all studies (y-axis) plotted according to time to antiretroviral therapy initiation on x-axis and time to reservoir 
measurement (by color) are moderately positively correlated, r = 0.36, p = 0.045. B: Studies that measured reservoir size before 1 year are 
not significantly correlated. C: Studies that measured reservoir size after 1 year are strongly correlated r = 0.69, p = 0.0003.
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from a cohort of Brazilian participants with acute HIV 
infection (n = 10) to reach similar conclusions. The 
genetic stability of the reservoir after 1 year of sup-
pressive ART suggests that the remaining reservoir is 
maintained through T-cell survival and homeostatic 
cell proliferation rather than ongoing viral replica-
tion38,39. Thus, early ART limits ongoing seeding of 
susceptible cells, but once infected, these cells may 
persist and proliferate, maintaining potentially intact 
virus even in the absence of de novo infection 
events36,40-45.

Larger HIV reservoir at time of ATI may 
predict shorter time to viral rebound 

Viral rebound occurs in the majority of PLWH fol-
lowing ATI, often by the 4th week46. However, the 
impact of the size of the HIV reservoir on time to viral 
rebound remains unclear. Williams et al. studied par-
ticipants in the SPARTAC trial who were randomized 
to receive no therapy or 48 weeks of ART (n = 154) 
starting in primary infection. The level of total HIV 
DNA at ART cessation was predictive of the timing to 
viral rebound in ATI (hazard ratio 2.43 for above vs. 
below the mean DNA level, 95% CI 1.23-4.79; 
p = 0.01) in those who were treated47. Similarly, the 
ANRS PRIMO (CO6) cohort (n = 164) found that 
PLWH whose pre-ATI HIV DNA was lower tended 
toward lower levels of plasma viremia after 1 year of 
ATI compared to persons with high pre-ATI DNA lev-
els (p = 0.09)48. 

Li et al. studied participants who started ART during 
either primary or chronic infection from six ACTG clin-
ical trials, all of whom had undetectable plasma vire-
mia and were observed over 16 weeks of ATI after 
having receiving ART for at least 52 weeks (n = 235). 
Reservoir analyses from both acutely and chronically 
infected individuals found no association between 
magnitude of HIV DNA before ATI and time to viral 
rebound46. However, having started ART during PHI 
and having lower levels of cell-associated RNA were 
both associated with longer time to viral rebound46. 
The PULSE study found associations between inte-
grated HIV DNA at ART initiation, plasma RNA level 
12 weeks after ART initiation, and response to ATI, but 
not with total or integrated DNA or ultrasensitive plas-
ma RNA at beginning of ATI49. Other studies have also 
found strong correlations between pre-ATI HIV RNA 
levels and time to viral rebound46,49. Further studies 
are needed to evaluate predictors of sustained viro-
logic remission.

ART during PHI may limit HIV reservoir 
expansion during ATI 

Gianella et al. quantified HIV DNA in PBMC from the 
Swiss HIV cohort (n = 32) during an ATI begun after a 
median of 18 months of ART and found that partici-
pants who started ART within 60 days of infection had 
60% smaller mean reservoirs during the ATI than those 
who started between 61 and 120 days (p = 0.03)31. 
Sáez-Cirión et al. compared the HIV reservoir size in 
persons who started ART during PHI in the Zurich 
Primary HIV study to persons with untreated chronic 
infection from the Swiss HIV cohort and reported that, 
after 1 year of ATI, the size of the HIV reservoir in 
acutely treated individuals was not significantly differ-
ent from that of individuals with chronic HIV who had 
never received ART50. These results suggest that im-
pact of early ART on the size of the HIV reservoir could 
be lost if sustained viremia recurs over long durations 
of ATI. In addition, in a small subset of people from the 
Zurich Primary HIV and VISCONTI cohorts who started 
treatment during PHI, viral loads remained undetect-
able years after ATI; these participants had smaller 
pre-ART reservoirs than those who started ART in 
chronic infection48,51. These results suggest that ART 
started during early infection may also assist with im-
munologic control, which could contribute to functional 
HIV remission, although this phenomenon does not 
occur in most persons who initiate ART during primary 
infection. Factors associated with post-treatment viro-
logic control are not well understood. 

Future research

It is clear that there are personal and public health 
benefits of initiating ART during primary infection15. 
Findings from studies reviewed here suggest that start-
ing ART within an estimated 2 weeks after infection 
confers the greatest benefit in limiting the extent of the 
HIV reservoir35. In addition to limiting HIV reservoir 
establishment, early ART also prevents adverse clinical 
outcomes, although randomized trials that addressed 
this question generally define “early” as having a pre-
served CD4 count and not during primary or incident 
HIV infection specifically. The INSIGHT START 
(n = 4685) and TEMPRANO ANRS trials (n = 2056) 
evaluated the effect of immediate versus delayed ART 
on adverse clinical events, including cancer, cardio-
vascular disease, renal disease, and death. Twice as 
many participants who initiated ART with CD4 < 350 
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cells/m3 developed these outcomes than those who 
initiated ART with CD4 > 500 in INSIGHT START and 
immediate ART reduced the risk of death from any 
cause by 44% in TEMPRANO, including for partici-
pants with CD4 > 50052,53. Clinical and immunologic 
endpoints of the Sabes study, which randomized tim-
ing of ART initiation during acute and early infection 
have been described54,55 and reservoir endpoints are 
forthcoming. 

Limiting the size of the HIV reservoir through early 
ART seems to be only part of the solution to achieve 
sustained HIV remission. Takata et al. showed that 
potent CD8+ T cells, especially those generated be-
fore Fiebig III, contribute to the reduction of the HIV 
reservoir56. It is unclear whether providing non-specif-
ic or HIV-specific antibodies during acute infection 
provides additional immunologic control above and 
beyond ART. For example, Tiraboschi et al. added 
intravenous immunoglobulin to ART, which unfortu-
nately did not add virologic benefit above ART alone57. 
Studies administering broadly neutralizing monoclonal 
antibodies during suppressive ART58,59 may delay time 
to rebound but the precise mechanisms remain incom-
pletely understood60,61.

Finally, the relationship between the size of the HIV 
reservoir and the duration that controlled viremia can 
be maintained is not well established. Current studies 
suggest that larger HIV reservoirs are generally predic-
tive of a shorter time to viral rebound and that the 
reservoir expands during ATI. The RV411 substudy 
(NCT02614950) within the RV254/SEARCH010 
(NCT00796146) study included eight participants who 
initiated ART during Fiebig I; albeit not meeting our 
inclusion criteria due to small size, the results are in-
triguing. Analysis of plasma viral load and CA-DNA in 
the RV411 cohort (median 4 [4-12] HIV-1 DNA/106 
PBMC cells at ATI start, 68 [24-240] HIV-1 DNA cop-
ies/106 PBMC cells after 24 weeks of ATI)62 was similar 
to those of the ANRS PRIMO CO6 cohort (median 116 
HIV-1 DNA copies/106 PBMC cells at ATI start, 39 HIV-
1 DNA copies/106 cells after 6 years of ATI)51, and 
reservoirs in the RV411 cohort returned as similarly low 
as pre-ATI levels after ART had been resumed for 6 
months. Criteria to resume ART included confirmed 
viral load > 1000 copies/ml, similar to other ATI studies 
reviewed62. These studies in aggregate demonstrate 
safety of short duration of low-level viremia, notwith-
standing transmission risks. Further studies should 
continue to investigate predictors of viral rebound 
which immunologic factors contribute to sustaining re-
mission.

Conclusions

Approximately 5 years have elapsed since the last 
available review of this topic in the literature in 2015, 
which included 45 articles published before 201463. 
Our review included eight new studies published 
since, including an additional six studies of ATI after 
treatment in primary HIV. Our goal in the current sys-
tematic review and analysis was to obtain a more 
complete picture of the effect of timing of ART initiation 
on HIV reservoir. An important distinction from previ-
ous analysis was the focus on the how the extent of 
the reservoir expansion is affected by precise timing 
of ART after infection, which was augmented by anal-
ysis of aggregate data from these published studies. 
While a clear pattern emerged across studies, it is 
important to note that heterogeneity in study design, 
sampling, and HIV reservoir quantification methods 
makes direct inference between individual studies 
challenging.

Based on current research, we conclude that ART 
initiated in PHI reduces HIV reservoir size maximally 
when initiated before 2 weeks after infection. Smaller 
pre-ATI reservoir sizes may predict longer time to viral 
rebound. However, reaching sustained HIV remission 
will require further interventions to eliminate the repli-
cation-competent HIV reservoir, as most persons who 
undergo treatment interruption after initiation of ART 
during primary infection still experience viral rebound. 
Nevertheless, initiating ART very early in infection is 
one first step toward HIV cure by limiting the HIV res-
ervoir expansion, which could make future reservoir 
reduction interventions with smaller magnitude of effect 
more feasible. Whether a smaller HIV reservoir also 
translates to decreased chronic immune activation and 
less exhaustion has yet to be fully understood7,64. The 
study of future HIV remission strategies could take 
advantage of cohorts of PLWH treated since primary 
infection. 
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