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Background. Analytical treatment interruptions (ATIs) are essential in research on HIV cure. However, the heterogeneity of 
virological outcome measures used in different trials hinders the interpretation of the efficacy of different strategies.

Methods. We conducted a retrospective analysis of viral load (VL) evolution in 334 ATI episodes in chronic HIV-1-infected 
patients collected from 11 prospective studies. Quantitative (baseline VL, set point, delta set point, VL, and delta VL at given weeks 
after ATI, peak VL, delta peak VL, and area under the rebound curve) and temporal parameters (time to rebound [TtR], set point, 
peak, and certain absolute and relative VL thresholds) were described. Pairwise correlations between parameters were analyzed, 
and potential confounding factors (sex, age, time of known HIV infection, time on ART, and immunological interventions) were 
evaluated.

Results. The set point was lower than baseline VL (median delta set point, –0.26; P < .001). This difference was >1 log10 copies/
mL in 13.9% of the cases. The median TtR was 2 weeks; no patients had an undetectable VL at week 12. The median time to set point 
was 8 weeks: by week 12, 97.4% of the patients had reached the set point. TtR and baseline VL were correlated with most  temporal 
and quantitative parameters. The variables independently associated with TtR were baseline VL and the use of immunological 
interventions.

Conclusions. TtR could be an optimal surrogate marker of response in HIV cure strategies. Our results underline the  importance 
of taking into account baseline VL and other confounding factors in the design and interpretation of these studies.

Keywords. HIV-1; immune-based therapy; STI; vaccine; viral load.

Analytical treatment interruptions (ATIs) form an inherent 
part of the design of studies on HIV cure [1]. As currently 
there are no adequate surrogate markers of treatment effi-
cacy [1, 2], the direct assessment of viral control during ATI 
is the recommended method to evaluate these novel inter-
ventions [2]. The imperative use of ATI in this field has been, 
however, the subject of debate and criticism in recent years 
[3]— especially since the publication of the SMART study 
[4]—as it raises important ethical and safety issues. There 

have been proposed potential adverse events associated with 
ATI, encompassing clinical [4–6], virological [7, 8], and epi-
demiological [9] risks. Although there is recently increasing 
evidence that short-term treatment interruptions are essen-
tially safe [10], the debate is far from over [11]. To mini-
mize the potential risks of ATI, HIV remission studies are 
advised to contain only a small number of participants [2], 
and they frequently dispense with an adequate comparator 
group [12]. This, in turn, leads to a loss of statistical power 
and entails the possibility of biased conclusions [13].

In the absence of consensus about a “gold standard” viro-
logical outcome measure, different studies use different vi-
rological end points (time to rebound, viral set point, etc.), 
which makes the adequate comparison of their results highly 
cumbersome, if not impossible [1]. Intensively monitored 
antiretroviral pause (MAP) [2] involves prompt treatment 
reintroduction after viral rebound. It is gaining popularity 
as an alternative of ATI, because the relatively short time the 
participants have to remain off antiretroviral therapy (ART) 
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confers an enhanced safety profile to this strategy. However, 
the only virological end point that can be recorded in a MAP 
study is time to rebound (TtR), and—according to the cur-
rent evidence—TtR might not be extrapolated to predict 
other important outcome measures, such as the set point 
[1, 14]. Moreover, increasing evidence suggests that VL re-
bound is followed by a significant drop in viremia in some 
patients, and this pattern could not be detected in the MAP 
strategy [13].

There are only a few available publications [14] that directly 
address the expected values and the possible correlations be-
tween different virological end points measured during ATI. 
Our aims were to perform a thorough description of the dy-
namics of viral rebound in a big retrospective cohort of ATI 
episodes in chronic HIV-1-infected patients, to establish the 
correlations between different rebound parameters, to propose 
a “resuming parameter,” and to identify possible confounding 
factors for some of the most important parameters (TtR, set 
point, peak, and area under the curve [AUC]) that should be 
taken into consideration in the design and interpretation of fu-
ture studies on HIV cure.

METHODS

Data on weekly VL evolution during ATI episodes were ex-
tracted from 11 prospective studies with similar inclusion 
 criteria. All of these studies were performed and/or coor-
dinated by our group: 10 of them have been previously pub-
lished [15–24], and 1 is currently underway (ClinicalTrials.gov 
number NCT02767193). Four were structured treatment inter-
ruption studies with no additional intervention [15–17, 21], 4 
were therapeutic vaccine studies (NCT02767193, [20, 23, 24]), 
2 included an intervention arm with a cytostatic drug [18, 19], 
and 1 evaluated the effect of a 12-month vaccination schedule 
on the dynamics of viral rebound [22]. All the studies were ap-
proved by institutional ethical review boards and by the Spanish 
Regulatory Authorities. The present study was also evaluated 
and approved by the institutional ethical board of the Hospital 
Clinic of Barcelona (HCB/2018/0740); the procedures followed 
in the study were in accordance with the Helsinki Declaration 
of 1975, as revised in 2000.

Cases were excluded if they did not fulfill the following 
 criteria: available VL data, undetectable VL (according to the 
detectability threshold used in the original study) at the time of 
treatment interruption, at least 1 detectable follow-up VL de-
termination before ART reinitiation, an ATI of at least 12 weeks 
or documented viral rebound in cases with ART reinitiation 
before week 12. Cases with largely incomplete or nonverifiable 
data were also excluded from the analysis. The VL data avail-
able for the analysis corresponded to weeks 1, 2, 3, 4, 5, 6, 8, 10, 
12, 24, and 48 after treatment interruption, the last VL value 
considered in each case being the value before either treatment 
reinitiation or end of follow-up.

The parameters used for the analysis were categorized as 
quantitative if they were principally related to the magnitude 
of VL and temporal if they described a time-related variable. 
The quantitative parameters analyzed were the following: 
(1) baseline VL, (2) set point, (3) delta set point, (4) VL at 
a given week after treatment interruption, (5) delta VL, (6) 
peak VL, (7) delta peak VL, and (8) AUC. For set point and 
delta set point, sensitivity analyses were also performed (set 
point “forward” and delta set point “forward”). All temporal 
parameters were determined in weeks: (1) TtR, (2) time 
to set point, (3) time until certain absolute VL thresholds 
(200, 1000, and 10 000 copies/mL), (4) time until  relative 
thresholds (0.5 and 1 log10 copies/mL), and (5) time to peak 
VL. (For the definitions of the analyzed parameters, see 
Supplementary Table 1.)

The detectability threshold was defined as 50 copies/mL. 
A clinically relevant difference between VL values was defined 
as >0.5 log10 copies/mL. All analyses were carried out on the 
overall study population and also on the subset of cases without 
immunological intervention (cytostatic drug or therapeutic 
vaccine).

All analyses were carried out in R (version 3.4.1; R 
Foundation for Statistical Computing, Vienna, Austria) using 
RStudio (version 1.0.143; RStudio Inc., Boston, MA, USA). 
Continuous and discrete variables were expressed in median 
(interquartile range [IQR]) and in absolute number and per-
centage, respectively. Confidence intervals of proportions were 
calculated with the Clopper-Pearson method. Comparisons 
were performed using the Student t, Mann-Whitney U, 
Kruskal-Wallis, Wilcoxon signed rank, chi-square, and Fisher 
exact tests according to data type. The associations between 
virological parameters were determined using Pearson and 
Spearman correlations. Confounding factors independently 
associated with TtR were identified by multiple linear regres-
sion analysis on variables significantly associated with TtR 
in the univariate analysis. Survival curves were compared by 
the log-rank test. Statistical significance was defined as a P 
value <.05.

RESULTS

Demographics of the Study Population

There were 334 ATI episodes analyzed, belonging to 249 
chronic HIV-1-infected patients (from 63 patients, ≥2 ATI epi-
sodes were included in the study). The median age (IQR) was 
39.5 (35.0 to 45.7) years, and 26.3% of the episodes were regis-
tered in women. The median durations of known HIV infection 
and ART (IQR) were 6.8 (4.1 to 11.5) and 3.6 (2.1 to 5.6) years, 
respectively. All patients started ART in the chronic phase of 
HIV infection. An immunological intervention (cytostatic drug 
or therapeutic vaccine) accompanied 62 ATI episodes (18.6%). 
The median length of follow-up before ART reinitiation (IQR) 
was 12 (10 to 12) weeks.
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Description of Virological Outcome Measures

The observed values of the analyzed parameters in the overall 
study population and in the subset of cases without interven-
tion are summarized in Table 1. Figure 1A shows the evolution 
of viral loads during ATI of all analyzed cases, and the weekly 
distribution of VL is depicted in Figure 1B.

Quantitative Parameters
The set point was lower than the baseline VL in 68.2% of 
the cases (95% confidence interval [CI], 60.1%–75.5%). 
This difference was not clinically relevant in 65.6%, but it 
was >0.5 log10 copies/mL in 34.4% (95% CI, 26.9%–42.6%) 
and >1 log10 copies/mL in 13.9% of the cases (95% CI, 
8.8%–20.5%). Similar results were obtained in the sen-
sitivity analysis and in the analysis of the subset without 
 immunological  interventions (Supplementary Table 2), 
and  these  proportions did not vary significantly when we 

limited the analysis to the 215 first ATI episodes (data not 
shown).

The VL was <1000 copies/mL in around 10% of the cases at 
all time points between week 6 and week 24 (Figure 1C). Delta 
VL was >0.5 copies/mL in >25% of the cases at any follow-up 
week (Figure 1D). For more details, see also Supplementary 
Figure 1, which shows VL values at different weeks of ATI as 
compared with baseline VL in the intervention-free subset, and 
Supplementary Table 3, which shows the proportion of cases 
in whom the VL remained below given thresholds throughout 
follow-up.

During ATI, 2 different forms of viral load rebound kinetics 
are expected: A peak VL may precede the set point or coincide 
with it (Supplementary Figure 2). Peak VL preceded the set 
point in 37.7% of the cases where the set point could be deter-
mined (95% CI, 30.0%–45.8%). The set point (IQR) was sig-
nificantly lower in cases where it was preceded by a peak, but 

Table 1. Observed Values of the Explored End Point Parameters in the Study Population

Overall Study  
Population (n = 334)

ATIs Without 
 Intervention (n = 272)

Overall Study  
Population (n = 334)

ATIs Without  
Intervention (n = 272)

Median (IQR) No. Median (IQR) No. Median (IQR) No. Median (IQR) No.

Quantitative parameters

Baseline VL, log10 
copies/mL

4.43 (4.08 to 4.95) 312 4.43 (4.08 to 4.91) 252 AUC, log10 
copies/mL

–0.36 (–0.74 to –0.00) 312 –0.28 (–0.65 to 0.09) 252

Set point, log10 
copies/mL

4.33 (3.79 to 4.81) 154 4.37 (3.99 to 4.91) 106 Delta set point, 
log10 copies/mL

–0.26 (–0.64 to 0.18) 151 –0.20 (–0.58 to 0.25) 105

Set point “forward,” 
log10 copies/mL

4.35 (3.79 to 4.87) 334 4.37 (3.85 to 4.91) 272 Delta set point 
“forward,” log10 
copies/mL

–0.22 (–0.66 to 0.27) 312 –0.17 (–0.62 to 0.30) 252

Peak VL, log10  
copies/mL

4.65 (4.15 to 5.15) 154 4.72 (4.21 to 5.17) 106 Delta peak VL, 
log10 copies/mL

0.06 (–0.44 to 0.70) 151 0.17 (–0.34 to 0.85) 105

VL post-ATI, log10 
copies/mL

     Delta VL, log10 
copies/mL

    

Week 1 1.57 (1.30 to 2.30) 88 1.57 (1.30 to 2.30) 80 Week 1 –2.44 (–3.01 to –1.87) 88 –2.WW54 (–3.03 
to –1.88)

80

Week 2 2.28 (1.57 to 3.33) 167 2.57 (1.57 to 3.66) 112 Week 2 –2.06 (–2.67 to –1.06) 164 –1.73 (–2.51 to –0.81) 111

Week 3 3.55 (2.17 to 4.63) 73 3.69 (2.30 to 4.71) 68 Week 3 –0.86 (–1.73 to –0.06) 73 –0.79 (–1.65 to –0.06) 68

Week 4 4.16 (3.36 to 4.88) 208 4.32 (3.52 to 5.04) 149 Week 4 –0.39 (–1.10 to 0.45) 205 –0.20 (–0.90 to 0.60) 148

Week 5 4.26 (3.13 to 5.04) 36 4.57 (3.73 to 5.06) 31 Week 5 0.31 (–0.51 to 0.77) 36 0.37 (–0.26 to 0.77) 31

Week 6 4.36 (3.79 to 4.78) 88 4.42 (3.89 to 4.94) 65 Week 6 0.03 (–0.81 to 0.50) 88 0.17 (–0.64 to 0.56) 65

Week 8 4.29 (3.66 to 4.76) 160 4.35 (3.72 to 4.86) 103 Week 8 –0.30 (–0.77 to 0.20) 157 –0.22 (–0.74 to 0.23) 102

Week 10 4.32 (3.65 to 4.60) 50 4.32 (3.82 to 4.58) 37 Week 10 –0.09 (–0.64 to 0.28) 50 –0.18 (–0.46 to 0.06) 37

Week 12 4.28 (3.77 to 4.73) 242 4.34 (3.80 to 4.86) 183 Week 12 –0.30 (–0.79 to 0.17) 220 –0.21 (–0.68 to 0.25) 163

Week 24 4.16 (3.75 to 4.64) 83 4.16 (3.72 to 4.86) 44 Week 24 –0.46 (–0.84 to –0.10) 81 –0.42 (–0.79 to –0.04) 43

Week 48 4.22 (3.71 to 4.51) 36 4.04 (3.69 to 4.47) 12 Week 48 –0.52 (–0.86 to –0.16) 36 –0.46 (–0.71 to –0.12) 12

Temporal parameters

Time to rebound,  
wk

2 (2 to 4) 170 2 (2 to 3) 122 Time to peak 
VL, wk

4 (4 to 8) 154 4 (4 to 6) 106

Time to set point,  
wk

8 (4 to 8) 154 6 (4 to 8) 106 Time to 
200-copies/mL 
threshold, wk

2 (2 to 4) 164 2 (2 to 4) 116

Time to 1000-c 
opies/mL  
threshold, wk

4 (2 to 4) 159 3 (2 to 4) 113 Time to 10 
000-copies/mL 
threshold, wk

4 (3 to 4) 134 4 (2.75 to 4) 96

Time to delta  
0.5-log10 copies/mL 
threshold, wk

4 (3 to 4) 130 4 (2.25 to 4) 98 Time to delta 
1-log10 copies/
mL threshold, wk

4 (2 to 4) 147 3 (2 to 4) 107

“n” indicates the total number of cases; “No.” indicates the number of cases with available information for each category.

Abbreviations: ATI, analytical treatment interruption; AUC, area under the curve; IQR, interquartile range; VL, viral load.
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this difference was not clinically relevant (4.13 [3.60 to 4.49] 
vs 4.40 [4.00 to 4.91] log10 copies/mL; P = .003). The set point 
was <200 copies/mL in 2 cases in both groups (2/58 [3.4%] vs 
2/96 [2.1%]; P = .673), all 4 episodes belonging to different pa-
tients. There was no statistically significant difference in base-
line parameters (demographics, baseline VL) or TtR between 
cases with different peak VL patterns.

The median AUC (IQR) was –0.36 (–0.74 to –0.00) log10 
copies/mL, and the absolute AUC was >0.5 log10 copies/mL in 
42.0% (95% CI, 36.4%–47.7%) (Supplementary Table 2).

Temporal Parameters
In all the ATI episodes but 1, VL was detectable by week 6. The 
median TtR (IQR; range) was 2 weeks in both the overall pop-
ulation (2 to 4; 1–8) and the cases without intervention (2 to 3; 
1–8 weeks). The proportion of patients with an undetectable VL 
at week 12 was 0% in both the overall study population (upper 

95% CI, 1.5%) and the cases without intervention (upper 95% 
CI, 2.0%).

The median time until reaching the set point (IQR; range) was 
8 (4 to 8; 1–24) weeks in the overall population and 6 (4 to 8; 
1–24) weeks in the intervention-free subset. By week 12, 97.4% 
(95% CI, 93.5%–99.3%) of the patients had reached the set point.

Correlations Between Outcome Measures

To find a safe and easy-to-assess “resuming measure” of VL re-
bound, we analyzed the correlations between different rebound 
parameters.

Figure 2 resumes the pairwise Spearman correlations be-
tween the main explored parameters. An overview of pairwise 
Spearman and Pearson correlations between all parameters can 
be observed in Supplementary Figure 3. Baseline VL was sig-
nificantly correlated to VL at all follow-up weeks, to set point, 
to peak VL, to the AUC, and also to some of the temporal 
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parameters including TtR (Figure 3A). TtR was positively 
correlated to all other temporal parameters and showed a sig-
nificant negative correlation to most of the quantitative param-
eters, including set point (Figure 3B), peak VL, and AUC 
(Supplementary Figure 4).

Confounding Factors

We assessed the effect of 5 potential confounding  variables—
sex, age, time of known HIV infection, time on ART, and 
 immunological interventions—on the dynamics of viral 
rebound.

Baseline VL, set point, and peak VL (IQR) were significantly 
lower in women (4.26 [3.79 to 4.72] vs 4.60 [4.17 to 5.03] log10 
copies/mL; P <  .001; 4.03 [3.28 to 4.42] vs 4.41 [4.06 to 4.91] 
log10 copies/mL; P = .005; and 4.30 [4.01 to 4.74] vs 4.83 [4.20 
to 5.30] log10 copies/mL; P = .003; respectively). A higher set 
point was observed in older patients (Spearman’s rho  =  .25; 
P = .005), and a smaller AUC was found in cases with a longer 
known duration of HIV infection (Spearman’s rho  =  .18; 
P  =  .002). Immunological interventions significantly affected 
the magnitude of most quantitative and temporal parameters, 
except baseline VL (Supplementary Table 4).

In the univariate analysis age, the known duration of HIV 
and ART, the use of immunological interventions, and base-
line VL were significantly associated with TtR. The variables 
independently associated with TtR according to the multivar-
iate analysis were baseline VL (beta = –.32; P < .001), duration 
of ART (beta  =  .42; P  =  .002), and interventions (beta  =  .26; 
P < .001) (Table 2).

DISCUSSION

In this study, we have described the dynamics of viral rebound 
in a cohort of patients undergoing ATI, established correlations 
between the most frequently used virological outcome meas-
ures, and identified certain confounders that should be taken 
into consideration in the evaluation of ATI studies.

Our group previously reported that the set point after 3 ATIs 
in a cohort of 45 chronic HIV-1-infected patients was signif-
icantly lower than the baseline VL [25]. In accordance with 
this, our present results support the recent finding of Treasure 
et al. [14] claiming that the new set point is lower than the base-
line VL in >60% of ATIs. Moreover, in our study, in one-third 
of the cases, this difference was >0.5 log10 copies/mL, and in 
10% of the episodes, it was >1 log10 copies/mL. However, this 
finding may correspond only to a temporary decrease in VL, as 
some studies with longer follow-up reported a slow but steady 
increase of VL after ATI until becoming virtually identical to 
baseline VL values [26, 27].

We observed that the set point was lower than the peak VL 
in more than one-third of the ATI episodes and that the VL 
descended below 200 copies/mL in 3.4% of these cases—a pro-
portion similar to the 4%–10% of post-treatment controllers 
reported by other authors in chronic HIV-1-infected patients 
[28, 29]. Additionally, a peak preceded half of the cases in our 
cohort with a set point <200 copies/mL (2/4), which is in ac-
cordance with previous observations [30] and supports the 
theory that viral rebound does not exclude the possibility of 
subsequent control of viral load [13], although in our cohort 
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the difference in set point was not clinically relevant between 
cases with and without a preceding peak. Neither TtR nor any 

other early assessable parameter predicted the presence of a 
peak in the rebound curve.
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Figure 3. Predictive patterns of early rebound parameters. Numbers in the bars represent the number of episodes in each category. B, Time to rebound according to dif-

ferent strata of baseline viral load. Kruskal-Wallis test P < .001. C, Set point according to different strata of time to viral rebound. Kruskal-Wallis test P = .002.
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Previous reports have found a weak or no association be-
tween TtR and set point or other commonly utilized virological 
end points [1, 14, 31]. Based on these results, experts recom-
mend avoiding MAP designs in studies assessing immunolog-
ical interventions [2]. However, in the current study, we have 
found significant correlations between the TtR and the majority 
of other important end points that can only be measured at a 
later time point, including the set point, the peak VL, and the 
AUC. Our results indicate that it may be possible to estimate the 
expected value of these late parameters based on TtR: We dem-
onstrated that clinically significant virus control is mainly to be 
expected in patients with longer TtR. This observation opens 
the possibility of improving the safety profile of these studies: 
Patients with an early viral rebound should be put back on ART 
without further delay, whereas only participants with longer 
TtR would be exposed to prolonged ATIs. These data should be 
used with caution, as TtR has certain limitations. Although our 
study suggests that TtR is correlated with all the other quanti-
tative and temporary outcomes, with our data it is difficult to 
determine a TtR cutoff that predicts a very low risk of control 
of viral load.

The effect of baseline VL on the characteristics of viral re-
bound dynamics has also been suggested by previous publi-
cations. In a study with repeated treatment interruptions, the 
patients with a baseline VL >50 000 copies/mL were significantly 
more likely to reach VL peaks >50 000 copies/mL during ATIs 
than the ones with lower baseline VL [32]. Other researchers 
found that a baseline VL <100 000 copies/mL was significantly 
associated with the probability of maintaining a VL <5000 
copies/mL 24 weeks after treatment interruption [33]. However, 
in contrast with our findings, other authors have not found an 
association between baseline VL and TtR [34]. Further studies 
are needed to confirm our results.

In our cohort, we identified some important confounding 
factors that may affect viral rebound dynamics. Similar to other 
reports, gender [35–37], age [38, 39], and previous HIV and 

ART duration [37] significantly influenced certain rebound 
parameters. In a multivariate analysis, the factors independ-
ently associated with TtR were baseline VL, previous duration 
of ART, and immunological interventions.

Our study has a number of limitations. First, it is a retrospec-
tive study. Second, the included studies were heterogeneous to 
some extent. Third, VL data were largely unavailable at certain 
weeks (eg, weeks 5, 10, and 48). Fourth, some of the analyzed 
parameters were not possible to determine in an important 
proportion of the cohort: Set point was only available in 154 
cases (46.1%), and delta set point in 151 cases (45.2%). For this 
reason, we carried out a sensitivity analysis with these data. 
Fifth, the ART regimens the patients were receiving by the time 
of treatment interruption were not available for the analysis, al-
though this may be a factor affecting rebound dynamics [40]. 
Sixth, most patients recruited in the source studies were from 
Catalonia (a geographical region of Spain), which may affect 
the generalizability of our results to other populations. Seventh, 
one-third of the ATI episodes were preceded by previous ATIs 
that may have influenced the measured parameters and the cor-
relations between them. However, in a subgroup analysis of the 
215 first ATI episodes, we did not find any significant differ-
ences with respect to the overall study population. Finally, our 
data could not be adjusted to the magnitude of other unavail-
able parameters, such as viral reservoir or nadir CD4.

In conclusion, our study provides a detailed description of 
the dynamics of viral rebound after ART interruption, based on 
a retrospective cohort of considerable size. We believe that these 
data may be useful in the evaluation of the outcomes of future 
ATI studies without a control arm. In addition, we have dem-
onstrated that there are significant correlations between most of 
the virological end points assessed. If confirmed by independent 
prospective studies, these observations could be helpful to de-
sign the duration of ATIs or the threshold to reintroduce ART 
in future HIV cure clinical trials. For example, a short TtR could 
discriminate those patients who should reinitiate ART sooner. 

Table 2. Univariate and Multivariate Analysis of Possible Confounders of TtR

Variable

Univariate Analysis Multivariate Analysis

Comparison TtR P Value Standardized (Beta) Coefficient P Value

Sex, median (IQR), wk  .854  .702

 Male 2 (2 to 4)  Reference  

 Female 2 (1 to 4)  .030  

Age Spearman’s rho = .24 .004 .105 .238

HIV duration Spearman’s rho = .22 .009 –.151 .250

ART duration Spearman’s rho = .32 <.001 .419 .002

Time between HIV diagnosis and ART initiation Spearman’s rho = –.03 .719 - -

Intervention, median (IQR), wk  <.001  <.001

 No intervention 2 (2 to 3)  Reference  

 Intervention 2.5 (2 to 4)  .260  

Baseline VL Spearman’s rho = –.22 .005 –.319 <.001
Abbreviations: ART, antiretroviral therapy; IQR, interquartile range; TtR, time to rebound; VL, viral load.
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Additionally, our results underline the importance of taking 
into account some potential confounding factors in the inter-
pretation of these studies.

Supplementary Data
Supplementary materials are available at Open Forum Infectious Diseases 
online. Consisting of data provided by the authors to benefit the reader, 
the posted materials are not copyedited and are the sole responsibility of 
the authors, so questions or comments should be addressed to the corre-
sponding author.
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Supplementary Table S1. Definitions of the virological end-point parameters analyzed in the study.  
 
Parameter Definition 
Baseline viral load (VL) The last documented VL before ART initiation.  
Set point The mean value of all available VL determinations after reaching a steady 

state with a margin of 0.5 log10 copies/mL. 
Set point “forward” The set point, or the last available VL value in the cases where the set point 

could not be determined. 
Delta set point The difference between baseline VL and set point. 
Delta set point “forward” The delta set point, or the difference between baseline VL and the last 

available VL value in the cases where delta set point could not be 
determined. 

Delta VL The difference between baseline VL and set point. 
Peak VL The highest observed VL value before or at the time of reaching the set 

point. (i.e. it could only be determined for cases with available set point 
data) 

Delta peak VL The difference between baseline VL and peak VL 
AUC Area under the viral rebound curve with respect to the baseline VL. 
Time to rebound The time (in weeks) from treatment interruption until VL becomes 

detectable (> 50 copies/mL), given with a 2-week margin (i.e. it could only 
be determined if there was an undetectable VL registered one or two weeks 
before the first detectable VL). 

Time to set point The time (in weeks) from treatment interruption until the first VL value 
after which no further oscillations greater than 0.5 log10 copies/mL were 
observed. (Only for cases with available set point data.) 

Time until absolute 
thresholds 

The time (in weeks) from treatment interruption until VL reaches certain 
absolute values (200, 1000 and 10,000 copies/mL), given with a 2-week 
margin (i.e. it could only be determined if there was a VL below the given 
threshold registered one or two weeks before the first VL above the 
corresponding threshold). 

Time until relative 
thresholds 

The time (in weeks) from treatment interruption until the difference 
between the measured VL and the baseline VL falls below a given log10 
value (0.5 and 1 log10 copies/mL), given with a 2-week margin (i.e. it 
could only be determined if there was a VL not fulfilling the above 
definition registered one or two weeks before the first VL that does fulfill 
it) 

Time to peak VL The time (in weeks) from treatment interruption until the peak VL. (Only 
for cases with available peak VL data.) 

 



Supplementary Table S2. The relation of set point, set point “forward” with baseline VL, and the 
relation of peak VL and AUC with the baseline VL and the set point in the overall study population 
and in the subset of cases without immunological intervention. N = the number of cases with 
available information in each category. 
 

 Overall study population ATIs without intervention 
 Value 95% CI Value 95% CI 
Set point     

Delta set point (log10 copies/mL) -0.26* -0.35; -0.17 -0.20* -0.32; -0.03 
Set point < baseline VL (n/N (%)) 103/151 (68.2%) 60.1%; 75.5% 65/105 (61.9%) 51.9%; 71.2% 
Delta set point > 0.5 log copies/mL (n/N (%)) 52/151 (34.4%) 26.9%; 42.6% 32/105 (30.5%) 21.9%; 40.2% 
Delta set point > 1 log copies/mL (n/N (%)) 21/151 (13.9%) 8.8%; 20.5% 12/105 (11.4%) 6.0%; 19.1% 
Set point “forward”     

Delta set point “forward” (log10 copies/mL) -0.22* -0.33; -0.15 -0.17* -0.28; -0.06 
Set point “forward” < baseline VL (n/N (%)) 199/312 (63.8%) 58.2%; 69.1%  151/252 (59.9%) 53.6%; 66.0% 
Delta set point “forward” > 0.5 log copies/mL (n/N (%)) 107/312 (34.3%) 29.0%; 39.9% 82/252 (32.5%) 26.8%; 38.7% 
Delta set point “forward” > 1 log copies/mL (n/N (%)) 44/312 (14.1%) 10.4%; 18.5% 32/252 (12.7%) 8.9%; 17.5% 
Peak VL     

Delta peak VL (log10 copies/mL) 0.06 -0.08; 0.23 0.17* -0.02; 0.43 
Peak VL > set point (n/N (%)) 58/154 (37.7%) 30.0%; 45.8% 38/106 (35.8%) 26.8%; 45.7% 
Peak VL – set point > 0.5 log10 copies/mL (n/N (%)) 48/58 (82.8%) 70.6%; 91.4% 33/38 (86.8%) 71.9%; 95.6% 
Peak VL – set point > 1 log10 copies/mL (n/N (%)) 20/58 (34.5%) 22.5%; 48.1% 16/38 (42.1%) 26.3%; 59.2% 
AUC     

AUC > 0.5 log10 copies/mL (n/N (%)) 131/312 (42.0%) 36.4%; 47.7% 91/252 (36.1%) 30.2%; 42.4% 
AUC > 1 log10 copies/mL (n/N (%)) 52/312 (16.7%) 12.7%; 21.3% 34/252 (13.5%) 9.5%; 18.3% 
     
* Comparison of the parameter with the baseline VL: Wilcoxon signed rank test p-value < 0.05 

 
 



Supplementary Table S3. Proportion of cases in which VL remained below given thresholds 
throughout the entire follow-up in cases with an at least 12-week-long ATI. N = the number of 
cases with available information in each category. 
 
  

Overall study population 
 

ATIs without intervention 
 n/N % 95% CI n/N % 95% CI 
VL < 200 copies/mL 4/242 1.7% 0.5%; 4.2% 4/183 2.2% 0.6%; 5.5% 
VL < 400 copies/mL 7/242 2.9% 1.2%; 5.9% 7/183 3.8% 1.6%; 7.7% 
VL < 1000 copies/mL 12/242 5.0% 2.6%; 8.5% 9/183 4.9% 2.3%; 9.1% 
VL < 5000 copies/mL 26/242 10.7% 7.1%; 15.3% 19/183 10.4% 6.4%; 15.7% 
VL < 10000 copies/mL 46/242 19.0% 14.3%; 24.5% 37/183 20.2% 14.7%; 26.8% 
Delta VL > 0.5 log10 copies/mL 48/220 21.8% 16.5%; 27.9% 35/163 21.5% 15.4%; 28.6% 
Delta VL > 1 log10 copies/mL 16/220 7.3% 4.2%; 11.5% 9/163 5.5% 2.6%; 10.2% 
 



Supplementary Table S4. Univariate analysis of the effect of immunological interventions on the 
main virological parameters during ATI. Data are given as median (IQR). 
 
 Intervention No intervention p 
TtR (weeks) 2.5 (2; 4) 2 (2; 3) <0.001 
Time to set point (weeks) 8 (7.5; 8.5) 6 (4; 8) 0.004 
Time to peak (weeks) 6 (4; 8) 4 (4; 6) 0.003 
Time to 200 copies/mL threshold (weeks) 4 (2; 4) 2 (2; 4) <0.001 
Time to 1000 copies/mL threshold (weeks) 2 (2; 2.25) 3 (2;4) <0.001 
Time to 10000 copies/mL threshold 
(weeks) 

2 (2; 3.5) 4 (2.75; 4) <0.001 

Time to delta 0.5 log10 copies/mL 
threshold (weeks) 

4 (4; 6) 4 (2.25; 4) <0.001 

Time to delta 1 log10 copies/mL threshold 
(weeks) 

4 (4; 6) 3 (2; 4) <0.001 

Baseline VL (log10 copies/mL) 4.48 (4.03; 5.08) 4.43 (4.08; 4.91) 0.526 
Set point (log10 copies/mL) 4.14 (3.76; 4.62) 4.37 (3.99; 4.91) 0.041 
Delta set point (log10 copies/mL -0.40 (-0.88; -0.12) -0.20 (-0.58; 0.25) 0.027 
Peak VL (log10 copies/mL 4.56 (3.84; 4.84) 4.72 (4.21; 5.17) 0.017 
Delta peak VL (log10 copies/mL) -0.25 (-0.75; 0.50) 0.17 (-0.34; 0.85) 0.014 
AUC -0.65 (-1.03; -0.28) -0.28 (-0.65; 0.09) <0.001 
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A Classifier to Predict Viral Control After Antiretroviral
Treatment Interruption in Chronic HIV-1–Infected Patients
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Felipe García,b and Patrick Aloya,e

Objectives: To construct a classifier that predicts the probability of
viral control after analytical treatment interruptions (ATI) in HIV
research trials.

Methods: Participants of a dendritic cell–based therapeutic vaccine
trial (DCV2) constituted the derivation cohort. One of the primary
endpoints of DCV2 was the drop of viral load (VL) set point after 12
weeks of ATI (delta VL12). We classified cases as “controllers”
(delta VL12. 1 log10 copies/mL, n = 12) or “noncontrollers” (delta
VL12 , 0.5 log10 copies/mL, n = 10) and compared 190 variables
(clinical data, lymphocyte subsets, inflammatory markers, viral
reservoir, ELISPOT, and lymphoproliferative responses) between
the 2 groups. Naive Bayes classifiers were built from combinations
of significant variables. The best model was subsequently validated
on an independent cohort.

Results: Controllers had significantly higher pre–antiretroviral
treatment VL [110,250 (IQR 71,968–275,750) vs. 28,600 (IQR
18737–39365) copies/mL, P = 0.003] and significantly lower pro-
portion of some T-lymphocyte subsets than noncontrollers: prevacci-
nation CD4+CD45RA+RO+ (1.72% vs. 7.47%, P = 0.036),
CD8+CD45RA+RO+ (7.92% vs. 15.69%, P = 0.017), CD4+CCR5+
(4.25% vs. 7.40%, P = 0.011), and CD8+CCR5+ (14.53% vs.
27.30%, P = 0.043), and postvaccination CD4+CXCR4+ (12.44%
vs. 22.80%, P = 0.021). The classifier based on pre–antiretroviral
treatment VL and prevaccine CD8+CD45RA+RO+ T cells was the
best predictive model (overall accuracy: 91%). In an independent
validation cohort of 107 ATI episodes, the model correctly identified
nonresponders (negative predictive value = 94%), while it failed to
identify responders (positive predictive value = 20%).

Conclusions: Our simple classifier could correctly classify those
patients with low probability of control of VL after ATI. These data
could be helpful for HIV research trial design.

Key Words: viral load, HIV-1, supervised machine learning,
T-lymphocyte subsets

(J Acquir Immune Defic Syndr 2020;83:479–485)

INTRODUCTION
Despite the immense efforts invested in the development

of a therapeutic vaccine against HIV-1, long-term viral control
has not yet been achieved by any of the therapeutic vaccine
candidates.1 Analytical treatment interruptions (ATI) are cur-
rently the only available method to reliably evaluate treatment
efficacy in immune-based therapies aiming to achieve a func-
tional cure in HIV-1 infection.2,3 The potential safety risks
notwithstanding, this strategy is considered essential in HIV cure
research by researchers and patients alike.4,5

An early surrogate marker of viral control after
withdrawing antiretroviral treatment (ART) would be an
extremely useful tool in therapeutic vaccine strategies to
avoid unnecessary delays in ART reinitiation, thus improving
study safety. Various viral and host factors, such as baseline
viral reservoir,6 certain HLA profiles,7 or different T-cell–-
associated cytokines,8 have previously been associated with
different parameters of post-ATI viral rebound. The practical
utility of these proposed biomarkers, however, has not yet
been demonstrated.

In this study, we aimed to identify significant, early
assessable markers of viral control after ATI. To improve the
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predictive power of the identified significant parameters, we
constructed a naive Bayes classifier based on a combination
of these variables. We used data from a dendritic cell–based
therapeutic vaccine trial (DCV2)9 to select the significant
predictors and to build the classifier and a historical cohort of
ATI episodes collected from 6 previously published studies as
validation cohort.10–15

METHODS
The DCV2 trial was a partially successful therapeutic

vaccine trial conducted by our group.9 In this study, 36
patients on successful ART and with CD4+ .450 cells/mL
were randomized to a blinded protocol to receive 3 immuni-
zations (separated by 2-week intervals) with peripheral blood
monocyte-derived dendritic cells (MD-DC) pulsed with
autologous heat-inactivated HIV-1 virions (n = 24) or with
nonpulsed MD-DC (n = 12) according to the same schedule.
ART was stopped on the day of the last immunization, and
patients were followed for 48 weeks afterward. Viral load
(VL) rebounded in all patients during this period. One of the
primary endpoints of the DCV2 study was the drop of VL set
point after 12 weeks of ATI with respect to pre-ART VL
(delta VL12), which was significantly greater in vaccines than
in control patients [20.91 (SD 0.11) log10 copies/mL vs.
20.39 (SD 0.18) log10 copies/mL; P = 0.01].9 For the
purposes of our present analysis, participants were classified
as “controllers” (delta VL12 .1 log10 copies/mL) and
“noncontrollers” (delta VL12 , 0.5 log10 copies/mL). To
avoid the risk of misclassification in cases with near-cutoff
values due to possible laboratory technique inaccuracies,16 we
did not include patients with a delta VL from 0.5 to 1 log10
copies/mL in the analysis.

The following data were collected from the original
study and from the patients’ clinical files: (1) demographics
and clinical history, (2) general biochemistry, (3) complete
blood count, (4) lymphocyte phenotype subsets, (5) inflam-
matory markers, (6) reservoir data, (7) ELISPOT data, and (8)
lymphoproliferative responses. All data were collected from
a prevaccination time point (1–8 weeks before the first
vaccine dose) and from a postvaccination time point (1–2
weeks after the second vaccine dose); the differences of these
2 values (“delta” variables) were also calculated. The methods
for the determination of the analyzed laboratory readouts
were reported elsewhere.17 For the complete list of the
variables included in the analysis, see Table, Supplemental
Digital Content 1, http://links.lww.com/QAI/B422, which
resumes the comparisons of all analyzed variables between
controllers and noncontrollers. This study was evaluated and
approved by the institutional ethical board of the Hospital
Clinic of Barcelona (HCB/2015/0763).

Optimal cutoff values for the variables significantly
associated with viral control were determined by Youden J
statistics—a commonly used index to determine the cutoff
value that maximizes the discriminatory accuracy of a diag-
nostic test, and these cutoffs were confirmed by leave-p-out
cross-validation (P = 5). Next, naive Bayes classifiers were
constructed from all the possible combinations of these
significant variables. The optimal model was selected taking

into account the following criteria: (1) good discriminative
power, (2) no/low correlations between components, (3)
components preferably belonging to the same time point
(prevaccination, postvaccination, or delta variable), and
(4) minimum number of component variables.

External validation of the model was performed on
a historical cohort comprising of ATI episodes documented in
6 previously published studies,10–15 using the same virolog-
ical endpoint as described above (delta VL12). In addition,
a sensitivity analysis was performed (substituting the missing
VL data at week 12 by the last available VL—“last
observation carried forward” method), and the performance
of the model was also tested for an alternative virological
endpoint: delta set point. Delta set point was defined as the
difference between pre-ART VL and the mean value of all
available VL values after reaching a steady state with a margin
of 0.5 log10 copies/mL.

The analysis was performed in R (version 3.4.1, R
Foundation for Statistical Computing, Vienna, Austria) using
RStudio (version 1.0.143, RStudio Inc., Boston, MA).
Continuous and discrete variables were given in median and
interquartile range (IQR) and in absolute numbers and
percentage, respectively. To compare variables between
controllers and noncontrollers, the Mann–Whitney U test
and Fisher exact test were used for appropriate data types.
Pairwise correlations between significant variables were
evaluated by Spearman correlation coefficients. The naive
Bayes classifiers were built using the R package e1071.

RESULTS
Twenty-two participants of the DCV2 trial were

classified as controllers (n = 12) or noncontrollers (n = 10),
while 13 patients with a delta VL between 0.5 and 1 log10
copies/mL were excluded from the analysis. Five (22.7%) of
them were women, and the median age was 40.5 years (IQR
39.25–45.00 years). The demographic and clinical character-
istics of the patients are shown in Table 1.

Identification of Significant Variables
From the parameters analyzed (see Table, Supplemental

Digital Content 1, http://links.lww.com/QAI/B422), we found
that pre-ART VL and some prevaccination and postvaccina-
tion lymphocyte subsets were significantly associated with
a control of VL after ART discontinuation. We observed
a significantly higher pre-ART VL in controllers than in
noncontrollers [110,250 (IQR 71,968–275,750) vs. 28,600
(IQR 18,737–39,365) copies/mL, respectively; P = 0.003].
The following T-lymphocyte subsets were significantly
less abundant in controllers than in noncontrollers at the
prevaccination timepoint: CD4+CD45RA+RO+ [1.72%
(IQR 0.61%–3.87%) vs. 7.47% (IQR 5.12%–13.26%), P =
0.036]; CD8+CD45RA+RO+ [7.92% (IQR 3.97%–12.77%)
vs. 15.69% (IQR 14.19%–18.78%), P = 0.017]; CD4+CCR5+
[4.25% (IRQ 1.80%–5.76%) vs. 7.40% (IQR 5.94%–10.15%),
P = 0.011]; and CD8+CCR5+ [14.53% (IQR 11.65%–21.60%)
vs. 27.30% (IQR 17.45%–29.93%), P = 0.043]. In addition, the
proportion of a postvaccination T-lymphocyte subset was also

Fehér et al J Acquir Immune Defic Syndr � Volume 83, Number 5, April 15, 2020

480 | www.jaids.com Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.



significantly lower in controllers than in noncontrollers:
CD4+CXCR4+ [12.44% (IQR 8.59%–23.07%) vs. 22.80%
(IQR 20.69%–39.30%), P = 0.021]. There were no statisti-
cally significant differences between controllers and non-
controllers in any other parameters. The threshold that
optimally differentiates between controllers and noncontrol-
lers (ie, that minimizes misclassification rate) was determined
for each significant parameter by means of the Youden index.
The distributions of the 6 significant parameters with the
corresponding optimal cutoff values are shown in Figure 1
(see Figure, Supplemental Digital Content 2, http://links.lww.
com/QAI/B422, which shows the results of the cross-
validation of the optimal cutoff values). At the selected cutoff
values, the overall accuracies of these 6 variables to
differentiate between responders and nonresponders were
0.82 for pre-ART VL, prevaccine CD4+CD45RA+RO+,
prevaccine CD8+CD45RA+RO+ T cells, and postvaccine
CD4+CXCR4+ T cells and 0.77 for prevaccine CD4+CCR5+
and CD8+CCR5+ T cells.

Building and Selecting the Optimal Classifier
To further improve discriminative capacity, we decided

to combine the significant variables in a naive Bayes
classifier. A naive Bayes classifier is a simple supervised
machine learning algorithm that shows a good predictive
performance even with a relatively small training data set. To
keep our model simple, we decided to focus exclusively on
the 5 prevaccination parameters. Since the components of
a naive Bayes classifier should ideally be independent from
each other, we established pairwise Spearman correlations
between these 5 parameters. Significant correlations were
observed between some CD4+ and CD8+ T-lymphocyte
subsets [CD4+CD45RA+RO+ vs. CD8+CD45RA+RO+ (rho
= 0.822, P , 0.001); CD4+CCR5+ vs. CD8+CCR5+ (rho =
0.670, P = 0.001)] and between pre-ART VL and prevacci-
nation CD4+ T-lymphocyte subsets [pre-ART VL vs.
CD4+CD45RA+RO+ (rho = 20.436, P = 0.049); pre-ART
VL vs. CD4+CCR5+ (rho = 20.577, P = 0.007)] (see

TABLE 1. Basic Characteristics of the Derivation Data Set and the Validation Cohort

Study DCV29 Study 110 Study 211 Study 312

Group size [n] 22 43 24 21

Female sex [n (%)] 5 (22.7) 20 (46.5) 3 (12.5) 5 (23.8)

Age [yr, Md (IQR)] 40.5 (39.25–45.0) 38.6 (33.1–45.3) 41.7 (32.3–47.5) 38.8 (33.5–44.2)

HIV infection [yr, Md (IQR)] 8.0 (5.5–13.0) 6.1 (3.9–10.0) 5.6 (4.8–8.2)* 5.2 (2.3–7.5)*

Controllers [n (%)] 12 (54.5) 3 (7.0)* 6 (25.0) 6 (28.6)

Intervention [n (%)] 15 (68.2) 0 (0.0)* 12 (50.0) 0 (0.0)*

Pre-ART VL
[copies/mL, Md (IQR)]

62,332.0
(25,061.3–190874.8)

14,791.1
(6542.1–38,018.9)*

16,218.1
(6025.6–34,673.7)*

70,794.6
(15,135.6–134,896.3)

CD4+ [% of lymphocytes, Md (IQR)] 33.83 (29.51–39.53) 33.40 (24.64–36.99) 33.53 (28.54–40.83) 39.12 (32.37–41.74)

CD4+CD45RA+RO+
[% of CD4+, Md (IQR)]

4.70 (1.11–11.42) 5.59 (4.08–9.33) 7.84 (5.21–9.26) 2.25 (1.52–5.17)

CD4+ CCR5+ [% of CD4+, Md (IQR)] 5.69 (4.12–7.71) 10.04 (6.67–18.43)* 6.29 (4.33–8.74) 3.33 (1.57–3.84)*

CD8+ [% of lymphocytes, Md (IQR)] 35.87 (32.37–38.72) 32.03 (28.15–42.24) 37.35 (35.15–42.47) 33.30 (29.33–36.85)

CD8+CD45RA+RO+ [% of CD8+ Md
(IQR)]

12.90 (7.54–16.23) 9.75 (7.51–15.20) 9.00 (6.83–14.51) 10.95 (5.45–15.62)

CD8+ CCR5+ [% of CD8+, Md (IQR)] 21.21 (12.89–27.84) 23.28 (15.50–32.07) 15.85 (11.56–20.82) 11.32 (5.52–17.78)*

Study Study 413 Study 514 Study 615 Entire Validation Cohort

Group size [n] 5 5 9 107

Female sex [n (%)] 2 (40.0) 3 (60.0) 2 (22.2) 35 (32.7)

Age [yr, Md (IQR)] 33,5 (32.4–36.8)* 37.6 (31.1–39.5)* 36.3 (35.0–40.1) 38.1 (32.9–44.5)

HIV infection [yr, Md (IQR)] 5.6 (2.4–6.1)* 4.6 (2.3–5.4)* 5.7 (4.5–7.6)* 5.6 (3.9–8.3)*

Controllers [n (%)] 2 (40.0) 0 (0.0)* 0 (0.0)* 17 (15.8)*

Intervention [n (%)] 0 (0.0)* 4 (80.0) 0 (0.0)* 16 (15.0)*

Pre-ART VL
[copies/mL, Md (IQR)]

26,915.3
(23,442.3–27,542.3)

1548.8
(1479.1–2290.9)*

21,877.6
(16,218.1–72,443.6)

19,054.6
(6237.8–69,201.4)*

CD4+ [% of lymphocytes, Md (IQR)] 52.63 (40.98–52.87)* 43.76 (31.07–45.29) 39.36 (35.59–50.50) 34.99 (28.42–41.71)

CD4+CD45RA+RO+
[% of CD4+, Md (IQR)]

9.80 (3.13–18.15) 4.83 (4.79–7.23) 1.69 (0.95–4.18) 5.21 (2.18–9.09)

CD4+ CCR5+ [% of CD4+, Md (IQR)] 11.71 (9.78–20.58)* 14.15 (13.23–17.76)* 1.73 (1.17–3.97)* 6.75 (3.55–12.84)

CD8+ [% of lymphocytes, Md (IQR)] 30.39 (24.17–33.03) 36.55 (35.99–40.39) 30.68 (28.09–35.71) 34.60 (29.34–40.33)

CD8+CD45RA+RO+ [% of CD8+ Md
(IQR)]

12.49 (6.05–14.34) 8.49 (8.00–10.24) 7.51 (5.50–7.89) 9.08 (6.77–15.30)

CD8+ CCR5+ [% of CD8+, Md (IQR)] 14.22 (9.57–36.80) 37.63 (37.63–50.32)* 9.19 (6.25–18.77)* 17.78 (11.28–28.15)

*Statistically significant difference with respect to the DCV2 study.

A Classifier to Predict Viral Control in ATIJ Acquir Immune Defic Syndr � Volume 83, Number 5, April 15, 2020

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved. www.jaids.com | 481



Figure, Supplemental Digital Content 3, http://links.lww.
com/QAI/B422, which illustrates the pairwise correlations
between the 5 significant prevaccination predictors of
viral control).

We built naive Bayes classifiers to predict viral control
from all possible combinations of the above 5 parameters.
Nine of these models had the highest observed overall
accuracy of 0.91 (see Table, Supplemental Digital Content

FIGURE 1. The distribution of significantly different parameters between the controller and noncontroller groups. The corre-
sponding optimal cutoffs are indicated with a red line. A, Pre-ART VL, (B) prevaccine CD4+CD45RA+RO+ lymphocytes, (C)
prevaccine CD4+CCR5+ lymphocytes, (D) prevaccine CD8+CD45RA+RO+ lymphocytes, (E) prevaccine CD4+CCR5+ lympho-
cytes, and (F) postvaccine CD4+CXCR4+ lymphocytes.
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4, http://links.lww.com/QAI/B422, which summarizes the
performance measures of the 31 candidate classifiers); we
discarded 3 of these for having the greatest number of
components, including highly correlated ones (CD4+ and
CD8+ CD45RA+RO+ T lymphocytes). After cross-validating
the remaining 6 models (see Figure, Supplemental Digital
Content 5, http://links.lww.com/QAI/B422, which illustrates
the cross-validation of the 6 candidate classifiers), we selected
the one based on pre-ART VL and the relative abundance of
CD8+CD45RA+RO+ T lymphocytes as the most robust one
with the lowest number of components. This classifier
identified controllers with 92% sensitivity and 90% specificity
in the DCV2 cohort. Its positive predictive value for viral
control was 92%, and its negative predictive value was 90%,
yielding an overall accuracy (ie, the proportion of correctly
classified cases) of 91%.

Validation of the Classifier
For the external validation of the classifier, we selected 6

previously published studies with similar ATI episodes. Among
the participants of 6 previous ATI studies, we identified 148 ATI
episodes where the predictive model could be applied (ie, both
preinterruption CD8+CD45RA+RO+ T-lymphocyte data and
pre-ART VL were available). Among these, data on VL at week
12 of ATI were available in 134 cases, and 107 of them could be
categorized as controllers or noncontrollers according to our
study definitions. These 107 cases constituted the validation
cohort. In 16 (15.0%) of these cases, an immunological
intervention accompanied the ATI episode: 12 patients received
a similar dendritic cell–based therapeutic vaccine as the patients
in the DCV2 trial,11 and 4 patients were treated with myco-
phenolate mofetil.14 Table 1 summarizes the basic characteristics
of these patients grouped by source study and their comparison
with the derivation data set.

Applying the predictive model that we selected earlier,
based on pre-ART VL and the relative abundance of
CD8+CD45RA+RO+ T lymphocytes, on the validation cohort,
we observed a sensitivity of 88% and a negative predictive
value of 94%. However, only 1 of every 5 predicted controllers
proved to be real controllers (positive predictive value: 20%),
which resulted in a low overall accuracy of the model in the
validation data set (42%). The performance of the model was
similar when we applied it to different subsets of the validation
cohort (grouped by source study or by the use of immunolog-
ical interventions). (Figs. 2A, B).

For the sensitivity analysis, we substituted the missing
week 12 VL data for the last available VL value (last
observation carried forward method), thus having an endpoint
value for all 148 cases included. From these, 120 patients
qualified as controllers or noncontrollers. The set point could
be estimated for 57 cases, and this number increased to 113
applying the LOFC method. As can be observed in Figure 2B,
C, the performance of the model remained fundamentally
unchanged in the sensitivity and set point analyses as well.

Unlike the DCV2 study, the validation data set suffers
from a great degree of data imbalance, since the proportion of
controllers is rather low (17/107, 15.9%). To examine the

FIGURE 2. Sensitivity, specificity, positive and negative pre-
dictive values, and overall accuracy of the predictive model in
different subgroups of the validation data set and using
alternative virological outcome definitions. Shape size is
indicative of group size; shape color indicates the proportion
of responders within each group according to the gradient
legend. A, Model performance in individual studies of the
validation cohort, (B) model performance at week 12 and at
the set point, with or without the use of immunological
intervention, and (C) model performance in the sensitivity
analysis at week 12 and at the set point, with or without the
use of immunological intervention.
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expected performance of our model in case of higher
controller prevalence, we performed an additional test. We
calculated the distributions of the performance measures of
1000 subsamples of 47 cases of the validation cohort,
comprising the 17 controllers and randomly selected samples
of 30 noncontrollers. We observed that apart from the
expectable increase of positive predictive value (Md =
43%) and overall accuracy (Md = 53%), the median negative
predictive value remained good (83%) (see Figure, Supple-
mental Digital Content 6, http://links.lww.com/QAI/B422,
which shows the distribution of the expected performance
measures in subcohorts of the validation data set with a 36%
controller prevalence).

DISCUSSION
In this study, we constructed a naive Bayes classifier

based on easily available baseline characteristics (pre-ART
VL and the relative abundance of CD8+CD45RA+RO+
T lymphocytes) to predict viral control after treatment
interruption. Although the model poorly classified patients
with high probability of response (it had a low positive
predictive value in the validation data set), it could reliably
identify individuals with a low probability of viral control,
irrespective of the immunological intervention we may apply
(19 of every 20 patients identified as noncontrollers were
correctly classified). The utility of this information could be
great in therapeutic vaccine trials, since the classifier could be
used as exclusion criteria, thus avoiding the recruitment (and
ATI) of patients with low probability of response.

Pre-ART VL has previously been related to different
virological and immunological outcome measures in some
studies. It has been reported to be directly correlated to post-
ATI VL set point,18,19 an observation that seems to contradict
our results. However, it has to be taken into account that our
definition of response is not an absolute number as the one
used in these studies18,19 but a delta value. Although the final
objective of any immunotherapy strategy is to achieve an
undetectable level of VL after ATI, no clinical trial has been
able to achieve this objective so far. Therefore, we need to
find the best surrogate markers of response based on studies
with partial response, as it is the DCV2 clinical trial. Our
model is based on the results of this trial and, therefore,
selects the patients with low probability of presenting a greater
than 1 log10 copies/mL drop of VL with respect to the pre-
ART value, not the ones with a certain probability of
controlling the VL below a determined threshold. Other
authors have found in a large cohort of treatment-naive
patients that a higher pre-ART VL was associated with higher
probability of CD4 recovery after ART initiation.20 Consid-
ering these data together with our results, one can speculate
that the margin of improvement may be easier to achieve in
patients with poorer baseline situation.

The other component of our classifier was the prevac-
cine proportion of CD8+CD45RA+RO+ T lymphocytes. The
role of CD45RA+RO+ T lymphocytes has not been com-
pletely elucidated as yet. They have originally been described
as recently recruited lymphocytes that are in the process of
changing from CD45RA+RO- (naive cells) to CD45RA-RO+

(memory cells).21 However, it seems that memory and
effector T cells cannot reliably be classified on the basis of
a particular differentiation phenotype but would be better
defined on the basis of their activation status and functional
characterization.22

Effector memory T cells, which re-express the
CD45RA antigen, are usually referred to as TEMRA, but their
relevance is not yet fully understood. In CD4+ T cells, it was
described that resting memory cells may start re-expressing
the CD45RA antigen in the absence of antigenic stimuli,
without losing CD45RO positivity.23 In another study, the re-
expression of CD45RA in CD4+CD45RA-RO+ cells was
observed as a consequence of gp120 stimulation, and it was
shown to induce apoptosis in these activated cells.24 In
addition, a report on malnourished children suggests that an
elevated percentage of CD45RA+RO+ T lymphocytes may
be indicative of an impaired T-cell function.25

Although probably the subset of CD8+CD45RA+RO+
T cells mentioned in our study should most probably be
considered CD8+ TEMRA, the limited surface markers used to
define this cell population in our study—as well as the lack of
analysis of its functional properties—does not allow us to
determine their real relevance in the control of HIV
replication. Moreover, even if the presence of HIV-specific
CD8 + T cells with an TEMRA phenotype has been previously
described to be associated with HIV control in early
infection,26 the scenario seems to be more complex in chronic
HIV-infected patients.27

In summary, a higher proportion of CD45RA+RO+
T lymphocytes in noncontrollers in our study may suggest
a greater percentage of activated and/or impaired lymphocytes
in these patients. This is further supported by the fact that
CCR5+ T lymphocytes were also significantly more abundant
in noncontrollers than in controllers. Further research shall
clear the precise nature of this T-cell population.

Our study has certain limitations. First, the derivation
cohort is retrospective and has a relatively low size. Secondly,
although the constructed classifier could be validated exter-
nally, the validation cohort was also retrospective. Thirdly,
there is no widely used standardized method for the
determination of the abundance of CD45RA+RO+
T lymphocytes, which may in theory limit the application
of our model in other centers. However, we believe that their
association with viral control could be relevant and should be
further explored in prospective trials specifically designed to
evaluate this relation. Finally, as it has been mentioned above,
our model only predicts the likelihood of no response as
defined as a drop of VL .1 log10 copies/mL; it should be
further explored if the model could also be useful for making
predictions about the probability of attaining other common
efficacy endpoints.

In conclusion, the naive Bayes classifier we constructed
based on easily obtainable baseline parameters could be
a useful tool to improve patient recruitment criteria in future
HIV cure studies. At the same time, our results call the
attention on the possible role of certain lymphocyte subsets as
markers of the quality of host anti-HIV immune response,
although these data should be experimentally verified in
the future.
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Supplemental Digital Content-1: The 190 variables used in the analysis. Discrete variables are given as n (%), continuous 
variables are given as Md (IQR). They were compared between responders and non-responders by Fisher’s exact test and Mann-
Whitney U test, respectively. 

Variable Responders
(N=12)

Non-responders
(N=10)

p-
value

1

D
em

ographics and clinical history

Female sex 3 (25.0) 2 (20.9) 1.000

2 Age (years) 40.5 (40.0; 46.5) 41.5 (39.0; 44.8) 0.573

3 Tobacco smoking 8 (66.7) 3 (37.5) 0.362

4 Alcoholism 2 (16.7) 0 (0.0) 0.495

5 Pre-ART viral load (copies/mL) 110250.0 (71968.3; 275750.0) 28600.0 (18737.0; 39365.0) 0.003

6 HIV duration (years) 8.0 (5.0; 8.3) 13.0 (7.5;14.5) 0.144

7 Homosexual risk group 6 (50.0) 7 (70.9) 0.415

8 PI based ART 6 (50.0) 5 (50.0) 1.000

9 Vaccinated 10 (83.3) 5 (50.0) 0.172

10 HCV+ 1 (8.3) 3 (30.0) 0.293

11 PPD+ 2 (25.0) 1 (25.0) 1.000

12 Hypertension 2 (16.7) 2 (20.0) 1.000

13 Hypercholesterolemia 1 (8.3) 1 (10.0) 1.000

14 Hypertriglyceridemia 3 (25.0) 4 (40.0) 0.652

15 Diabetes mellitus 0 (0.0) 1 (10.0) 0.455

16 Depression 5 (41.7) 1 (10.0) 0.162

17 Hepatobiliary disorder 0 (0.0) 2 (20.0) 0.195

18

Pre-vaccine general biochem
istry

Glucose (mg/dL) 96.5 (91.3; 110.5) 92.5 (82.3; 99.8) 0.355
19 Creatinine (mg/dL) 0.96 (0.86; 1.02) 0.94 (0.81; 1.07) 0.791
20 Glomerular filtration rate (mL/min/1.73 m2) 60 (60; 60) 60 (60; 60) 0.411
21 Total cholesterol (mg/dL) 191.0 (180.0; 231.0) 168.5 (150.5; 197.0) 0.140
22 LDL cholesterol (mg/dL) 122.0 (105.5; 135.8) 94.5 (77.3; 123.3) 0.099
23 HDL cholesterol (mg/dL) 41.0 (38.0; 47.0) 44.5 (40.3; 47.8) 0.792
24 Triglyceride (mg/dL) 132.0 (103.5; 178.3) 94.5 (71.0; 280.0) 0.717
25 Aspartate transaminase (U/L) 22.0 (20.5; 26.0) 26.5 (22.8; 31.0) 0.098
26 Alanine transaminase (U/L) 25.5 (22.5; 29.0) 29.5 (23.0; 32.0) 0.407
27 Gamma glutamyltransferase (U/L) 32.5 (25.8; 61.8) 38.0 (22.0; 42.3) 1.000
28 Total bilirubin (mg/dL) 0.80 (0.30; 1.75) 0.60 (0.43; 2.73) 0.741
29 Conjugated bilirubin (mg/dL) 0.25 (0.10; 0.50) 0.20 (0.13; 0.48) 0.892
30 Alkaline phosphatase (U/L) 190.5 (168.3; 219.8) 200.0 (174.8; 213.3) 0.821
31 Lactate dehydrogenase (U/L) 334.0 (309.0; 356.5) 334.0 (307.5; 377.5) 0.817
32 Protein (g/L) 74.5 (71.8; 78.3) 73.0 (72.0; 76.5) 0.574
33

Pre-vaccine com
plete blood count

Hemoglobin (g/L) 147.0 (137.8; 159.3) 148.0 (144.3; 154.3) 0.792
34 Hematocrit (%) 44.5 (41.8; 47.3) 44.5 (43.0; 45.0) 0.842
35 Thrombocytes (109/L) 242.0 (224.8; 274.3) 216.0 (175.0; 262.0) 0.156
36 Leukocytes (109/L) 7.15 (6.04; 9.66) 6.95 (6.63; 8.19) 0.792
37 Neutrophils (109/L) 4.35 (3.38; 6.33) 4.15 (3.23; 4.88) 0.488
38 Lymphocytes (109/L) 2.05 (1.75; 2.53) 2.35 (2.03; 2.75) 0.222
39 Monocytes (109/L) 0.40 (0.30; 0.53) 0.40 (0.40; 0.50) 0.633
40 Eosinophils (109/L) 0.10 (0.10; 0.30) 0.20 (0.10; 0.20) 1.000
41 Basophils (109/L) 0.00 (0.00; 0.00) 0.00 (0.00; 0.00) 0.947

Pre
vaccine
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plete
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vaccine

generalbiochem
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42 

Pre-vaccine lym
phocyte phenotype subsets 

CD4+ (% of lymphocytes)  34.47 (31.87; 39.37) 32.30 (28.84; 39.53) 0.628 

43 CD4+ CD38+ (% of CD4+ cells) 45.75 (37.48; 55.48) 55.44 (45.44; 67.93) 0.346 

44 CD4+ CD38+ HLADR+ (% of CD4+ cells) 2.36 (1.84; 2.76) 2.54 (2.40; 3.75) 0.235 

45 CD4+ CD28+ (% of CD4+ cells) 98.84 (94.88; 99.60) 97.56 (92.49; 98.55) 0.228 
46 CD4+ CD28- CD57+ (% of CD4+ cells) 0.86 (0.19; 3.67) 1.94 (0.83; 6.15) 0.198 

47 CD4+ CD45RA+RO+ (% of CD4+ cells) 1.72 (0.61; 3.87) 7.47 (5.12; 13.26) 0.036 

48 CD4+ CD45RA+RO- (% of CD4+ cells) 27.29 (23.22; 40.55) 28.22 (19.17; 45.78) 1.000 

49 CD4+ CD45RA-RO+ (% of CD4+ cells) 58.01 (40.93; 70.35) 57.71 (45.46; 72.00) 0.872 
50 CD4+ CD45RA+62L+ (% of CD4+ cells) 33.75 (21.72; 38.49) 40.04 (21.81; 52.04) 0.674 

51 CD4+ CXCR4+ (% of CD4+ cells) 21.47 (15.21; 36.55) 33.83 (26.93; 44.22) 0.123 

52 CD4+ CCR5+ (% of CD4+ cells) 4.25 (1.80; 5.76) 7.40 (5.94; 10.15) 0.011 

53 CD8+ (% of lymphocytes)  35.29 (30.16; 38.83) 37.54 (35.19; 38.23) 0.248 
54 CD8+ CD38+ (% of CD8+ cells) 39.10 (34.30; 47.35) 44.68 (39.22; 55.03) 0.314 

55 CD8+ CD38+ HLADR+ (% of CD8+ cells) 12.37 (9.94; 15.39) 14.23 (9.30; 18.60) 0.674 

56 CD8+ CD28+ (% of CD8+ cells) 60.04 (47.99; 73.08) 55.43 (48.56;69.25) 0.539 

57 CD8+ CD28- CD57+ (% of CD8+ cells) 28.73 (18.73; 37.02) 33.04 (26.91; 42.09) 0.283 
58 CD8+ CD45RA+RO+ (% of CD8+ cells) 7.92 (3.97; 12.77) 15.69 (14.19; 18.78) 0.017 

59 CD8+ CD45RA+RO- (% of CD8+ cells) 38.71 (34.07; 46.85) 48.75 (39.27; 49.76) 0.346 

60 CD8+ CD45RA-RO+ (% of CD8+ cells) 51.74 (34.45; 56.78) 34.72 (30.68; 47.20) 0.314 

61 CD8+ CD45RA+62L+ (% of CD8+ cells) 27.86 (22.51; 33.17) 34.13 (27.36; 39.10) 0.346 
62 CD8+ CXCR4+ (% of CD8+ cells) 12.76 (8.30; 25.57) 17.51 (11.52; 33.47) 0.283 

63 CD8+ CCR5+ (% of CD8+ cells) 14.53 (11.65; 21.60) 27.30 (17.45; 29.93) 0.043 

64 

Pre-vaccine inflam
m

atory 
m
arkers 

D-dimer (ng/mL) 263.0 (182.8; 365.5) 217.5 (139.5; 262.3) 0.314 

65 High-sensitivity C-reactive protein (mg/dL) 0.180 (0.128; 0.805) 0.145 (0.075; 0.313) 0.509 
66 Tumor necrosis factor alpha (pg/mL) 5.0 (4.8; 6.0) 4.5 (4.0; 5.8) 0.236 

67 Interleukin 6 (pg/mL) 4.5 (1.0; 9.5) 1.0 (1.0; 1.0) 0.056 

68 Soluble CD14 (ng/mL) 2377.4 (2231.8; 2624.3) 2362.4 (2109.4; 2402.4) 0.362 

69 CD163 (ng/mL) 761.8 (553.3; 1043.3) 751.4 (599.3; 1691.4) 0.370 
70 Endotoxin core IgM antibody (EndoCab) (MU/mL) 39.4 (33.2; 67.4) 30.1 (22.4; 53.3) 0.412 

71 Lipopolysaccharide-binding protein (ng/mL) 15767.8 (12851.4; 21756.4) 13148.5 (12460.2; 14658.4) 0.201 

72 
Pre-vaccine 
reservoir 

Total HIV-1 DNA  
(copies/ 106 CD4+ cells) 756.5 (486.0; 2326.1) 600.9 (317.5; 1812.4) 0.809 

73 Integrated HIV-1 DNA  
(copies/ 106 CD4+ cells) 107.1 (509.5; 347.0) 111.9 (99.4; 382.0) 0.705 

74 

Pre-vaccine ELISPO
T 

ELISPOT Gag – p24 (SFC/106 PBMC) 640.0 (527.0; 703.0) 482.0 (207.0; 774.3) 0.953 

75 ELISPOT Gag – p17 (SFC/106 PBMC) 253.5 (121.8; 938.5) 662.0 (234.3; 946.5) 0.605 

76 ELISPOT Gag – small proteins  
(SFC/106 PBMC) 623.0 (368.5; 878.5) 120.0 (108.5; 131.5) 0.056 

77 ELISPOT Nef (SFC/106 PBMC) 303.0 (73.0; 588.5) 356.5 (145.5; 572.8) 0.615 

78 ELISPOT Env – gp41 (SFC/106 PBMC) 183.0 (119.3; 565.5) 501.5 (268.5; 762.3) 0.282 

79 ELISPOT total response (SFC/106 PBMC) 1647.0 (848.5; 2443.5) 1225.0 (1021.8; 2543.5) 0.904 

80 ELISPOT breadth (number) 8.0 (4.5; 9.0) 4.5 (3.0; 6.0) 0.229 

81 

Pre-vaccine 
lym

phoproliferative 
responses 

gp160 stimulus (counts/minutes) 2707.5 (1262.8; 5467.0) 1966.0 (1397.0; 2266.5) 0.539 

82 p24 stimulus (counts/minutes) 2846.0 (1748.3; 6754.8) 1924.5 (1079.8; 2740.8) 0.069 



83 

Post-vaccine general biochem
istry 

Glucose (mg/dL) 96.0 (89.3; 100.3) 90.0 (84.8; 98.5) 0.597 

84 Creatinine (mg/dL) 0.99 (0.87; 1.09) 1.00 (0.89; 1.09) 0.792 

85 Glomerular filtration rate (mL/min/1.73 m2) 60 (60; 60) 60 (60; 60) 0.411 

86 Total cholesterol (mg/dL) 192.5 (176.5; 210.3) 159.0 (141.0; 191.8) 0.138 

87 LDL cholesterol (mg/dL) 118.0 (110.0; 145.0) 96.0 (80.0; 114.5) 0.102 

88 HDL cholesterol (mg/dL) 41.5 (37.5; 55.3) 42.5 (39.0; 43.8) 0.910 

89 Triglyceride (mg/dL)  111.5 (93.8; 160.5) 167.0 (78.5; 229.3) 0.821 

90 Aspartate transaminase (U/L) 27.0 (20.0; 32.3) 28.0 (24.5; 30.8) 0.574 

91 Alanine transaminase (U/L) 29.0 (22.0; 45.8) 29.0 (22.8; 32.8) 0.621 

92 Gamma glutamyltransferase (U/L) 31.5 (19.8; 48.0) 38.0 (18.3; 54.8) 0.843 

93 Total bilirubin (mg/dL) 0.50 (0.40; 0.60) 0.70 (0.43; 1.7) 0.464 

94 Conjugated bilirubin (mg/dL)  0.20 (0.10; 0.20) 0.20 (0.10; 0.38) 0.531 

95 Alkaline phosphatase (U/L) 186.0 (159.0; 217.3) 208.5 (163.5; 240.5) 0.448 

96 Lactate dehydrogenase (U/L) 331.0 (314.8; 360.3) 369.0 (301.8; 423.8) 0.628 

97 Protein (g/L) 73.0 (71.8; 77.5) 74.5 (73.3; 77.3) 0.551 

98 

Post-vaccine com
plete blood count 

Hemoglobin (g/L) 143.0 (135.3; 154.0) 139.5 (130.8; 149.8) 0.644 

99 Hematocrit (%) 43.5 (41.3; 46.3) 42.0 (40.3; 43.8) 0.320 

100 Thrombocytes (109/L) 279.0 (248.0; 307.8) 239.0 (204.3; 285.5) 0.276 

101 Leukocytes (109/L) 6.88 (6.55; 9.78) 6.50 (6.24;  7.36) 0.409 

102 Neutrophils (109/L) 4.25 (3.33; 6.25) 3.25 (3.05; 4.10) 0.198 

103 Lymphocytes (109/L) 2.15 (1.85; 2.50) 2.45 (2.23; 2.75) 0.145 

104 Monocytes (109/L) 0.40 (0.30; 0.53) 0.45 (0.33; 0.50) 0.687 

105 Eosinophils (109/L) 0.15 (0.10; 0.20) 0.10 (0.10; 0.20) 0.863 

106 Basophils (109/L) 0.00 (0.00; 0.00) 0.00 (0.00; 0.10) 0.093 

107 

Post-vaccine lym
phocyte phenotype subsets 

CD4+ (% of lymphocytes)  28.97 (23.04; 38.41) 30.57 (26.03; 40.31) 0.628 

108 CD4+ CD38+ (% of CD4+ cells) 49.66 (37.38; 57.47) 63.83 (39.40;68.59) 0.381 

109 CD4+ CD38+ HLADR+ (% of CD4+ cells) 2.49 (1.97; 3.44) 2.90 (2.41; 3.95) 0.539 

110 CD4+ CD28+ (% of CD4+ cells) 99.08 (93.54; 99.44) 98.33 (94.67; 99.27) 0.346 

111 CD4+ CD28- CD57+ (% of CD4+ cells) 0.74 (0.32; 4.66) 1.09 (0.44; 4.13) 0.539 

112 CD4+ CD45RA+RO+ (% of CD4+ cells) 5.48 (2.24; 22.33) 3.26 (1.38; 3.94) 0.539 

113 CD4+ CD45RA+RO- (% of CD4+ cells) 26.23 (18.60; 30.46) 39.75 (15.95; 47.16) 0.391 

114 CD4+ CD45RA-RO+ (% of CD4+ cells) 66.79 (41.02; 73.25) 51.17 (44.93; 69.43) 0.974 

115 CD4+ CD45RA+62L+ (% of CD4+ cells) 27.81 (23.30; 40.10) 42.27 (19.96; 47.36) 0.771 

116 CD4+ CXCR4+ (% of CD4+ cells) 12.44 (8.59; 23.07) 22.80 (20.69; 39.30) 0.021 

117 CD4+ CCR5+ (% of CD4+ cells) 6.21 (4.09; 9.00) 6.96 (4.86; 11.40) 0.456 

118 CD8+ (% of lymphocytes) 35.21 (25.18; 39.74) 36.80 (33.61; 47.79) 0.346 

119 CD8+ CD38+ (% of CD8+ cells) 40.18 (34.34; 53.50) 49.17 (30.43; 66.15) 0.674 

120 CD8+ CD38+ HLADR+ (% of CD8+ cells) 8.06 (6.71; 10.44) 14.17 (9.22; 14.70) 0.159 

121 CD8+ CD28+ (% of CD8+ cells) 53.60 (43.76; 73.64) 49.16 (38.47; 64.23) 0.254 

122 CD8+ CD28- CD57+ (% of CD8+ cells) 36.18 (17.86; 41.31) 32.75 (24.56; 48.45) 0.381 

123 CD8+ CD45RA+RO+ (% of CD8+ cells) 11.41 (9.52; 16.80) 9.02 (7.67; 13.36) 0.497 

124 CD8+ CD45RA+RO- (% of CD8+ cells) 38.43 (32.46; 53.02) 49.48 (37.25; 52.41) 0.497 

125 CD8+ CD45RA-RO+ (% of CD8+ cells) 48.51 (33.88; 54.45) 37.98 (34.27; 46.23) 0.456 

126 CD8+ CD45RA+62L+ (% of CD8+ cells) 28.79 (20.36; 32.44) 31.99 (23.06; 35.05) 0.674 

127 CD8+ CXCR4+ (% of CD8+ cells) 5.23 (2.41; 12.34) 11.19 (7.18; 16.91) 0.159 

128 CD8+ CCR5+ (% of CD8+ cells) 21.36 (15.50; 24.09) 31.08 (21.14; 36.37) 0.059 



129 

Post-vaccine inflam
m

atory 
m
arkers 

D-dimer (ng/mL) 276.5 (226.3; 306.5) 202.5 (180.3; 340.0) 0.923 

130 High-sensitivity C-reactive protein (mg/dL) 0.155 (0.075; 0.365) 0.215 (0.135; 0.438) 0.322 

131 Tumor necrosis factor alpha (pg/mL) 5.0 (5.0; 5.3) 5.0 (4.0; 6.0) 0.807 

132 Interleukin 6 (pg/mL) 1.0 (1.0; 6.0) 1.0 (1.0; 12.3) 0.905 

133 Soluble CD14 (ng/mL) 2251.8 (2104.1; 2376.6) 2444.4 (2177.4; 2490.4) 0.412 

134 CD163 (ng/mL) 905.7 (657.8; 1035.0) 797.6 (742.5; 1527.4) 0.456 

135 Endotoxin core IgM antibody (EndoCab) (MU/mL) 39.2 (27.6; 62.7) 26.9 (21.3; 59.5) 0.503 

136 Lipopolysaccharide-binding protein (ng/mL) 17266.8 (11771.3; 21559.2) 16499.6 (11981.6; 24455.5) 0.656 

137 

Post-
vaccine 
reservoir 

Total HIV-1 DNA  
(copies/ 106 CD4+ cells) 905.7 (771.7; 2369.5) 833.5 (361.2; 1650.6) 0.705 

138 Integrated HIV-1 DNA  
(copies/ 106 CD4+ cells) 120.0 (42.9; 332.0) 107.4 (70.8; 307.7) 0.918 

139 

Post-vaccine ELISPO
T 

ELISPOT Gag – p24 (SFC/106 PBMC) 627.0 (216.5; 855.0) 327.0 (237.0; 570.0) 0.639 

140 ELISPOT Gag – p17 (SFC/106 PBMC) 203.5 (69.5; 817.5) 257.0 (88.0; 788.5) 0.943 

141 ELISPOT Gag – small proteins  
(SFC/106 PBMC) 358.5 (234.5; 730.0) 91.5 (72.3; 110.8) 0.143 

142 ELISPOT Nef (SFC/106 PBMC) 201.5 (88.0; 577.0) 313.0 (287.0; 340.0) 0.340 
143 ELISPOT Env – gp41 (SFC/106 PBMC) 460.0 (233.0; 530.0) 326.5 (158.50; 424.8) 0.792 
144 ELISPOT total response (SFC/106 PBMC) 703.5 (195.0; 2682.8) 733.5 (424.5; 2562.8) 0.965 
145 ELISPOT breadth (number) 6.0 (1.5; 9.0) 4.0 (2.5; 5.3) 0.342 

146 

Post-vaccine 
lym

phoproliferative 
responses 

gp160 stimulus (counts/minutes) 1102.5 (904.5; 1936.8) 1771.0 (1288.8; 2463.5) 0.381 

47 p24 stimulus (counts/minutes) 1876.0 (1101.5; 2109.3) 2362.0 (1972.3; 3220.3) 0.069 

148 

“D
elta” general biochem

istry 

Glucose (mg/dL) -5.0 (-16.3; 8.0) -2.0 (-9.0; 7.8) 0.575 
149 Creatinine (mg/dL) -0.01 (-0.06; 0.09) 0.04 (0.00; 0.10) 0.668 
150 Glomerular filtration rate (mL/min/1.73 m2) 0 (0; 0) 0 (0; 0) 0.411 
151 Total cholesterol (mg/dL) -5.5 (-14.8; 12.3) -4.5 (-7.8; 10.8) 0.692 
152 LDL cholesterol (mg/dL) -4.0 (-12.0; 5.0) 8.5 (-12.5; 17.3) 0.391 
153 HDL cholesterol (mg/dL) -0.5 (-2.8; 2.3) -1.0 (-6.0; 1.8) 0.519 
154 Triglyceride (mg/dL)  5.0 (-20.0; 24.3) 5.0 (-27.0; 55.3) 0.869 
155 Aspartate transaminase (U/L) 3.5 (0.5; 6.8) -1.5 (-5.0; 8.0) 0.247 
156 Alanine transaminase (U/L) 6.0 (-0.3; 16.8) -2.0 (-3.8; 4.0) 0.098 
157 Gamma glutamyltransferase (U/L) -6.0 (-8.5; 1.8) 1.0 (-5.0; 16.3) 0.234 
158 Total bilirubin (mg/dL) -0.05 (-0.83; 0.13) 0.00 (-0.63; 0.00) 1.000 
159 Conjugated bilirubin (mg/dL)  -0.05 (-0.30; 0.00) 0.00 (-0.18; 0.00) 0.758 
160 Alkaline phosphatase (U/L) -8.0 (-17.8; 8.8) 6.5 (-6.5; 23.5) 0.156 
161 Lactate dehydrogenase (U/L) -12.5 (-28.3; 23.8) 35.5 (-15.3; 72.3) 0.159 
162 Protein (g/L) -0.5 (-3.3; 0.3) 2.0 (-2.8; 2.8) 0.257 
163 

“D
elta” com

plete blood count 

Hemoglobin (g/L) -4.5 (-7.5; -1.0) -8.5 (-14.0; -4.5) 0.305 
164 Hematocrit (%) -1.0 (-2.8; 1.0) -2.0 (-3.8; -1.3) 0.208 
165 Thrombocytes (109/L) 31.0 (4.3; 37.3) 15.5 (-4.0; 29.0) 0.314 
166 Leukocytes (109/L) -0.28 (-0.67; 1.77) 0.10 (-0.62; 1.35) 1.000 
167 Neutrophils (109/L) -0.30 (-0.78; 2.05) -0.15 (-0.63; 0.75) 0.947 
168 Lymphocytes (109/L) 0.05 (-0.18; 0.25) 0.10 (-0.20; 0.28) 0.766 
169 Monocytes (109/L) 0.00 (-0.10; 0.10) -0.05 (-0.10; 0.18) 0.921 
170 Eosinophils (109/L) 0.00 (-0.10; 0.03) 0.00 (-0.08; 0.00) 0.728 
171 Basophils (109/L) 0.00 (0.00; 0.00) 0.00 (0.00; 0.08) 0.052 



172 

“D
elta” inflam

m
atory m

arkers 

D-dimer (ng/mL) -47.0 (-88.5; 94.0) 34.0 (-18.5; 62.5) 0.356 
173 High-sensitivity C-reactive protein (mg/dL) -0.025 (-0.185; 0.060) 0.045 (-0.048; 0.265) 0.322 
174 Tumor necrosis factor alpha (pg/mL) 0.0 (-1.0; 0.3) 0.0 (-0.8; 0.8) 0.631 
175 Interleukin 6 (pg/mL) 0.0 (-4.3; 0.0) 0.0 (0.0; 0.0) 0.079 
176 Soluble CD14 (ng/mL) 7.0 (-624.5; 101.5) 114.0 (-190.0; 311.0) 0.261 
177 CD163 (ng/mL) 50.0 (-52.7; 155.1) 46.2 (24.5;148.1) 0.882 
178 Endotoxin core IgM antibody (EndoCab) (MU/mL) -0.9 (-7.7; 1.2) -0.9 (-3.1; 0.6) 0.370 
179 Lipopolysaccharide-binding protein (ng/mL) 311.1 (-1851.6; 2417.5) 1542.5 (942.2; 11007.9) 0.201 

180 

“D
elta” 

reservoir 

Total HIV-1 DNA  
(copies/ 106 CD4+ cells) 117.8 (-28.7; 337.3) 78.1 (-78.8; 621.1) 0.973 

181 Integrated HIV-1 DNA ( 
copies/ 106 CD4+ cells) 1.7 (-35.1; 46.1) -24.3 (-97.3; 4.9) 0.223 

182 

“D
elta” ELISPO

T 

ELISPOT Gag – p24 (SFC/106 PBMC) -167.0 (-387.0; 7.0) -157.0 (-187.0; 130.0) 0.639 
183 ELISPOT Gag – p17 (SFC/106 PBMC) -304.5 (-351.8; -128.3) 33.0 (33.0; 33.0) 0.286 

184 ELISPOT Gag – small proteins (SFC/106 PBMC) -180.0 (-284.5; -32.3) 17.0 (-320.0; 200.0) 0.420 

185 ELISPOT Nef (SFC/106 PBMC) 90.0 (-70.0; 197.0) -108.0 (-267.0; 153.0) 0.792 
186 ELISPOT Env – gp41 (SFC/106 PBMC) -70.0 (-73.0; -41.5) -112.0 (-406.8; -49.0) 0.872 
187 ELISPOT total response (SFC/106 PBMC) -411.5 (-911.8; -235.5) -455.0 (-851.5; 322.0) 0.573 
188 ELISPOT breadth (number) -1.0 (-3.0; 0.0) -0.5 (-2.3; 0.5) 0.589 

189 

“D
elta” 

lym
phoproliferative 

responses 

gp160 stimulus (counts/minutes) -443.5 (-1553.5; 761.5) -230.5 (-854.0; 494.0) 0.821 

190 p24 stimulus (counts/minutes) -238.0 (-1793.5; 643.5) 772.0 (474.5; 1255.8) 0.123 

 

SFC=spot forming cells, PBMC= peripheral blood mononuclear cells, “Delta” values = The difference between pre- and post-
vaccine values 
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Combination Se Sp PPV NPV Acc 
Pre-ART VL 0.5455 - 1.0000 0.0000 0.5455 
CD4+CD45RA+RO+ 0.5455 - 1.0000 0.0000 0.5455 
CD8+CD45RA+RO+ 0.5455 - 1.0000 0.0000 0.5455 
CD4+CCR5+ 0.5455 - 1.0000 0.0000 0.5455 
CD8+CCR5+ 0.5455 - 1.0000 0.0000 0.5455 
Pre-ART VL, CD4+CD45RA+RO+ 0.8571 1.0000 1.0000 0.8000 0.9091 
Pre-ART VL, CD8+CD45RA+RO+ 0.9167 0.9000 0.9167 0.9000 0.9091 
Pre-ART VL, CD4+CCR5+ 0.8462 0.8889 0.9167 0.8000 0.8636 
Pre-ART VL, CD8+CCR5+ 0.9091 0.8182 0.8333 0.9000 0.8636 
CD4+CD45RA+RO+, CD8+CD45RA+RO+ 0.9000 0.7500 0.7500 0.9000 0.8182 
CD4+CD45RA+RO+, CD4+CCR5+ 0.8462 0.8889 0.9167 0.8000 0.8636 
CD4+CD45RA+RO+, CD8+CCR5+ 0.9000 0.7500 0.7500 0.9000 0.8182 
CD8+CD45RA+RO+, CD4+CCR5+ 0.9091 0.8182 0.8333 0.9000 0.8636 
CD8+CD45RA+RO+, CD8+CCR5+ 0.7857 0.8750 0.9167 0.7000 0.8182 
CD4+CCR5+, CD8+CCR5+ 0.7692 0.7778 0.8333 0.7000 0.7727 
Pre-ART VL, CD4+CD45RA+RO+, CD8+CD45RA+RO+ 1.0000 0.7143 0.6667 1.0000 0.8182 
Pre-ART VL, CD4+CD45RA+RO+, CD4+CCR5+ 0.9167 0.9000 0.9167 0.9000 0.9091 
Pre-ART VL, CD4+CD45RA+RO+, CD8+CCR5+ 0.9167 0.9000 0.9167 0.9000 0.9091 
Pre-ART VL, CD8+CD45RA+RO+, CD4+CCR5+ 0.9167 0.9000 0.9167 0.9000 0.9091 
Pre-ART VL, CD8+CD45RA+RO+, CD8+CCR5+ 0.9167 0.9000 0.9167 0.9000 0.9091 
Pre-ART VL, CD4+CCR5+, CD8+CCR5+ 0.8333 0.8000 0.8333 0.8000 0.8182 
CD4+CD45RA+RO+, CD8+CD45RA+RO+, CD4+CCR5+ 0.9000 0.7500 0.7500 0.9000 0.8182 
CD4+CD45RA+RO+, CD8+CD45RA+RO+, CD8+CCR5+ 1.0000 0.7143 0.6667 1.0000 0.8182 
CD4+CD45RA+RO+, CD4+CCR5+, CD8+CCR5+ 0.9000 0.7500 0.7500 0.9000 0.8182 
CD8+CD45RA+RO+, CD4+CCR5+, CD8+CCR5+ 0.9091 0.8182 0.8333 0.9000 0.8636 
Pre-ART VL, CD4+CD45RA+RO+, CD8+CD45RA+RO+, CD4+CCR5+ 1.0000 0.8333 0.8333 1.0000 0.9091 
Pre-ART VL, CD4+CD45RA+RO+, CD8+CD45RA+RO+, CD8+CCR5+ 0.9167 0.9000 0.9167 0.9000 0.9091 
Pre-ART VL, CD4+CD45RA+RO+, CD4+CCR5+, CD8+CCR5+ 0.8462 0.8889 0.9167 0.8000 0.8636 
Pre-ART VL, CD8+CD45RA+RO+, CD4+CCR5+, CD8+CCR5+ 0.8462 0.8889 0.9167 0.8000 0.8636 
CD4+CD45RA+RO+, CD8+CD45RA+RO+, CD4+CCR5+, CD8+CCR5+ 0.9091 0.8182 0.8333 0.9000 0.8636 
Pre-ART VL, CD4+CD45RA+RO+, CD8+CD45RA+RO+, CD4+CCR5+, CD8+CCR5+ 1.0000 0.8333 0.8333 1.0000 0.9091 
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(a) Model 1 − Pre−ART VL and pre−vaccine CD4+CD45RA+RO+ lymphocytes

(b) Model 2 − Pre−ART VL and pre−vaccine CD8+CD45RA+RO+ lymphocytes

(c) Model 3 − Pre−ART VL, pre−vaccine CD4+CD45RA+RO+ and CD4+CCR5+ lymphocytes

(d) Model 4 − Pre−ART VL, pre−vaccine CD4+CD45RA+RO+ and CD8+CCR5+ lymphocytes

(e) Model 5 − Pre−ART VL, pre−vaccine CD8+CD45RA+RO+ and CD4+CCR5+ lymphocytes

(f) Model 6 − Pre−ART VL, pre−vaccine CD8+CD45RA+RO+ and CD8+CCR5+ lymphocytes
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Abstract: Systems vaccinology has seldomly been used in therapeutic HIV-1 vaccine research. Our
aim was to identify early gene ‘signatures’ that predicted virus load control after analytical therapy
interruption (ATI) in participants of a dendritic cell-based HIV-1 vaccine trial (DCV2). mRNA and
miRNA were extracted from frozen post-vaccination PBMC samples; gene expression was determined
by microarray method. In gene set enrichment analysis, responders showed an up-regulation of 14
gene sets (TNF-alpha/NFkB pathway, inflammatory response, the complement system, Il6 and Il2
JAK-STAT signaling, among others) and a down-regulation of 7 gene sets (such as E2F targets or
interferon alpha response). The expression of genes regulated by three (miR-223-3p, miR-1183 and
miR-8063) of the 9 differentially expressed miRNAs was significantly down-regulated in responders.
The deregulation of certain gene sets related to inflammatory processes seems fundamental for viral
control, and certain miRNAs may be important in fine-tuning these processes.

Keywords: dendritic cell-based therapeutic HIV-1 vaccine; differential gene expression; mRNA;
miRNA; gene set enrichment analysis

1. Introduction

Therapeutic vaccines are among the most promising HIV cure strategies. They aim
to boost the immune system of infected individuals to control viral replication without
the need for long-term antiretroviral treatment (ART). Although, this goal has not been
fully achieved by any of the numerous tested vaccine candidates as yet [1], there have been
some partially successful studies published [2].

An important part of the history of most known vaccines is that of trial-and-error, and
the development of therapeutic vaccines against HIV-1 is no exception either. Recently,
however, novel methods that can complement or even substitute this empirical strategy
are gaining popularity. The use of omics technologies in this field gave place to the birth of
“systems vaccinology”, an approach that gives good grounds for expecting a significant
improvement in the identification of surrogate markers of response and in the vaccine
development pipeline [3,4].
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Systems vaccinology has proven to be useful in multiple infectious diseases, such
as influenza [5], yellow fever [6], hepatitis B [7], or ebola [8]. In one report, a dendritic
cell-based (DC) HIV-1 vaccine caused a significant transcriptomic shift in peripheral blood
mononuclear cells (PBMC) in HIV-1 infected vaccinees as compared to pre-vaccination
state or healthy controls [9]. Another study demonstrated the upregulation of certain
genes related to direct cell recognition in NK cells of healthy individuals that had received
a modified vaccinia Ankara (MVA) vectored therapeutic HIV-1 vaccine [10]. Recently,
changes in gene expression of HIV-1 infected patients who received a DC therapeutic
vaccine were shown to be correlated with the post-vaccine peak viral load (VL) [11].

Certain microRNAs (miRNA) have been associated with HIV infection [12,13], and
disease progression [12,14–18], and some miRNAs were found to be upregulated in HIV-
exposed seronegative individuals [19]. However, to the best of our knowledge, there are no
published data as yet on miRNA expression in therapeutic HIV-1 vaccine recipients, nor
has any miRNA been associated so far with viral control in patients after the withdrawal
of ART. Our aim in this study was to analyze mRNA and miRNA expression profiles in
participants of a partially successful DC therapeutic HIV-1 vaccine study (DCV2) [2]. We
were looking for early gene ‘signatures’ that could be associated with virological response.

2. Materials and Methods

2.1. Study Subjects and Samples

The present study was performed on data and samples belonging to participants of
the DCV2 trial [2]. Thirty-six patients partook in this study, all of them receiving ART,
with CD4+ T lymphocyte count > 450 cells/mL and undetectable VL at the beginning of
the study. They were randomized 2:1 to receive 3 doses of a vaccine based on peripheral
blood monocyte-derived dendritic cells (MD-DC) pulsed with heat-inactivated autologous
HIV-1 virions (DC-HIV-1 group) or unpulsed MD-DC (DC-control group) at weeks 0,
2, and 4. In the DC-HIV-1 group, antiretroviral treatment was stopped at week 0 in 12
patients (ATIw0-DC-HIV-1 group) and at week 4 in the other 12 patients (ATIw4-DC-HIV-1
group). These two different schedules were selected to assess whether ART could have any
influence on the response to immunizations. Because a significant difference in plasma VL
changes or HIV-specific T cell responses between these two schedules were not observed,
immunized patients were analyzed in the original study as a single group [2]. One patient
in the DC-control group was excluded from the analysis because of consent withdrawal
before receiving any immunization.

Participants were followed for 48 weeks after treatment interruption. Patients with
a ≥1 log10 copies/mL drop of VL at week 12 of ATI were defined as “responders”, and
patients with a <1 log copies/mL drop of VL were defined as “non-responders”. When
VL was not available at week 12 of ATI, the last observation was carried forward for the
missing VL (LOCF method).

PBMC were collected from study participants one week before each vaccine dose
(that is, on weeks-1, 2, and 3). Monocytes were isolated from these samples and were
incubated with GM-CSF, cAMP and IL-4 for 5 days at 37 ◦C to induce the transformation
of cells into MD-DC. These MD-DC were used for fabricating the vaccines. The remaining
monocyte-depleted PBMC were frozen at −80 ◦C. For the present study, samples from
week 3—that is, one week before the last vaccine dose—were used.

2.2. mRNA Extraction, Quality Control, and Microarray Experiments

Total RNA was isolated from TRIzol® homogenates of frozen monocyte-depleted
PBMC using the RNeasy® kit (Qiagen©, Hilden, Germany), according to the manu-
facturer’s instruction, as previously described [9]. Briefly, 250 uL of absolute ethanol
was added to the aqueous phase after TRIzol® separation and applied to RNeasy spin
columns for purification. RNA concentrations and OD 260:280 nm ratios were mea-
sured with the NanoDrop® ND-1000 UV–vis spectrophotometer (NanoDropTechnologies,
Wilmington, NC, USA). RNA integrity and purity were assessed with an RNA 6000 Nano
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assay on the Agilent 2100 bio analyzer (Agilent Technologies, Santa Clara, CA, USA). An
RNA integrity number > 8.0 was considered acceptable for RNA quality. Total RNA was
used as input for the messageAmp labeling kit, and the resulting cRNA was hybridised
onto Affymetrix Human Genome U133 Plus 2.0 microarray chips (Affimetrix, Santa Clara,
CA, USA) [9].

2.3. miRNA Extraction, Quality Control, and Microarray Experiments

miRNA was isolated from frozen monocyte-depleted PBMC using the mirVana™
miRNA Isolation Kit (Invitrogen™, Fisher Scientific, Waltham, MA, USA). The quality
control was performed in the 4200 TapeStation system (Agilent, Santa Clara, CA, USA). Sam-
ples with high quality were selected for downstream applications (RIN > 7) and conserved
at −80 ◦C. To obtain the miRNA expression profile, we used the Affymetrix GeneChip
miRNA 2.0, corresponding to HsMir v1s520779F custom array containing 1738 mature
microRNAs and 2333 other small RNAs.

2.4. Statistical Analysis

Raw gene expression data was submitted to Robust Multichip Average (RMA) normal-
ization. Data was adjusted by quality metrics [20], batch, scan batch, and sex. Differential
gene expression was analyzed with the Bioconductor [21] package “limma” [22] for R (ver-
sion 3.4.1, R Foundation for Statistical Computing, Vienna, Austria). Statistical significance
was defined as a p-value adjusted for multiple comparisons < 0.05. Adjustment for multiple
comparisons was performed by the Benjamini–Hochberg procedure.

Gene set enrichment analysis was performed with the software GSEA v3.0 of the Broad
Institute, using the molecular signature database MSigDB (v6.0) hallmark gene set (hgs)
collection. Pre-ranking of the gene list was performed according to the t-statistics of the
differential expression (DE) analysis. Significant differences were defined by a family-wise
error rate (FWER) < 0.05.

In the comparison of miRNA expression, significant DE was defined first identically
as in the mRNA analysis (p-value adjusted by means of the Benjamini–Hochberg procedure
for multiple comparisons < 0.05). A less strict significance criteria was also defined as an
unadjusted p-value < 0.05 and a log absolute fold change > 0.5. The genes regulated by
significantly differentially expressed miRNAs were identified using the “multiMIR” [23] R
package of Bioconductor employing three databases with validated miRNA-target interac-
tions: miRecords, miRTarBase and TarBase.

To contrast the results of mRNA and miRNA data, we performed a GSEA on the
pre-ranked gene list used for the original GSEA, using the genes regulated by the DE
miRNAs as gene sets.

3. Results

3.1. Patients and Samples

Thirty-six chronic HIV-1 infected patients were initially recruited to the DCV2 study.
Twenty-four of them received three doses of a vaccine based on peripheral blood monocyte-
derived dendritic cells (MD-DC) pulsed with heat-inactivated autologous HIV-1 virions
(DC-HIV-1 group), 11 of them received three doses of unpulsed MD-DC (DC-control
group), and one patient withdrew consent before receiving any immunization. The main
virological end-point was the change in VL at week 12 of ATI with respect to the pre-ART
set point (delta set point). Patients with a delta set point ≥ 1 log10 copies/mL were defined
as “responders”, and those with a delta set point < 1 log copies/mL were defined as
“non-responders”. In this study we analyzed mRNA and miRNA expression profiles of
monocyte-depleted peripheral blood mononuclear cells (PBMC) collected after the second
vaccine dose. Figure 1 resumes the protocol of the DCV2 trial and indicates the time of
sample collection for the present study.
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Figure 1. Protocol outline of the DCV2 trial and the time of extraction of the samples for the present study. Patients
in the DC-HIV-1 groups received three doses of dendritic cells pulsed with heat-inactivated autologous HIV-1 virions
at weeks 0, 2 and 4, and patients in the DC-control group received unpulsed dendritic cells. Half of the patients in the
DC-HIV-1 group stopped antiretroviral treatment at receiving the first vaccine dose (ATIw0-DC-HIV-1) while the other half
(ATIw4-DC-HIV-1) and the DC-control arm continued treatment until the last vaccination. Samples for the present study
were collected at week 3.

Of the 35 patients that completed the study, 15 were classified as responders and 20 as
non-responders. Of the 15 responders, 12 belonged to the DC-HIV-1 group and 3 to the
DC-control group, and of the 20 non-responders, 12 belonged to the DC-HIV-1 group and
8 to the DC-control group. All samples for mRNA analysis showed a good quality. One
of the miRNA samples belonging to a subject in the DC-HIV-1 group had to be excluded
from the analysis after the quality control and normalization steps. The rest of the miRNA
samples showed a good quality.

3.2. mRNA Analysis

mRNA expression was determined for 22,486 genes. We performed a principal com-
ponent analysis (PCA) of gene expression of the 35 samples, and did not observe clustering
of samples according to basic demographic variables or treatment group (Figure 2a).

We observed no significantly differentially expressed genes (adjusted p-value < 0.05)
in pairwise comparisons of the treatment groups. The gene set enrichment analysis
(GSEA) performed on the treatment groups did not reveal any significantly up- or down-
regulated gene sets in vaccinated DC-HIV-1 groups with respect to the control group
(data not shown).

Next, we carried out the comparison of responders and non-responders irrespective
of the treatment they received. No DE genes were found between these two groups either
(Figure 2b). In the GSEA, however, we identified various Broad hallmark gene sets (hgs)
with significant differences between responders and non-responders. Gene sets correspond-
ing to TNF-alpha signaling via the NFkB pathway, inflammatory response, coagulation, the
complement system, Il6 and Il2 JAK-STAT signaling, or reactive oxygen-species pathways
were up-regulated, while gene sets corresponding to E2F targets, oxidative phosphoryla-
tion, or interferon alpha response were down-regulated in responders (Figure 2c).
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Figure 2. Differential expression analysis of mRNA between responders and non-responders in the
DCV2 trial. (a) Principal component analysis of gene expression. Colors represent different treatment
groups. No clear clustering can be observed according to the main principal components. (b) Volcano
plot of the comparison of mRNA expression between responders and non-responders. The horizontal
line corresponds to an unadjusted p-value of 0.05. Differential expression did not achieve statistical
significance defined by an adjusted p-value > 0.05 in any case. (c) GSEA analysis of non-responders
vs. responders, using the molecular signature database MSigDB (v6.0) hallmark gene set collection
of the Broad Institute. At a significance level defined by a family-wise error rate (FWER) < 0.05,
14 gene sets were up-regulated (red) and 7 were down-regulated (green) in responders as compared
to non-responders. Color intensity corresponds to the magnitude of the normalized enrichment score
(=actual enrichment score divided by the mean of the enrichment scores against all permutations of
the dataset).

3.3. miRNA Analysis

In the miRNA expression analysis, no DE miRNAs were observed between responders
and non-responders using adjusted p-value < 0.05 as significance threshold. Using less
strict significance criteria (unadjusted p-value < 0.05 and a log absolute fold change > 0.5),
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nine DE miRNAs were identified between the two groups (Figure 3a). Eight of them
(miR-32-3p, miR-185-3p, miR-223-3p, miR-500b-3p, miR-550a-3p, miR-1183, miR-1184, and
miR-4455) were overexpressed and one (miR-8063) was underexpressed in responders with
respect to non-responders (Figure 3b–j).

Figure 3. Differential expression analysis of miRNA between responders and non-responders in the DCV2 trial. (a) Volcano
plot of the comparison of miRNA expression between responders and non-responders. Significant differential expression
was defined by an unadjusted p-value < 0.05 and a log absolute fold change > 0.5. The nine miRNAs fulfilling these
conditions are labeled and marked in red. (b–j) Expression of the 9 most significantly differentially expressed miRNAs
marked in panel a. Box plots and individual gene expression values (red dots) are plotted for non-responders (NR) and
responders (R) in each case. Unadjusted p-values are given in each plot.
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With MultiMIR we identified 899 unique genes that are regulated by one or more
of these miRNAs. Table S1 shows the list of validated mRNAs regulated by each of
these miRNAs.

3.4. Combined mRNA—miRNA Analysis

Next, we performed a GSEA on the mRNA data with gene sets defined by the genes
regulated by the 9 DE miRNAs. We observed that the expression of genes regulated by
miR-223-3p, miR-1183 and miR-8063 was significantly down-regulated in responders as
compared with non-responders (Figure 4).

Figure 4. Significant enrichment plots in the GSEA performed with gene sets including genes regulated by the significantly
differentially expressed miRNAs. (a) The gene set defined by genes regulated by miR-223-3p was significantly down-
regulated in responders (p = 0.014). (b) The gene set defined by genes regulated by miR-1183 was significantly down-
regulated in responders (p = 0.030). (c) The gene set defined by genes regulated by miR-8063 was significantly down-
regulated in responders (p = 0.024).

We explored the overlap between the genes regulated by the nine DE miRNAs and the
50 hgs used in the first GSEA analysis. We identified 31 overlapping hgs, and we observed
that the miRNA, whose regulated genes showed most overlap with hgs, was miR-223-3p
(23 gene sets). Ten out of these 23 hgs (43.5%) were also significantly de-regulated in the
GSEA performed with these gene sets—eight of them up- and two of them down-regulated.
In addition, three of the four hgs that overlapped with genes regulated by miR-8063 were
up-regulated in the GSEA (Table S2).

4. Discussion

The transcriptomic regulation of biological processes taking place during HIV infection
has been investigated for some time, but there are still many unknown and controversial
elements of this rather complex issue. Infection by HIV-1 evokes an immune response from
the host that is both qualitatively and quantitatively different from other viral infections,
given that HIV-1 targets the very immune cells that would normally be the main actors of
infection control. The consequence is a dynamic rhapsody of pro- and anti-inflammatory
processes that are rather difficult to disentangle, and the addition of ART, ATI, or immuno-
logical interventions to the equation does not make things simpler.

A previous report showed that immune and inflammatory pathways were down-
regulated in PBMC after starting ART in HIV-1 infected patients, as well as gene sets
related to cell cycle, apoptosis, mitogenic signaling, or the regulation of the response to
hypoxia. [24] Similar results were observed in another study on PBMC where JAK-STAT
signaling, oxidative phosphorylation, and apoptosis were observed to be down-regulated
after ART initiation [25]. In the case of ATI, however, increased expression of genes
related to immune and inflammatory responses was observed in PBMC in yet another
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study, especially in those patients with a greater decrease in CD4+ lymphocyte count after
ATI [26].

Therapeutic HIV-1 vaccines also seem to activate inflammatory pathways, even in the
absence of a clear clinical benefit, and these changes may even exceed in magnitude those
evoked by the virus itself. De Goede et al. showed that a DC therapeutic vaccine caused a
major transcriptomic shift in vaccinees by week 5 after starting vaccinations, which was
not further modified after ATI—and the consequent viral rebound. [9] Moreover, they
showed that most of this shift was due to the activation of inflammatory and immune
response pathways that remained basically unchanged after ATI [9]. Another recent report
showed that inflammatory pathways were down-regulated during the first few weeks of
a vaccination schedule with a similar DC therapeutic vaccine, followed by a significant
up-regulation by 12 weeks after vaccination (but before ATI). [11] In this last study, it was
also observed that the expression of these inflammatory modules correlated with post-ATI
peak VL, suggesting a relation between greater inflammatory response and poorer post-ATI
viral control. [11] On the contrary, we observed that the up-regulation of inflammatory and
immune gene sets in participants of a DC therapeutic vaccine trial was associated with
a better viral control at week 12 of ATI, independently of the study group. Additionally,
we did not find significant differences in transcriptomic profiles between the vaccinated
and control groups. This latter finding—since our analysis was the first one comparing
transcriptomics of two groups of patients receiving vaccination with MD-DC (with or
without inactivated HIV-1 virions)—needs to be confirmed in future studies.

It is accepted that miRNAs regulate protein synthesis on a post-transcriptional level.
Traditionally, they are considered to exert a negative effect by repressing translation of their
target mRNAs, but there is evidence of miRNA-driven activation of the translation process
as well. [27] We observed that three of the nine DE miRNAs in our study regulate the trans-
lation of genes that participate in biological processes already significantly deregulated on
the transcriptional level. The miRNA-driven post-transcriptional regulation may enhance
the effect of the transcriptional regulation in some cases, or counteract it in others. This
double mechanism of gene expression regulation indicates the importance of the biological
processes affected by these groups of genes.

miR-223-3p was the DE miRNA, whose regulated genes were most DE between
responders and non-responders on a transcriptional level. In addition, the genes whose
translation is regulated by this miRNA participate in various processes that were found to
be significantly deregulated in the GSEA of the mRNA data. miR-223 is a much-studied
miRNA that is involved in many biological processes, such as hematopoiesis, blood cell
differentiation and activation, and the fine-tuning of the inflammatory response [28]. Its
levels are significantly altered in various diseases, such as diabetes mellitus, rheumatoid
arthritis, hematologic and solid organ cancer, chronic liver disease, or infections [29].
However, the exact roles miR-223 plays in each of these scenarios are sometimes unclear. It
is fundamentally considered an attenuator of inflammation in general, but depending on
the cell type and the situation it may interfere with numerous pathways in different ways.
For this reason, differential expression results largely depend on study design.

miR-223 seems to be able to directly target HIV-1 and inhibit the expression of its
genes in resting CD4+ cells [30]. Apart from this, different studies reported plasma miR-223
expression in HIV-1 infected individuals to be higher [12], lower [13], or not significantly
different [18] when compared to healthy subjects. In PBMC, miR-223 was observed to be
under-expressed in the presence of HIV-1 infection [19], while in another study it was over-
expressed in HIV-1 infected patients as compared to uninfected controls [17]. Moreover,
in the first of these two studies, the amount of miR-223 was found to be overexpressed in
HIV-1 infected plasma, which underlines the importance of the type of tissue analyzed [19].

Our results suggest that for a better viral control after ATI, an increased but controlled
inflammatory response is fundamental. Genes participating in multiple pro-inflammatory
processes were up-regulated in responders, at the same time as miRNAs regulating im-
munological processes were over-expressed in these patients. In turn, these miRNAs
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regulated the translation of certain groups of genes already deregulated at the transcrip-
tional level, thus modulating the implicated inflammatory pathways.

Our study has some limitations. First, mRNA and miRNA extraction and sequencing
were not performed in the same institution, which may have added an extra variability
to our data. Second, the PBMC samples used were monocyte-depleted, which may have
affected the viability of the cells and the observed expression levels after in vitro culture
prior to freezing. Third, due to unavailability of MD-DC samples used for vaccine fabrica-
tion, we could not analyze their cytokine and interferon expression profiles, which could
have contributed to a better understanding of our findings. Fourth, we only analyzed one
time point after two doses of vaccine and could not explore temporal changes in expression
patterns. Fifth, by the time of sample collection, ART had already been stopped in half of
the patients in the DC-HIV-1 group, and gene expression may have been influenced in this
group by the immune response to the incipient viral rebound due to treatment withdrawal.
In any case, we observed that the up-regulation of inflammatory and immune gene sets at
this time-point was associated with a better viral control after ATI.

5. Conclusions

In conclusion, we observed that the up-regulation of gene sets related to the inflam-
matory response was associated with better viral control in participants of a partially
successful DC therapeutic vaccine trial. miR-223, among other miRNAs, seems to play an
important role in optimizing this immune response.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/vaccines9070799/s1. Table S1: Genes regulated by the nine significantly DE miRNAs. Table S2:
The overlap between the genes regulated by the 9 DE miRNAs and the significant gene sets obtained
in the GSEA performed with the Broad hallmark gene sets.
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