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Introduction
Combination antiretroviral therapy (ART) can successfully manage but is unable to cure HIV type 1 (HIV-1) 
infection (1). The main goal of  ART is durable suppression of  virus replication, measured in clinical settings 
by the concentration of  free virus particles in peripheral blood plasma (plasma viral load, VL), to below the 
detection limit of  the most sensitive clinical assay available. In most individuals adherent to modern ART 
regimens, this goal of  plasma VL undetectability is achieved, but virus is nonetheless never completely erad-
icated. Therefore, additional virological markers for monitoring the response to therapy can be useful if  they 
are informative, and ideally predictive, of  the degree of  virological and immunological response to ART, 
indicating a timely intervention (e.g., ART intensification of  a behavioral intervention to improve adherence) 
if  necessary. Indeed, cell-associated (CA) HIV-1 RNA has been demonstrated to predict ART failure and to 
correlate with adherence to therapy in virologically suppressed individuals (2, 3), indicating that this marker 
could be of  use in clinical care of  individuals on otherwise-suppressive ART because it is more sensitive than 
plasma VL for associations with certain clinical endpoints. Pre-ART plasma VL, CD4+ T cell count, and total 
HIV-1 DNA have been shown to predict the rates of  virological suppression on ART (4–6). However, to the 
best of  our knowledge, the predictive value of  CA RNA for the response to ART has not yet been reported. 
Likewise, CD4+ count and plasma VL are firmly established as independent predictors of  disease progression 
in the absence of  treatment (7–9), and studies have reported an independent predictive value of  total HIV-1 
DNA for disease progression (10–13). However, no study has directly compared plasma VL and CA HIV-1 
RNA for the prediction of  the rate of  CD4+ T cell decline in the setting of  untreated HIV-1 infection.

Although viral replication drops to undetectable levels within weeks to months after starting ART, HIV-1 
persists in long-lived blood and tissue reservoirs and almost inevitably rebounds if  ART is interrupted (14–
16). Persistence of  viral reservoirs is considered a main obstacle to the development of  an HIV-1 cure (17).  

Plasma viral load (VL) and CD4+ T cell count are widely used as biomarkers of HIV type 1 (HIV-1) 
replication, pathogenesis, and response to antiretroviral therapy (ART). However, the clinical 
potential of cell-associated (CA) HIV-1 molecular markers is much less understood. Here, we 
measured CA HIV-1 RNA and DNA in HIV-infected individuals treated with temporary ART initiated 
during primary HIV-1 infection. We demonstrate substantial predictive value of CA RNA for (a) the 
virological and immunological response to early ART, (b) the magnitude and time to viral rebound 
after discontinuation of early ART, and (c) disease progression in the absence of treatment. 
Remarkably, when adjusted for CA RNA, plasma VL no longer appeared as an independent predictor 
of any clinical endpoint in this cohort. The potential of CA RNA as an HIV-1 clinical marker, in 
particular as a predictive biomarker of virological control after stopping ART, should be explored in 
the context of HIV-1 curative interventions.
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Recent efforts toward a cure for HIV-1 resulted in a renewed interest in the development of  viral markers, 
which should allow the precise measurement of  HIV-1 reservoirs and aid in monitoring the efficacy of  novel 
therapies aimed at eliminating or reducing these reservoirs (18). In particular, because every potential curative 
intervention will ultimately necessitate an analytical treatment interruption (ATI) to assess its efficacy, it is 
very important to be able to identify individuals with small viral reservoirs, in whom ATI can be performed 
with the lowest risk of  quick viral rebound, because the latter could result in HIV-1 reservoir replenishment, 
selection of  drug resistance, disease progression, and elevated risk of  HIV-1 transmission (19, 20). Only a 
minority of  individuals demonstrate some level of  spontaneous HIV-1 control after interruption of  ART, 
which in almost all such cases has been initiated during early infection (21–23). However, the absence of  
reliable predictive markers of  the duration of  such ART-free HIV-1 remission (posttreatment control) serious-
ly complicates clinical decision-making about ART interruption and therefore hinders HIV-1 cure research 
(24). A reliable predictive biomarker could even allow the initial assessment of  novel curative interventions 
without the need for ART interruption. Some candidate predictive biomarkers for the duration of  ART-free 
remission have been proposed (25–27); however, different studies measured different markers, used different 
thresholds for viral rebound, and performed different types of  analysis, which resulted in some contradictory 
conclusions. As a result, validated biomarkers predictive of  virological control after ART interruption are not 
yet available, which means ATIs are still the best way to assess efficacy of  new therapeutic interventions, and 
criteria to be used in recruitment of  participants for HIV-1 curative trials remain unclear.

In the present study, we measured a number of  virological markers in peripheral blood mononuclear 
cells (PBMCs) of  participants of  the Primo-SHM study, a randomized controlled trial comparing no treat-
ment with 24 or 60 weeks of  temporary ART initiated during primary HIV-1 infection (PHI) (28). Tempo-
rary ART provided an opportunity to measure HIV-1 markers at several time points in order to assess their 
predictive value for different clinical endpoints, such as virological and immunological response to ART, 
viral rebound upon ART interruption, and disease progression in the absence of  treatment. Remarkably, 
we found an independent predictive value of  different CA HIV-1 RNA species for each of  these endpoints. 
Surprisingly, when adjusted for CA RNA, plasma VL no longer was an independent predictor of  any clini-
cal endpoint in this cohort. These results argue that the potential of  CA HIV-1 RNA as a clinical marker for 
monitoring HIV-1 replication and pathogenesis, as well as the response to ART, deserves further explora-
tion. Perhaps even more importantly, the role of  CA RNA as a predictive biomarker of  virological control 
upon stopping ART should be explored in the context of  HIV-1 curative interventions.

Results
Study participants and variables. All 64 participants of  the Primo-SHM trial who completed the trial in the 
Academic Medical Center of  the University of  Amsterdam (AMC) were included in this study. Baseline 
and treatment characteristics of  the study participants are shown in Table 1. In brief, the median age was 
39.8 years and 95.3% were males. Most participants (82.8%) were MSM, and 84.4% were infected with 
HIV-1 subtype B. The study design is shown in Figure 1. Participants received 60 weeks’ (n = 29), 24 weeks’ 
(n = 23), or no (n = 12) early ART.

All virological and immunological variables — plasma VL, CA HIV-1 unspliced (US) (gag) and mul-
tiply spliced (MS) (tat/rev) RNA, total HIV-1 DNA, CD4+ count, and CD4/CD8 ratio — were measured 
at baseline (corresponding to the start of  early ART for the 60-week and 24-week arms) and at the viro-
logical set point. The latter was defined, in accordance with the original Primo-SHM trial design (28), at 
36 weeks from early ART interruption (TI) or, for the no-treatment arm, at 36 weeks from baseline, to 
allow for stabilization of  the plasma VL in untreated and treated patients (29, 30) and to minimize drop-
out due to rapid disease progression (Figure 1). During early ART, plasma VL, CD4+ count, and CD4/
CD8 ratio were measured weekly during the first month, monthly during the second and third months, 
and every 3 months for the remainder of  the period on therapy. After TI, these variables were measured 
bimonthly for the first month, monthly during the second and third months, and subsequently every 3 
months. US and MS RNA and total DNA were measured every 12 weeks throughout the early ART 
periods. For the present study, measurements of  these variables on the latest available visit before TI were 
included in the analysis as candidate predictors of  viral rebound and CD4+ cell loss upon TI. Because 
MS RNA was rarely detectable during ART, participants were stratified into those with detectable or 
undetectable MS RNA in any on-ART measurement, and MS RNA detectability on ART was included 
in this analysis as a categorical variable.

https://doi.org/10.1172/jci.insight.134196
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Table 1. Baseline and treatment characteristics of the study participants

Age, years (n = 64) 39.8 (31.7–47.1)A

Male sex (n = 64) 95.3 (61/64)
HIV transmission route (n = 64) MSM

Heterosexual
Blood products

Unknown

82.8 (53/64)
12.5 (8/64)
1.6 (1/64)
3.1 (2/64)

HIV subtype (n = 64) B
C

CRF01-AE
A1

CRF02-AG
Mosaic C/D recombinant

Unknown

84.4 (54/64)
3.1 (2/64)
3.1 (2/64)
1.6 (1/64)
1.6 (1/64)
1.6 (1/64)
4.7 (3/64)

Fiebig stage of early HIV infection at diagnosis (n = 64) I–II
III–IV
V–VI

7.8 (5/64)
81.3 (52/64)
10.9 (7/64)

Baseline plasma VL, log10 copies/mL (n = 62)B 5.33 (4.66–5.77)
Baseline CD4+ count, cells/mm3 (n = 62) 475 (310–638)
Baseline CD4/CD8 ratio (n = 62) 0.45 (0.24–0.77)
Baseline CA HIV unspliced RNA in PBMCs, log10 copies/μg total RNA (n = 55)C 3.86 (3.31–4.48)
Baseline CA HIV multiply spliced RNA in PBMCs, log10 copies/μg total RNA (n = 55) 1.94 (1.23–2.68)
Baseline total HIV DNA, log10 copies/106 PBMCs (n = 55) 3.05 (2.28–3.64)
Time treated with early ART, weeks (n = 64) 24

60
No early ART

35.9 (23/64)
45.3 (29/64)
18.8 (12/64)

NRTI backbone at start of early ART (n = 52)D AZT + 3TC
FTC + TDF

63.5 (33/52)
36.5 (19/52)

ART class at start of early ART (n = 52) NNRTI + PI–based
PI-based

NNRTI-based

88.5 (46/52)
9.6 (5/52)
1.9 (1/52)

Time to reach undetectable plasma VL (<50 copies/mL) on early ART, days (n = 51)E 140 (84–172)
NRTI backbone at interruption of early ART (n = 51)F FTC + TDF

AZT + 3TC
3TC + TDF

52.9 (27/51)
31.4 (16/51)
15.7 (8/51)

ART class at interruption of early ART (n = 51) NNRTI-based
PI-based

NNRTI + PI–based

64.7 (33/51)
25.5 (13/51)
9.8 (5/51)

Time to viral rebound to >50 copies/mL after interruption of early ART, days (n = 51) Median (IQR)
Range

35 (28–56)
0–252

Time to viral rebound to >400 copies/mL after interruption of early ART, days (n = 
51)

Median (IQR) 55 (28–60)

Range 12–574
Time to reach CD4+ count <350 cells/mm3 or restart ART after interruption of early 
ART, days (n = 48)G

555 (102–1350)

Time to reach CD4+ count <350 cells/mm3 or restart ART after virological set point, 
days (n = 58)H

264 (0–976)

AData are shown as medians (IQRs) for continuous variables and percentages (proportions) for discrete variables, unless indicated otherwise. BPlasma 
VL, CD4+ count, and CD4/CD8 ratios at randomization were not available for 2 participants. CCA HIV RNA and DNA levels at randomization were not 
available for 9 participants. DFifty-two participants received temporary early ART. EOne participant did not reach undetectable plasma VL on early ART. 
FOne participant did not interrupt early ART. GThree participants did not reach CD4+ count less than 350 cells/mm3 and did not restart ART by the end of 
the observation period. HOne participant did not interrupt early ART; 3 participants did not reach CD4+ count less than 350 cells/mm3 and did not restart 
ART by the end of the observation period; no CD4+ count data were available for 2 participants. MSM, men having sex with men; NRTI, nucleoside 
reverse transcriptase inhibitor; AZT, azidothymidine; 3TC, lamivudine; FTC, emtricitabine; TDF, tenofovir disoproxil fumarate; NNRTI, non-NRTI; PI, 
protease inhibitor.
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As expected, levels of  all virological markers decreased on ART and increased again after TI, while 
the opposite dynamics were observed for the immunological markers (CD4+ count and CD4/CD8 ratio) 
(Supplemental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.134196DS1). Detailed analysis of  the longitudinal dynamics of  virological and immunological 
markers on early ART, as well as comparisons between baseline and post-TI set point values of  the mark-
ers per treatment arm will be reported separately. At baseline and at set point, all variables significantly 
correlated between each other: positive correlations were observed in any pair of  virological markers, as 
well as between CD4+ count and CD4/CD8 ratio, whereas virological markers negatively correlated with 
immunological markers (Figure 2, A and C). At TI, we only observed (positive) correlations between CD4+ 
count and CD4/CD8 ratio and between US RNA and total DNA, whereas no significant correlations were 
detected between virological and immunological markers (Figure 2B). Strong positive correlations were also 
observed for all virological and immunological markers between the time points (Figure 2D). For each of  
these 3 time points, the measured variables were assessed as candidate predictors of  the corresponding clini-
cal endpoints, as follows: baseline variables were assessed for the prediction of  response to ART, TI variables 
for the prediction of  viral rebound and disease progression, and set point variables for the prediction of  dis-
ease progression. To compare the predictive power of  different explanatory variables for the corresponding 
clinical endpoints, only participants without missing values on any variable (per time point) were included 
in the corresponding analyses (Figure 1). In addition, a number of  demographic and clinical covariates, such 
as age, sex, HIV-1 transmission route, HIV-1 subtype, Fiebig stage of  early infection, early ART duration, 
NRTI backbone, and ART class, were included in the analyses as appropriate.

CA HIV-1 RNA predicts virological and immunological response to ART. First, we assessed the predictive 
value of  baseline variables for the time to achieve virological suppression (plasma VL < 50 copies/mL) on 
early ART. All participants included in the baseline analysis, except 1, achieved virological suppression on 
therapy within a median of  115 (IQR, 84–168) days, counting from the baseline to the first undetectable 
plasma VL measurement. The single participant who did not achieve virological suppression was censored 
from the analysis at TI. For the univariate Kaplan-Meier analysis, levels of  every potential continuous 
predictor were stratified into “high” and “low” strata based on median values, and times to virological sup-
pression were compared between participants with high and low values of  every predictor. In this analysis, 
among all potential predictors, only plasma VL, US RNA, and total DNA were significantly associated 
with virological suppression (P = 0.0029, P = 0.0035, and P = 0.0007, respectively) (Figure 3 and Sup-
plemental Table 1). Univariable Cox analysis, in which all continuous variables were included without 
categorization, revealed that the same variables, as well as CD4/CD8 ratio, were significantly associated 
with virological suppression (Table 2). However, only CD4/CD8 ratio remained a significant independent 

Figure 1. Schematic of the study. Participants received either 60 weeks’ (n = 29), 24 weeks’ (n = 23), or no (n = 12) early ART. Variables were measured at 
3 time points (shown in red): baseline (corresponding to the start of early ART for the 60-week and 24-week arms), early ART interruption (for 60-week 
and 24-week arms), and virological set point (36 weeks from early ART interruption or baseline). Numbers of participants included in the corresponding 
analyses: baseline (n = 44), treatment interruption (n = 51), and set point (n = 56). 

https://doi.org/10.1172/jci.insight.134196
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Figure 2. Correlation matrices of clinical and virological variables. (A–C) Correlations between different variables measured at (A) baseline (BL), (B) early 
ART interruption (TI), and (C) virological set point (SP). Participants from all 3 arms were included in the BL and SP correlation analyses; participants from 
24- and 60-week treatment arms were included in the TI correlation analysis. Numbers of measurements are shown for every variable and for every time 
point. (D) Correlations between different time points per variable. Heatmaps indicate the strength of positive (blue) or negative (red) correlations. Spear-
man’s rho coefficients are depicted below the diagonal and P values are above the diagonal. US RNA, unspliced RNA; MS RNA, multiply spliced RNA.
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predictor in the final multivariable Cox regression model (aHR = 1.14 [1.01–1.30], and P = 0.035). In addi-
tion, a trend toward US RNA predicting virological suppression was observed (aHR = 0.72 [0.51–1.02], 
and P = 0.063) (Table 2).

We then asked whether any of  the baseline variables would be predictive for virological suppression at 
an early time point after ART initiation. Levels of  every potential predictor were compared between par-
ticipants who did and did not achieve virological suppression at 12 weeks of  ART by Mann-Whitney U or 
Fisher’s tests. In this analysis, only US RNA was significantly associated with virological suppression (P = 
0.032), whereas plasma VL was not predictive (Figure 4 and Supplemental Table 2). The same result was 
obtained by univariable and multivariable logistic regression analyses (adjusted odds ratio [aOR] = 0.48 
[0.25–0.93], P = 0.029) (Table 3).

Having shown the predictive value of CA RNA for virological response to early ART, we next investigated 
whether it would also be predictive for the immunological response to therapy. Normalization of CD4/CD8 ratio 
to more than 1 is considered an important measure of immunological response to ART, and a low CD4/CD8 
ratio is a prognostic marker for both opportunistic infections and non-AIDS morbidity and mortality (31, 32).  

Figure 3. Pre-ART predictors of time to virological suppression on early ART. Kaplan-Meier survival analysis for plasma VL, CA HIV US RNA, CA HIV MS RNA, 
total HIV DNA (VD), CD4+ count, and CD4/CD8 ratio, measured at the start of early ART (n = 44). The endpoint of the analysis was virological suppression less 
than 50 copies/mL. Levels of every potential predictor were stratified into “high” and “low” strata based on median values. HRs and 95% CIs were calculated 
using Mantel-Haenszel method. P values were calculated using log-rank tests. 
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Because many participants, especially those who were treated for 24 weeks, did not achieve a CD4/CD8 ratio 
of more than 1 by the time of TI, we did not consider survival analysis appropriate because all these partic-
ipants would have been censored, which would have biased the results. Instead, we assessed the predictive 
power of the baseline variables for the normalization of CD4/CD8 ratio in the first year of early ART (only the 
60-week treatment arm was included in this analysis). We compared levels of every potential predictor between 
participants who did and did not achieve a CD4/CD8 ratio of more than 1 at 48 weeks of ART. In addition to 
the baseline CD4/CD8 ratio itself  (P = 0.039), only MS RNA was significantly associated with immunological 
response (P = 0.0043) (Figure 5 and Supplemental Table 3). In the univariable and multivariable logistic regres-
sion analyses, only MS RNA was significantly predictive of immunological response to ART (aHR = 0.14 
[0.03–0.73], P = 0.020), whereas baseline CD4/CD8 ratio was not predictive (Table 4).

CA HIV-1 RNA predicts the magnitude of  viral rebound after TI. All individuals who interrupted early 
ART (n = 51) achieved viral rebound to more than 50 copies/mL within 252 days and to more than 400 
copies/mL within 574 days, counting from the moment of  TI to the first plasma VL measurement higher 
than the corresponding threshold (Supplemental Figure 2). The median magnitude of  viral rebound, 
measured as plasma VL at the virological set point (36 weeks after TI) was 4.43 (IQR, 3.63–4.94) log10 
copies/mL. We first assessed the predictive power of  variables measured before TI for the magnitude of  
viral rebound. In both uni- and multivariable analysis, US RNA was the only variable significantly asso-
ciated with plasma VL at set point (P = 0.003, and P = 0.020, respectively) (Figure 6A). We reasoned, 
however, that this association might be partly explained by the predictive power of  pre-ART virological 
markers for viral rebound. Although pre-ART CD4+ count, CD4/CD8 ratio, US RNA, and plasma VL 
were all significantly associated with viral rebound in the univariable model, only US RNA remained as 
an independent predictor in the multivariable model (P = 0.001). In addition, pre-ART total HIV-1 DNA, 

Table 2. Baseline variables associated with time to achieve virological suppression (plasma VL < 50 copies/mL) on early ART (n = 44; 
Cox proportional hazards analysis)

Variable Category Univariable analyses Multivariable model
HR (95% CI) P aHR (95% CI) P

Plasma VL, per log10 
copies/mLA

- 0.51 (0.35–0.76) 9.5 × 10–4 -B -

CD4+ count, per 100 
cells/mm3A

- 1.12 (0.99–1.28) 0.079 -B -

CD4/CD8 ratio, per 0.1A - 1.21 (1.08–1.35) 7.0 × 10–4 1.14 (1.01–1.30) 0.035
CA HIV US RNA, per 
log10 copies/μg total 
RNAA

- 0.61 (0.45–0.83) 0.0017 0.72 (0.51–1.02) 0.063

CA HIV MS RNA, per 
log10 copies/μg total 
RNA

- 1.10 (0.77–1.56) 0.61

Total HIV DNA, per log10 
copies/106 PBMCsA

- 0.73 (0.54–0.99) 0.041 -B -

Age, per 10 years - 1.01 (0.71–1.44) 0.96
HIV subtype B (n = 35)

Non-B (n = 9)
0.55 (0.26–1.17)

1
0.12

-
Fiebig stage of infection 
at diagnosis

I–II (n = 3)
III–IV (n = 37)
V–VI (n = 4)

2.85 (0.55–14.74)
1.04 (0.32–3.40)

1

0.21
0.96

-
NRTI backbone at start 
of early ART

AZT + 3TC (n = 28)
FTC + TDF (n = 16)

1.20 (0.64–2.26)
1

0.58
-

ART class at start of 
early ART

Double-class (n = 5)
Triple-class (n = 39)

0.99 (0.39–2.54)
1

0.99
-

Sex Female (n = 3)
Male (n = 41)

1.65 (0.50–5.42)
1

0.41
-

Transmission route MSM (n = 35)
Other (n = 9)

0.84 (0.40–1.76)
1

0.64
-

AIncluded in the multivariable analysis. BNot selected for the final optimized model. aHR, adjusted hazard ratio.
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which was not associated with viral rebound in the univariable model, became strongly negatively associ-
ated in the multivariable model (P = 2.9 × 10–4) (Figure 6B). Because the latter 2 pre-ART variables were 
strongly positively correlated (rho = 0.65, P = 7.7 × 10–8) (Figure 2A), the apparent lack of  predictive 
power of  total DNA for viral rebound in the univariable model can be explained by masking of  this effect 
by the high positive predictive power of  US RNA. Controlling for US RNA in the multivariable model 
revealed the negative predictive power of  total DNA.

Given the opposite associations of  pre-ART US RNA and total DNA with viral rebound, we attempted 
to further improve the multivariable model by introducing the US RNA/total DNA ratio into the model as 
a single variable (Figure 6C). Indeed, the association of  the pre-ART US RNA/total DNA ratio with viral 
rebound was stronger than that of  either US RNA or total DNA alone, and its inclusion in the multivariable 
model resulted in an improved model fit (Akaike Information Criterion, 97.8 vs. 102.8). In this improved 
model, only the US RNA/total DNA ratio was independently predictive of  viral rebound (P = 7.5 × 10–5). 
Pre-ART and TI variables that were predictive of  viral rebound were subsequently selected for the final 
multivariable model (Figure 6D). In this analysis, the associations of  TI US RNA and pre-ART US RNA/
total DNA ratio with the magnitude of  viral rebound remained significant (B = 0.35 [95% CI = 0.09–0.60], 
P = 0.007; and B = 0.62 [0.37–0.87], P = 1 × 10–6, respectively).

CA HIV-1 RNA predicts the time to viral rebound and CD4+ T cell decline after TI. Median times to viral 
rebound of  more than 50 and more than 400 copies/mL were 35 (IQR, 28–56) days and 55 (IQR, 
28–60) days, respectively (Supplemental Figure 2). Because no pre-ART virological marker was pre-

Figure 4. Pre-ART predictors of virological suppression at 12 weeks of early ART. Plasma VL, CA HIV US and MS RNA, total 
HIV DNA, CD4+ count, and CD4/CD8 ratio, measured at the start of early ART, were compared between participants with 
undetectable (n = 19, blue dots) and detectable (n = 24, red dots) plasma VL at 12 weeks of early ART. P values were calculat-
ed using Mann-Whitney U tests. Open circles depict undetectable values, censored to 50% of assay detection limits.
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dictive for time to viral rebound after TI (Supplemental Table 4), we assessed the predictive power of  
variables measured before TI for the time to viral rebound. Among the clinical and virological variables, 
only high US RNA level was significantly associated with shorter time to viral rebound of  both more 
than 50 and more than 400 copies/mL (HR = 0.41 [0.21–0.78], P = 0.0070; and HR = 0.36 [0.18–0.70], 
P = 0.0026, respectively) (Figure 7). This was confirmed in a subset of  participants with plasma VL 
less than 50 copies/mL at the measurement time points (n = 44) (Supplemental Figure 3). In addition, 
younger age was associated with longer time to viral rebound of  more than 50 but not of  more than 
400 copies/mL (P = 0.020), and HIV-1 subtype B was marginally associated with shorter time to viral 
rebound of  both more than 50 and more than 400 copies/mL (P = 0.062, and P = 0.059, respectively) 
(Supplemental Table 5). Surprisingly, longer time on ART (60 vs. 24 weeks) was not associated with 
longer time to viral rebound, and a trend in the opposite direction was observed, as the 24-week arm 
demonstrated longer times to viral rebound of  more than 400 copies/mL (P = 0.10). The predictive 
power of  TI US RNA was confirmed in the univariable and multivariable Cox analyses because it was 
the only variable significantly associated with time to viral rebound of  both more than 50 and more than 
400 copies/mL (aHR = 1.47 [1.02–2.11], P = 0.040; and aHR = 1.47 [1.00–2.14], P = 0.047) (Table 5).

We next sought to establish the predictive role of  variables measured before TI for subsequent disease 
progression. The latter was protocol-defined as the time to experience a drop in the CD4+ count below 
350 cells/mm3 or to restart ART. All except 3 participants achieved this composite endpoint by the end 
of  the observation period within a median of  555 (IQR, 102–1350) days from TI. These 3 participants 
were censored from the analysis at the end of  the observation period. Of  the remaining 48 participants, 
35 reached the CD4+ count of  less than 350 cells/mm3, and 13 restarted ART with higher CD4+ counts 
(by the trial protocol, participants had to start or restart ART in the case of  2 consecutive CD4+ counts 
less than 350 cells/mm3, symptomatic HIV-1 disease, or physician or participant insistence on starting 
or restarting ART). In addition to high CD4+ count (HR = 3.12 [1.64–5.93], P = 0.0005), undetectable 
MS RNA on ART (HR = 0.16 [0.05–0.53], P = 0.0027) and low total HIV-1 DNA at TI (HR = 0.46 
[0.25–0.85], P = 0.014) were significantly associated with longer disease progression, while low US RNA 
was marginally significant (HR = 0.55 [0.30–1.00], P = 0.052) (Figure 8). In addition, HIV-1 subtype B was 
associated with shorter disease progression (HR = 2.47 [1.29–4.72], P = 0.0062) (Supplemental Table 6).  

Table 3. Baseline variables associated with virological suppression (plasma VL < 50 copies/mL) at 12 weeks of early ART (n = 43; 
logistic regression analysis)

Variable Category Univariable analyses Multivariable model
OR (95% CI) P AOR (95% CI) P

Plasma VL, per log10 copies/mL - 0.54 (0.26–1.14) 0.11
CD4+ count, per 100 cells/mm3 - 1.18 (0.92–1.51) 0.20
CD4/CD8 ratio, per 1 - 2.96 (0.48–18.22) 0.24
CA HIV US RNA, per log10 copies/μg total RNAA - 0.48 (0.25–0.93) 0.029 0.48 (0.25–0.93) 0.029
CA HIV MS RNA, per log10 copies/μg total RNA - 0.96 (0.49–1.86) 0.89
Total HIV DNA, per log10 copies/106 PBMCsA - 0.56 (0.28–1.10) 0.092 -B -
Age, per 10 years - 1.15 (0.59–2.22) 0.68
HIV subtype B (n = 34)

Non-B (n = 9)
0.31 (0.07–1.46)

1
0.14

-
Fiebig stage of infection at diagnosis I–II (n = 3)

III–IV (n = 36)
V–VI (n = 4)

-
2.14 (0.20–22.65)

1

>0.99
0.53

-
NRTI backbone at start of early ART AZT + 3TC (n = 27)

FTC + TDF (n = 16)
2.37 (0.65–8.68)

1
0.19

-
ART class at start of early ART Double-class (n = 5)

Triple-class (n = 38)
0.82 (0.12–5.51)

1
0.84

-
Sex Female (n = 3)

Male (n = 40)
2.71 (0.33–32.34)

1
0.43

-
Transmission route MSM (n = 34)

Other (n = 9)
0.56 (0.13–2.46)

1
0.44

-
AIncluded in the multivariable analysis. BNot included in the final optimized model.
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Again, time on ART (60 vs. 24 weeks) was not significantly associated with disease progression. These 
associations were supported by the univariable Cox regression analysis (Table 6), but only CD4+ count 
and US RNA remained as independent predictors in the final multivariable Cox model (aHR = 0.65 [0.55–
0.77], P = 7.4 × 10–7; and aHR = 1.59 [1.11–1.28], P = 0.012, respectively).

CA HIV-1 RNA predicts disease progression in the absence of  treatment. Finally, we sought to establish the pre-
dictive role of  variables measured in untreated infection (at the virological set point) for the subsequent dis-
ease progression (as defined above). Participants from all 3 arms, including those who were randomized to 
no treatment during early ART, were included in this analysis. All virological and clinical variables measured 
at the set point were significantly predictive of  disease progression, with high MS RNA level, low CD4+ 
count, and low CD4/CD8 ratio demonstrating particularly strong predictive power with hazard ratios of  
0.22 (0.11–0.44), 14.48 (6.58–31.85), and 8.87 (4.20–18.75), respectively, and P value less than 0.0001 for all 
3 predictors (Figure 9). Having been treated with temporary early ART was also significantly associated with 
longer disease progression (HR = 0.19 [0.06–0.61], P = 0.0047), confirming the earlier results of  Grijsen et al. 
(28). HIV-1 subtype B was marginally associated with faster disease progression (P = 0.053) (Supplemental 
Table 7). These associations were confirmed by the univariable Cox regression analysis because all virological 
and clinical variables remained significantly associated with disease progression (Table 7). However, only 
CD4+ count and MS RNA were retained as independent predictors in the final multivariable Cox model (aHR 
= 0.55 [0.42–0.72], P = 1.1 × 10–5; and aHR = 1.46 [1.07–2.01], P = 0.019, respectively). The same results 
were obtained when the drop of  CD4+ count below 350 cells/mm3 was used as the sole endpoint, censoring 
the participants who (re)started ART with higher CD4+ counts (data not shown).

Discussion
In this study, we have demonstrated substantial predictive value of  CA HIV-1 RNA for (a) the virological 
and immunological response to early ART, (b) the magnitude of  and time to viral rebound after early ART 
discontinuation, and (c) the subsequent disease progression in the absence of  treatment. While US RNA 
was predictive of  virological endpoints, such as time to virological suppression on ART, as well as the 
magnitude of  and time to viral rebound after TI, MS RNA was not predictive of  these endpoints. Instead, 
MS RNA predicted immunological endpoints: immunological response to ART and CD4+ cell loss in the 
absence of  treatment. US RNA+ cells greatly outnumber MS RNA+ cells in both untreated and treated 
HIV-1 infection (refs. 33–35; our unpublished observations). This might be due to either posttranscriptional 
latency mechanisms (33, 36) or to (Tat-independent) transcription from defective proviruses with intact gag 
sequences but with deletions or other defects in the tat/rev region, splice sites, of  exonic splicing enhancers. 
Moreover, MS RNA decays much faster than US RNA upon ART initiation (37–39). Therefore, we can 
speculate that while the US RNA level reflects the total number of  cells harboring transcription-competent 
(but not necessarily replication-competent) HIV-1 (40, 41), MS RNA might mark a productively infected 
subset of  these cells with a particularly high level of  viral protein and virus production. This subset likely 
plays a crucial role in HIV-1 pathogenesis, defining the rates of  CD4+ cell loss in the absence of  therapy and 
CD4/CD8 ratio reconstitution on ART. Indeed, as early as 1994, in the setting of  untreated HIV-1 infec-
tion, an increase in MS RNA level in PBMCs was reported to precede the drop in CD4+ count (42), and an 
independent predictive value of  this marker for the disease progression was demonstrated a year later (43). 
At approximately the same time, plasma VL, which was not measured in the aforementioned studies, was 
shown by another group to predict disease progression independent of  CD4+ count (7, 8, 44). These find-
ings were confirmed by multiple independent studies, and plasma VL subsequently became the sole viro-
logical marker used in the clinic for more than 20 years for measuring HIV-1 replication and monitoring 
the response to ART. In contrast, CA RNA measurements remained confined to the research domain (41, 
45). To date, this marker has not been developed for clinical use, and its associations with clinical endpoints 
have not been compared with other HIV-1 markers.

To the best of  our knowledge, this is the first study to reveal the predictive power of  CA HIV-1 RNA 
for prediction of  a number of  clinical endpoints (virological and immunological response to ART, magni-
tude of  viral rebound, and rate of  CD4+ T cell decline after TI). Moreover, this is the first study to directly 
compare CA HIV-1 RNA and plasma VL for prediction of  a number of  endpoints, including response to 
ART, magnitude of  viral rebound, and disease progression in the absence of  treatment. Remarkably, when 
adjusted for CA RNA, plasma VL no longer appeared as an independent predictor of  any clinical endpoint 
in this cohort. One possible reason plasma VL was outperformed by CA RNA is the fact that plasma VL 

https://doi.org/10.1172/jci.insight.134196
https://insight.jci.org/articles/view/134196#sd
https://insight.jci.org/articles/view/134196#sd


1 1insight.jci.org   https://doi.org/10.1172/jci.insight.134196

R E S E A R C H  A R T I C L E

reflects a balance between virus production and virus clearance. Although clearance of  free virus in HIV-1 
infection was shown to be very rapid, with a half-life in the order of  minutes to hours (46, 47), it may not 
be a simple first-order reaction, and its rate may depend on plasma VL, as shown for hepatitis B virus (48). 
Virus-producing cells are also cleared by host immunity (e.g., ref. 49) and die as a result of  infection and 
their activated status, but they still have a much longer life span than free plasma virions (46). Therefore, 
CA HIV-1 RNA level might be a more direct measure of  virus production and therefore better reflects the 
viral replication rate and impact on pathogenesis.

Total HIV-1 DNA, shown in some studies to be independently predictive of  viral rebound and dis-
ease progression (10, 12, 25), was also outperformed by CA RNA in our study, reflecting the facts that 
many proviruses are replication defective and some are even transcription defective (50–52). It is there-
fore not surprising that the CA RNA level, which reflects the relative number of  transcription-competent 
proviruses, appeared as a more meaningful marker than total DNA for the association with a number of  
clinical endpoints. One puzzling observation made in this study was that while pre-ART US RNA was 
positively predictive of  the magnitude of  viral rebound after early ART discontinuation, total DNA was 

Figure 5. Pre-ART predictors of CD4/CD8 ratio normalization at 48 weeks of early ART. Plasma VL, CA HIV US and 
MS RNA, total HIV DNA, CD4+ count, and CD4/CD8 ratio, measured at the start of early ART, were compared between 
participants with CD4/CD8 ratio less than 1 (n = 8, blue dots) and more than 1 (n = 16, red dots) at 48 weeks of early 
ART. P values were calculated using Mann-Whitney U tests. Open circles depict undetectable values, censored to 50% 
of assay detection limits.
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negatively predictive. This latter effect was revealed only when the US RNA level was adjusted for in 
the multivariable analysis, providing a possible explanation of  why it has not been observed previously. 
This indicates that pre-ART total HIV-1 DNA has an additional negative effect on viral rebound, which 
is independent of  the positive, US RNA production–mediated, effect. The biology behind this additional 
effect is presently unclear, but HIV-1 DNA load in acute/early untreated infection increases with time 
(53–57), and thus pre-ART HIV-1 DNA in early infection should positively correlate with the degree of  
development of  antiviral immune response at the moment of  ART initiation. The latter would negatively 
influence the magnitude of  viral rebound upon discontinuation of  early ART (58–60), providing a theo-
retical explanation for this apparently paradoxical effect. Unfortunately, we could not test this hypothesis 
in our cohort because the exact infection dates were not available and the vast majority of  participants 
were diagnosed during Fiebig stages III–IV.

Arguably the most important finding of  this study is the demonstration of  the predictive value of  US 
RNA for the time to viral rebound upon TI. Validated predictive biomarkers for the time to viral rebound 
and posttreatment HIV-1 control are urgently needed (24), and several studies investigated such candidate 
predictive biomarkers. In 2008, Lewin et al. reported that plasma HIV-1 RNA at 12 weeks of  ART initiated 
during primary infection was associated with viral rebound after structured treatment interruptions (61). In 
the present study, no variable measured at 12 weeks of  ART, including plasma VL and CA HIV RNA and 
DNA, was significantly associated with time to viral rebound (data not shown). It must be noted that Lewin 
et al. defined a plasma VL more than 5000 copies/mL as viral rebound, whereas lower thresholds of  50 and 
400 copies/mL were used in our study. In addition, Lewin et al. defined a binary outcome (maintenance 

Table 4. Baseline variables associated with CD4/CD8 ratio more than 1 at 48 weeks of early ART (n = 24; logistic regression analysis)

Variable Category Univariable analyses Multivariable model
OR (95% CI) P AOR (95% CI) P

Plasma VL, per log10 
copies/mLA

- 0.40 (0.13–1.19) 0.098 -B -

CD4+ count, per 100 
cells/mm3

- 1.33 (0.90–1.98) 0.16

CD4/CD8 ratio, per 0.1A - 1.50 (0.98–2.29) 0.060 -B -
CA HIV US RNA, per 
log10 copies/μg total 
RNA

- 0.76 (0.35–1.63) 0.48

CA HIV MS RNA, per 
log10 copies/μg total 
RNAA

- 0.14 (0.03–0.73) 0.020 0.14 (0.03–0.73) 0.020

Total HIV DNA, per log10 
copies/106 PBMCs

- 0.57 (0.22–1.50) 0.26

Age, per 10 years - 1.95 (0.70–5.46) 0.20
HIV subtype B (n = 19) 0.43 (0.04–4.64) 0.49

Non-B (n = 5) 1 -
Fiebig stage of infection 
at diagnosis

I–II (n = 1) - >0.99

III–IV (n = 20) - >0.99
V–VI (n = 3) 1 -

NRTI backbone at start 
of early ART

AZT + 3TC (n = 14) 0.33 (0.05–2.18) 0.25

FTC + TDF (n = 10) 1 -
ART class at start of 
early ART

Double-class (n = 3) 1.00 (0.08–13.02) >0.99

Triple-class (n = 21) 1 -
Sex Female (n = 1)

Male (n = 23)
-
1

>0.99
-

Transmission route MSM (n = 19)
Other (n = 5)

1.44 (0.19–11.04)
1

0.72
-

AIncluded in the multivariable analysis. BNot included in the final optimized model. 
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Figure 6. Predictors of magnitude of viral rebound after interruption of early ART. (A and B) Coefficient plots of variables measured (A) at early ART 
interruption (n = 51) or (B and C) at the start of early ART (baseline) (n = 43). Effect sizes and 95% CIs for the associations of the variables with plasma 
VL at the virological set point were calculated by fitting univariable and multivariable generalized linear models. For baseline, 2 models are shown, 
including either US RNA and total HIV-1 DNA separately (model I, B) or the US RNA/total DNA ratio as a single variable (model II, C). US RNA/total DNA 
ratio was calculated taking into account that 106 PBMCs contain 1 μg of total RNA (74). (D) The final multivariable model. Units of measurement of 
total HIV-1 DNA are log10 copies/106 PBMCs and of US are log10 copies/μg total RNA. Significant associations are marked in red.
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of  HIV plasma VL below 5000 copies/mL for 24 weeks after TI), whereas we used survival analysis. More 
recently, Williams et al. identified total HIV-1 DNA as predictive of  disease progression and time to viral 
rebound after temporary early ART interruption in the Short Pulse Anti-Retroviral Therapy at Serocon-
version (SPARTAC) study (25), although this was not confirmed in the subset of  African participants of  
SPARTAC (62), and CA RNA was not measured in these studies. Interestingly, a recent study has identified 
total but not intact HIV-1 DNA as a marker that distinguishes posttreatment controllers from noncontrollers 
(63), indicating the clinical significance of  defective HIV-1 proviruses. However, Li et al., who investigated 
participants from 6 pooled AIDS Clinical Trials Group ATI studies, did not find any significant predictive 
value of  total HIV-1 DNA for the time to viral rebound (26). Instead, lower CA US HIV-1 RNA level and 

Figure 7. On-ART predictors of time to viral rebound after interruption of early ART. Kaplan-Meier survival analysis for CA HIV US RNA, total HIV DNA, 
CD4+ count, and CD4/CD8 ratio, measured at the latest time point available before interruption of early ART, as well as detectability of CA HIV MS RNA at 
any time point on early ART, and time on early ART (60 or 24 weeks) (n = 51). The endpoint of the analysis was viral rebound to more than 50 or more than 
400 copies/mL. Levels of US RNA, total HIV DNA, CD4+ count, and CD4/CD8 ratio were stratified into “high” and “low” strata based on median values. 
HRs and 95% CIs were calculated using Mantel-Haenszel method. P values were calculated using log-rank tests. det, detectable; ud, undetectable. 
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NNRTI-based ART regimen were found to be associated with longer time to rebound in 2-covariate dis-
crete-time logistic Cox models. However, no continuous time-to-event analysis to explain time to rebound 
was used in that study (26). A weak but significant reverse correlation was also noted between the level of  
CA HIV-1 RNA (but not HIV-1 DNA) and the timing of  viral rebound in a therapeutic vaccination study 
in HIV-infected individuals who initiated ART during early infection (64). In contrast, in the REDUC Part 
B trial, which analyzed the effects of  a therapeutic HIV-1 vaccine followed by a latency-reversing agent 
romidepsin, a strong negative correlation was observed between HIV-1 DNA, and to a lesser extent CA 
RNA, measured approximately 2 months before ATI, and the time to viral rebound (65). The latter 2 studies 
also did not use time-to-event analysis to explain time to rebound. In addition, immune checkpoint mole-
cules, such as PD-1, Tim-3, and Lag-3, have been shown to predict time to rebound (27). It must be noted 
that these studies used different thresholds for viral rebound, measured variables at different time points, 
and performed different types of  statistical analysis. For example, Williams et al. found a predictive value 
of  HIV-1 DNA for viral rebound to more than 400 but not to more than 50 HIV-1 RNA copies/mL (25), 
whereas only thresholds of  200 and 1000 copies/mL were used by Li et al. (26) and only the threshold of  
400 copies/mL was used by Hurst et al. (27). Significant predictive value of  HIV-1 DNA for the rebound to 
more than 50 but not to more than 1000 copies/mL was found by Moron-Lopez et al., whereas the opposite 

Table 5. TI variables associated with time to viral rebound after interruption of early ART (n = 51; Cox proportional hazards analysis)

VariableA Category Rebound to >50 copies/mL Rebound to >400 copies/mL
Univariable analyses Multivariable model Univariable analyses Multivariable model

HR  
(95% CI)

P aHR  
(95% CI)

P HR  
(95% CI)

P aHR  
(95% CI)

P

CD4+ count, per 
100 cells/mm3

- 0.99  
(0.89–1.11)

0.91 0.95  
(0.85–1.07)

0.41

CD4/CD8 ratio, 
per 1

- 0.70  
(0.37–1.31)

0.26 0.69  
(0.36–1.29)

0.24

CA HIV US RNA, 
per log10 copies/
μg total RNA

- 1.47  
(1.02–2.11)

0.040B 1.47 (1.02–
2.11)

0.040 1.47  
(1.00–2.14)

0.047B 1.47  
(1.00–2.14)

0.047

CA HIV MS RNA, 
at any time point 
on early ART

Detectable (n = 8)
Undetectable (n = 43)

1.16 (0.54–2.48)
1

0.71
-

1.34 (0.62–2.89)
1

0.46
-

Total HIV 
DNA, per log10 
copies/106 
PBMCs

- 1.12  
(0.79–1.59)

0.51 1.11  
(0.79–1.56)

0.54

Early ART 
duration, weeks

24 (n = 23)
60 (n = 28)

0.73 (0.40–1.32)
1

0.29
-

0.63 (0.35–1.14)
1

0.12
-

Age, per 10 years - 1.13  
(0.86–1.49)

0.39 1.07  
(0.82–1.40)

0.62

HIV subtype B (n = 41)
Non-B (n = 10)

1.92 (0.92–3.97)
1

0.080B

-
-C - 2.00 (0.93–4.31)

1
0.077B

-
-C -

Fiebig stage 
of infection at 
diagnosis

I–II (n = 4)
III–IV (n = 42)
V–VI (n = 5)

0.54 (0.14–2.09)
0.77 (0.30–1.97)

1

0.37
0.58

-

1.21 (0.32–4.55)
1.17 (0.46–2.99)

1

0.78
0.74

-
NRTI backbone 
at interruption of 
early ART 

3TC + TDF (n = 8)
AZT + 3TC (n = 16)
FTC + TDF (n = 27)

1.67 (0.75–3.71)
0.89 (0.47–1.68)

1

0.21
0.72

-

1.59 (0.71–3.53)
1.02 (0.53–1.96)

1

0.26
0.96

-
ART class at 
interruption of 
early ART

NNRTI (n = 33)
PI (n = 13)

NNRTI + PI (n = 5)

0.86 (0.44–1.68)
1

0.71 (0.25–2.03)

0.65
-

0.52

1.16 (0.59–2.29)
1

1.05 (0.36–3.05)

0.66
-

0.93
Sex Female (n = 3)

Male (n = 48)
1.86 (0.57–6.08)

1
0.31

-
1.41 (0.43–4.58)

1
0.57

-
Transmission 
route

MSM (n = 41)
Other (n = 10)

0.89 (0.42–1.85)
1

0.74
-

1.00 (0.48–2.07)
1

>0.99
-

AContinuous variables were measured at the latest time point available before interruption of early ART. BIncluded in the multivariable analysis.  
CNot included in the final optimized model.
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pattern was found for CA RNA (65). In addition, some studies included participants from the intervention 
trials (64, 65), which could have influenced the results. In summary, several candidate biomarkers have been 
identified, but different studies provided heterogeneous and sometimes contradictory results.

In this study, which included well-documented participants from a randomized trial, we observed a signif-
icant (Table 5) independent predictive value of  CA US RNA for the time to viral rebound of  both more than 
50 and more than 400 copies/mL, as demonstrated by both Kaplan-Meier and Cox regression analyses that 
included a number of  demographic and clinical covariates. This confirms the results of  the previous studies 
that found a predictive value of  US RNA for the time to viral rebound (26, 64, 65), but we believe our study 
design and analysis are more robust. We have previously reported that US RNA on ART predicts virological 
failure and correlates with small changes in therapy adherence (2, 3). Together with these earlier studies, our 
present results reinforce US RNA as a marker of  residual HIV-1 activity on ART. Recent studies demonstrat-
ed that defective proviruses can be transcribed and that the transcription competence of  a provirus does not 
necessarily mean replication competence (66, 67). However, the predictive power of  CA RNA for a number of  
outcomes, including time to viral rebound, as reported here, still argues that despite being partially composed 
of  defective proviruses, the transcription-competent reservoir does reflect the replication-competent reservoir.

No other marker, including HIV-1 DNA or the therapy regimen, was shown to be predictive for 
time to viral rebound in our study. One surprising observation was that longer duration of  ART (60 
vs. 24 weeks) did not predict longer time to rebound, contradicting the previous studies (68, 69). It is 
possible that the difference between 24 and 60 weeks of  ART is insufficient to observe an effect on the 
time to rebound. It has also been shown that time from seroconversion to the start of  ART is negatively 
associated with time to rebound and CD4/CD8 ratio normalization (68, 70). In this cohort, no differ-
ence for time to rebound was observed between participants who were diagnosed during Fiebig stages 
I–II versus III–IV versus V–VI. However, the vast majority of  participants were diagnosed at stages III 
or IV, and treatment started several weeks after diagnosis (28). Therefore, exact times from infection 
or seroconversion to the start of  ART could not be determined in our study. However, a recent study 
has shown that rapid viral rebound upon ATI occurs even in individuals who start treatment in Fiebig 
stage I of  acute infection (16). It is possible that Primo-SHM participants, who were treated during 
PHI but most of  whom did not start treatment very early in infection, had an advantage of  having 
more time to develop anti-HIV immune responses before the start of  ART. This, coupled to the potent 

Figure 8. On-ART predictors of disease progression after interruption of early ART. Kaplan-Meier survival analysis for CA HIV US RNA, total HIV DNA, 
CD4+ count, and CD4/CD8 ratio, measured at the latest time point available before interruption of early ART, as well as detectability of CA HIV MS RNA 
at any time point on early ART, and time on early ART (60 or 24 weeks) (n = 51). The composite endpoint of the analysis was either a CD4+ count measure-
ment of less than 350 cells/mm3 or restart of ART. Levels of US RNA, total HIV DNA, CD4+ count, and CD4/CD8 ratio were stratified into “high” and “low” 
strata based on median values. HRs and 95% CIs were calculated using Mantel-Haenszel method. P values were calculated using log-rank tests. det, 
detectable; ud, undetectable.
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4-drug ART regimen that resulted in a prominent reduction in the HIV-1 reservoir size (our unpub-
lished observations), might be one of  the reasons some participants demonstrated various degrees of  
posttreatment control (this study and unpublished data). Another limitation of  the study is that the 
Primo-SHM trial was not designed to measure the exact duration of  posttreatment control, and there-
fore plasma VL was not sampled very frequently, especially starting from 3 months after TI. The study 
was also underpowered to detect effects of  sex, transmission route, or HIV-1 subtype because the vast 
majority of  participants were Dutch MSM infected with HIV-1 subtype B. In general, the results of  
this study might be applicable only to populations similar to those described in this report. The final 
limitation is that, because of  limited PBMC sample availability, there was some variation between 
participants with regard to the exact time points of  the measurements (Supplemental Methods). This 
does not compromise the validity of  the main results of  our study: that CA RNA measured on ART 
predicts time to viral rebound after TI and that CA RNA measured at untreated infection predicts 
disease progression.

In summary, this study positions CA HIV-1 RNA in PBMCs as a promising HIV-1 biomarker with 
a stronger predictive value than plasma VL for a number of  clinical endpoints. We realize the technical 
challenges of  processing blood cells compared with cell-free plasma, including the need for an internal 
normalizer for input cellular amounts. Therefore, we do not envision CA RNA entering routine clinical 
use in the near future. However, some applications demand the best assays available; therefore, further 
research into the potential of  CA RNA as an HIV-1 clinical marker is warranted. In particular, its pre-
dictive value for viral rebound after TI should be explored further in the context of  HIV-1 cure research.

Table 6. TI variables associated with disease progression (CD4+ count < 350 cells/mm3 or restart ART) after interruption of early ART  
(n = 51; Cox proportional hazards analysis)

VariableA Category Univariable analyses Multivariable model
HR (95% CI) P aHR (95% CI) P

CD4+ count, per 100 
cells/mm3B

- 0.68 (0.58–0.80) 5 × 10–6 0.65 (0.55–0.77) 7.4 × 10–7

CD4/CD8 ratio, per 1B - 0.50 (0.26–0.97) 0.040 -C -
CA HIV US RNA, per 
log10 copies/μg total 
RNAB

- 1.33 (0.95–1.85) 0.098 1.59 (1.11–2.28) 0.012

CA HIV MS RNA, at 
any time point on early 
ARTB

Detectable (n = 8)
Undetectable (n = 43)

3.24 (1.44–7.32)
1

0.0047
-

-C -

Total HIV DNA, per log10 
copies/106 PBMCsB

- 1.40 (0.98–1.98) 0.062 -C -

Early ART duration, 
weeks

24 (n = 23)
60 (n = 28)

0.68 (0.38–1.21)
1

0.19
-

Age, per 10 years - 1.01 (0.75–1.37) 0.94
HIV subtypeB B (n = 41)

Non-B (n = 10)
3.15 (1.34–7.38)

1
0.0085

-
-C -

Fiebig stage of infection 
at diagnosis

I–II (n = 4)
III–IV (n = 42)
V–VI (n = 5)

1.08 (0.29–4.07)
1.04 (0.40–2.69)

1

0.91
0.94

-
NRTI backbone at 
interruption of early 
ART

3TC + TDF (n = 8)
AZT + 3TC (n = 16)
FTC + TDF (n = 27)

1.43 (0.64–3.19)
0.59 (0.29–1.18)

1

0.39
0.14

-
ART class at 
interruption of early 
ART

NNRTI (n = 33)
PI (n = 13)

NNRTI + PI (n = 5)

0.98 (0.50–1.93)
1

1.40 (0.49–4.00)

0.96
-

0.53
Sex Female (n = 3)

Male (n = 48)
0.37 (0.09–1.53)

1
0.17

-
Transmission route MSM (n = 41)

Other (n = 10)
1.09 (0.53–2.25)

1
0.82

-
AContinuous variables were measured at the latest time point available before interruption of early ART. BIncluded in the multivariable analysis.  
CNot selected for the final optimized model.
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Methods
Study population and treatment. The Primo-SHM trial was a multicenter randomized controlled trial compar-
ing temporary early ART with no treatment during PHI. Participants were randomly assigned to receive 
no treatment or 24 or 60 weeks of  ART (3-way randomization). If  treatment was clinically indicated based 
on severe clinical symptoms or the participant insisted on starting early ART, subjects were randomized 
over the 2 treatment arms (2-way randomization). Details of  trial design are reported elsewhere (28). Of  
64 participants included in the present study, 50 were 3-way and 14 were 2-way randomized. Participants 
were recruited from May 2003 until March 2010, and follow-up data were collected until April 2015. Par-
ticipants with missing values on 1 or more variables (mainly because of  limited PBMC sample availability 
at baseline and at the virological set point) were excluded from the corresponding analyses: 8 were excluded 
from the baseline analysis and the same number from the set point analysis. One participant did not inter-
rupt early ART and was excluded from the TI analysis.

Among participants, 81.3% were diagnosed with HIV-1 during Fiebig stage III or IV of early infection, and 
treatment started on average 4 weeks after diagnosis (28). Early ART consisted of a 4-drug, triple-class regimen: 
zidovudine/lamivudine (300/150 mg bid), efavirenz (600 mg qd), and lopinavir/ritonavir capsules (533/133 
mg bid). After January 2008, zidovudine/lamivudine was replaced by tenofovir/emtricitabine (245/200 mg qd; 
Dutch standard of care). Changes to the regimen were allowed in the case of transmitted drug resistance or if  
one of the drugs was contraindicated or not tolerated. Of 52 participants who were randomized to one of the 
treatment arms, 88.5% started on triple-class therapy. Treatment was changed to a double-class, 3-drug regimen 

Figure 9. Predictors of disease progression in the absence of treatment. Kaplan-Meier survival analysis for plasma VL, CA HIV US and MS RNA, total HIV 
DNA, CD4+ count, and CD4/CD8 ratio, measured at the virological set point (36 weeks after interruption of early ART or randomization), as well as having 
been treated with early ART or not (n = 56). The composite endpoint of the analysis was either a CD4+ count measurement of less than 350 cells/mm3 or 
(re)start of ART. Levels of plasma VL, US RNA, MS RNA, total HIV DNA, CD4+ count, and CD4/CD8 ratio were stratified into “high” and “low” strata based 
on median values. HRs and 95% CIs were calculated using Mantel-Haenszel method. P values were calculated using log-rank tests.
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once plasma VL became undetectable. At TI, 64.7% were treated with an NNRTI-based, 25.5% with a PI-based, 
and 9.8% with an NNRTI + PI–based ART. At the start of early ART, the NRTI backbone consisted of zidovu-
dine/lamivudine (63.5%) or tenofovir/emtricitabine (36.5%), and by the time of TI, it consisted of tenofovir/
emtricitabine (52.9%), zidovudine/lamivudine (31.4%), or tenofovir/lamivudine (15.7%).

Measurements. Plasma VL was measured using commercial assays with detection limits of  50 or 40 cop-
ies/mL. For CA HIV-1 RNA and total HIV-1 DNA measurements, total nucleic acids were extracted from 
PBMCs using the Boom isolation method (71). Extracted cellular RNA was treated with DNase (DNA-free 
kit; Thermo Fisher Scientific) to remove DNA that could interfere with the quantitation and reverse-tran-
scribed using random primers and SuperScript III reverse transcriptase (all from Thermo Fisher Scientific). 
CA HIV-1 RNA and total HIV-1 DNA were measured using previously described quantitative PCR–based 
(qPCR-based) methods (72, 73). HIV-1 DNA or RNA copy numbers were determined using a 7-point stan-
dard curve with a linear range of  more than 5 orders of  magnitude that was included in every qPCR run 
and normalized to the total cellular DNA (by measurement of  β-actin DNA) or RNA (by measurement 
of  18S ribosomal RNA) inputs, respectively, as described previously (3). Nontemplate control wells were 
included in every qPCR run and were consistently negative.

Total HIV-1 DNA was detectable in 94.6% of  participants at baseline, 82.4% at TI, and 98.3% at the 
virological set point; US RNA in 98.2% at baseline, 62.8% at TI, and 94.7% at the set point; and MS RNA 
in 70.9% at baseline, 15.7% at any visit under ART, and 67.9% at the set point. Undetectable measurements 
of  CA RNA or DNA were assigned the values corresponding to 50% of  the corresponding assay detection 
limits, with a maximum of  100 copies/μg total RNA or 100 copies/106 PBMCs, respectively. The detection 
limits depended on the amounts of  the normalizer (input cellular DNA or RNA) and therefore differed 
among samples. Measurements with low input cellular DNA or RNA and undetectable HIV-1 DNA or 
RNA, respectively, were excluded from the analysis. MS RNA under ART was included in the analysis of  
time to viral rebound as a categorical variable (detectable vs. undetectable).

Statistics. Strength of  the correlations between variables per time point and between time points per 
variable was assessed by Spearman’s tests. Associations of  variables with the magnitude of  viral rebound 

Table 7. Set point variables associated with the rates of disease progression (time to CD4+ count < 350 cells/mm3 or restart ART) after 
virological set point (n = 56; Cox proportional hazards analysis)

VariableA Category Univariable analyses Multivariable model
HR (95% CI) P AHR (95% CI) P

Plasma VL, per log10 
copies/mLB

1.63 (1.17–2.28) 0.0040 -C -

CD4+ count, per 100 
cells/mm3B

- 0.50 (0.39–0.64) 5.9 × 10–8 0.55 (0.42–0.72) 1.1 × 10–5

CD4/CD8 ratio, per 1B - 0.10 (0.03–0.36) 4.5 × 10–4 -C -
CA HIV US RNA, per 
log10 copies/μg total 
RNAB

- 1.66 (1.19–2.32) 0.0030 -C -

CA HIV MS RNA, per 
log10 copies/μg total 
RNAB

- 1.88 (1.41–2.51) 2.1 × 10–5 1.46 (1.07–2.01) 0.019

Total HIV DNA, per log10 
copies/106 PBMCsB

- 1.84 (1.23–2.75) 0.0030 -C -

Early ARTB Yes (n = 47)
No (n = 9)

0.38 (0.18–0.82)
1

0.013
-

-C -

Age, per 10 years - 1.29 (0.95–1.77) 0.11
HIV subtypeB B (n = 48)

Non-B (n = 8)
2.17 (0.95–4.98)

1
0.067

-
-C -

Sex Female (n = 2)
Male (n = 54)

0.85 (0.20–3.51)
1

0.82
-

Transmission route MSM (n = 47)
Other (n = 9)

0.87 (0.43–1.80)
1

0.72
-

AContinuous variables were measured at the virological set point (36 weeks after interruption of early ART or randomization). BIncluded in the multivariable 
analysis. CNot selected for the final optimized model.
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was assessed by fitting uni- and multivariable generalized linear models. Predictive power of  variables for 
the clinical endpoints (response to ART, time to viral rebound after TI, CD4+ T cell decline in untreated 
infection) was initially assessed by Kaplan-Meier analyses with log-rank tests, nonparametric Mann-Whit-
ney U tests, or Fisher’s exact tests, as appropriate. Subsequently, uni- and multivariable Cox proportion-
al hazards regression models or logistic regression models were fitted. Explanatory variables that were 
associated with the dependent variable (P < 0.1) in univariable Cox or logistic regression analyses were 
included in the multivariable models, which were fitted using forward stepwise regression, except where 
indicated. Stepwise regression was chosen to apply an unbiased approach and at the same time to avoid 
model overfitting. Of  note, fitting the models using backward stepwise regression did not change the out-
comes. Individual tests are described in the legends to figures and tables. Data were analyzed using Prism 
7.0 (GraphPad Software) and IBM SPSS Statistics (version 25). All tests were 2 sided. P values less than 
0.05 were considered statistically significant.

Study approval. The study was approved by the AMC Medical Ethics Committee, and written informed 
consent was obtained from all participants.
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