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Abstract

Antiretroviral therapy (ART) during the earliest stage of acute HIV infection (Fiebig I) might 

minimize establishment of a latent HIV reservoir and thereby facilitate viremic control after 

analytical treatment interruption (ATI). We show that 8 participants, who initiated treatment during 

Fiebig I and were treated for a median of 2.8 years, all experienced rapid viral load rebound 

following ATI, indicating that additional strategies are required to control or eradicate HIV.

HIV latency is established during acute HIV infection in long-lived CD4+ T cells and other 

cell types in blood and tissue sanctuaries1–3. These reservoirs pose a major obstacle to HIV 

remission (i.e. viremic control without ART). Despite viral suppression by ART, most 

individuals experience viral load (VL) rebound within 2-4 weeks of stopping ART. HIV 

remission appears more common in a limited numbers of early treated individuals analyzed4. 

Fiebig I stage corresponds to the first 2 weeks following infection when HIV nucleic acid is 

detected in the absence of p24 antigen (viral capsid core protein) and HIV seroconversion. 

The brevity of this period and non-reactivity to HIV serology tests means that HIV is rarely 

diagnosed in Fiebig I. Treatment in these individuals can lead to preserved immunity, 

remarkably low HIV reservoir size and no seroconversion5,6, but its impact on post-

treatment control is unknown. This study evaluated viremic control after ATI in Fiebig I 

treated individuals, and had planned to enroll 15 participants in 2 stages: 8 in stage 1 and 7 

in stage 2. It was stopped after stage 1 when 0 of 8 participants met the viremic control end 

point (Supplementary Fig. 1). This study provides proof-of-concept that VL rebound will 

occur despite very early and fully suppressive ART. The sample size of 8 participants did not 

preclude a rate of control below 30%.

At enrollment, there were 7 men and 1 woman with a median age of 29 years, ART duration 

of 2.8 years, CD4+ T count of 577 cells/mm3 and suppressed VL (Supplementary Table 1). 

All had been on efavirenz-based ART and switched efavirenz to darunavir/ritonavir 4 weeks 

prior to ATI to limit resistance to that drug class. No participant achieved VL <50 copies/ml 

at 24 weeks post-ATI. All resumed ART following two VL >1,000 copies/ml, ranging 1-2 

days apart per protocol. VL rebound, defined as VL >20 copies/ml, was observed at a 

median of 26 days (range 13-48 days) (Fig. 1a and Supplementary Fig. 2). Single copy VL 

assay (SCA) on samples with VL<20 copies/ml showed VL<0.45 copies/ml at baseline in all 

participants, and two had detectable SCA during ATI prior to VL rebound (Supplementary 

Fig. 3).

CD4+ T/CD8 ratio ≤ 1 was associated with faster time to VL rebound in a study of early 

treated people7. We also observed this in treated Fiebig I individuals (Fig. 1b). The median 

CD4+ T change at ART resumption was -9 (range -87 to 39) cells/mm3. No participant had 

acute retroviral syndrome, HIV-related symptoms or new drug resistance mutations 

(Supplementary Analyses and Supplementary Table 2). VL was <50 copies/ml in all 

participants by a median of 17 days (range 9-63) after ART resumption.

Phylogenetic analyses showed that sequences at time of ART initiation in acute infection 

and at ART resumption following VL rebound were intermingled in the trees, with no 

evidence of distinct sub-clusters (Fig. 1c and Supplementary Fig. 4a to 4c). Different 
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sequence analyses suggest that VL rebound resulted from production of viral particles from 

latently infected cells (Supplementary analyses), supporting the survival and/or clonal 

expansion of latently infected CD4+ T cells during ART8,9.

The frequencies of blood CD4+ T cells harboring total HIV DNA were low pre-ART 

(median 66 copies/106 CD4+ T, interquartile range [IQR] 22-281) and pre-ATI (median 1 

copy/106 CD4+ T, IQR 1-3) (Fig. 2a). Prior to ATI, our participants had an estimated ~ 

2×106 CD4+ T cells that harbor HIV DNA in the whole body. Total HIV DNA increased to a 

median of 17 copies/106 CD4+ T (IQR 6-60) at the time of ART resumption (p=0.03 

compared to pre-ATI). However, 6 months after resuming ART, total HIV DNA returned to a 

median of 3 copies/106 CD4+ T (IQR 2-10) similar to pre-ATI levels (p=0.33) (Fig. 2a), 

demonstrating safety of this ATI strategy with a short duration of viremia. Individual 

participants’ total and integrated HIV DNA showed similar patterns and returned to 

approximate pre-ATI values (Supplementary Fig. 5). Inducible HIV RNA by the Tat/rev 

Induced Limiting Dilution Assay showed pre-ATI levels below the detection limit of 1.4 

cells producing tat/rev mRNA/106 CD4+ T cells in all participants.

In this small study, there was no association between pre-ATI total HIV DNA and time to 

VL rebound10 (Fig. 2b). Similarly, pre-ATI integrated HIV DNA and 2-LTR circles which 

reflect HIV reservoir maintenance and putatively residual replication, respectively, did not 

predict time to VL rebound, nor did any of the HIV reservoir markers (total and integrated 

HIV DNA, 2LTR circles) assessed at pre-ART (Supplementary Fig. 6a to 6c). A very low 

frequency of HIV-infected memory CD4+ T cells at time of ART resumption was observed 

among the four participants assessed, with LTR or gag RNA+ cells present at 0.001-0.01% 

(Supplementary Fig. 7a and 7b). HIV DNA content in mucosal mononuclear cells from 

sigmoid tissue (n=3) was also low at pre-ATI and at ART resumption (Supplementary 

analyses). HIV RNA+ and HIV DNA+ cells in inguinal lymph node tissue were detected by 

in situ hybridization in participant 4878 who consented to the biopsy at both pre-ATI and at 

ART resumption (vRNA+ cells 1.8×105 and 2.4×105 cells/gram and vDNA+ cells 4.2×105 

and 5.1×105 cells/gram, respectively) (Supplementary Fig. 8a to 8d). The finding of vRNA+ 

cells during suppressive ART suggests ongoing virus production in the lymph node. HIV 

DNA content and Ki67+CD8+ cells are shown in Supplementary analyses and 

Supplementary Fig. 9a and 9b.

Reactivation of a single latently infected cell can lead to VL rebound in the absence of ART. 

One mathematical model postulates that control of viremia may depend on the strength of 

cytotoxic T lymphocytes (CTLs) and the size of the HIV reservoir11. We posit that the rapid 

VL rebound observed in this study was due to the inability to achieve a small enough pool of 

latently infected cells12 particularly in lymphoid tissues13 and inadequate immune control11. 

The reservoir in acute HIV infection may also be enriched in replication competent viruses 

facilitating viral rebound14. We previously reported that CTLs generated in Fiebig I are less 

abundant and differentiated than in later stages, but retain greater memory and survival 

potential6. We therefore investigated persistence and recall of memory immune responses 

during ART and post-ATI. In three participants expressing HLA-A11, the memory HIV-

specific CTLs quantified longitudinally by tetramer staining6 persisted at low levels years 

after suppressive ART, and their expansion occurred faster following VL rebound than in 
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AHI (Supplementary Fig. 10a to 10d). In all participants, there was a rapid expansion of 

effector Ki67+CD8+ T cells at ART resumption (median 12.4%) to frequencies higher than 

those at baseline ATI (median 5.4%, p value=0.01) (Fig. 2c). Env-specific IgG level was 

higher at ART resumption than in acute infection in 7 of 8 participants (median 98 vs. 34 

μg/ml, p=0.04) (Fig. 2d). Four of these 7 had increased levels from baseline ATI to ART 

resumption (median 37.8 to 187.2 μg/ml, p =0.07) and seroconverted after ATI 

(Supplementary Fig. 11), suggesting a memory B cell response. Prior to ART resumption, 

the highest observed plasma VL levels were negatively associated with the frequency of 

effector Ki67+CD8+ T cells (r=−0.83, p=0.02; Fig 2e) and Env-specific IgG levels (r=−0.86, 

p=0.01; Fig. 2f). It is therefore possible that pre-ATI immune responses were “too little too 

late” to affect time to VL rebound, but were sufficient to affect the magnitude of viremia 

once expansion of HIV-specific CD8 T cells and secretion of Env-specific IgG occurred. Our 

stringent ART resumption criterion based on VL precluded assessing the effects of early 

ART on spontaneous VL re-suppression after rebound. Sneller et al. demonstrated that an 

initial sustained viremia (highest VL 103 to 107 copies/ml) was followed by VL <40 

copies/ml in 2 of 15 (13%) early treated participants at 10 months post-ATI15. The optimal 

design and conduct of ATI trials is unknown, but can be informed by ongoing dialogues 

between researchers, the community, ethicists, social scientists and regulatory bodies.

Our study documented that in 8 participants, ART initiated in Fiebig I did not prevent VL 

rebound. Regardless of timing of ART, future research should aim to eliminate cells with 

replication competent HIV in blood and tissues through augmenting immune responses (for 

example, through the administration of latency reversal or immune adjuvant agents, broadly 

neutralizing antibodies (bNAbs), therapeutic vaccines or cell-based therapies)16. Early 

administration of immune interventions during acute infection should be explored as 

demonstrated in macaques to improve VL control17,18. Limited viral escape in acutely 

treated individuals may enhance the responses to such interventions. Combination therapies 

(e.g. multiple bNAbs and immune modulators) should be investigated as single bNAb 

administration in acutely and chronically treated people did not substantially delay VL 

rebound19.

ONLINE METHODS

The RV411 study (clinicaltrials.gov NCT02614950) included eight consenting participants 

who initiated antiretroviral therapy (ART) during Fiebig I acute HIV infection in the RV254 

cohort in Thailand (clinicaltrials.gov NCT00796146)20, and had been on ART for ≥96 

weeks. Inclusion criteria included VL <50 copies/ml for at least 48 weeks, integrated HIV 

DNA in peripheral blood mononuclear cells (PBMCs) of <10 copies/106 PBMCs, and CD4+ 

T cell of ≥ 400 cells/mm3. Exclusion criteria were pregnancy, breastfeeding, untreated 

syphilis, hepatitis B or C infection, active drug or alcohol use, or serious medical or 

psychiatric condition that could interfere with study participation. They were staged for 

acute HIV infection at time of ART initiation according to Fiebig et al21 Fiebig I is defined 

as HIV RNA+, p24 antigen-, HIV IgM-).

The participants underwent analytical treatment interruption (ATI) at baseline and were 

followed for 24 weeks or until they reached ART resumption criteria. ART resumption 
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criteria included confirmed VL >1,000 copies/ml, VL rise of ≥0.5 log10copies/ml per day 

provided that the last VL was >1,000 copies/ml, a single VL >10,000 copies/ml, confirmed 

CD4+ T cell <350 cells/mm3, CD4+ T cell count decline >50% from baseline prior to ATI, 

acute retroviral syndrome, clinical progression to CDC category B or C disease, pregnancy 

or request by the participant. The study planned to enroll 15 participants in 2 stages: 8 in 

stage 1 and 7 in stage 2. However, this study did not reach the criterion to proceed to stage 2 

of at least 1 participant in stage 1 achieving VL <50 copies/ml at 12 weeks post-ATI 

(Supplementary Fig. 1 and Life Sciences Reporting Summary).

The primary objective was to determine if the rate of sustained viral suppression <50 

copies/ml was significantly higher than 5% at 24 weeks after ATI. Specifically, we 

hypothesized that ≥30% would maintain plasma VL <50 copies/ml at 24 weeks post- ATI. 

Assessment of safety, time to ART resumption, VL kinetics, HIV DNA reservoir and HIV-

specific immune responses constituted secondary objectives. Optional sigmoid and lymph 

node biopsies were performed in willing participants at baseline ATI and/or prior to ART 

resumption. The study was approved by the Institutional Review Boards of Chulalongkorn 

University in Thailand, the University of Montreal in Canada, and the Walter Reed Army 

Institute of Research in the USA. The study received non-human subject research 

determination from Drexel University and the National Institutes of Health in the USA. The 

investigators have adhered to the policies for protection of human participants as prescribed 

in AR-70.

All RV411 participants were on efavirenz-based regimens prior to enrollment in the study, 

while some participants also received raltegravir and maraviroc during the first 24 weeks of 

ART in the RV254 study. Efavirenz was replaced with darunavir/ritonavir 4 weeks prior to 

ATI to limit the risk for development of genotypic resistance to the non-nucleoside reverse 

transcriptase inhibitor drug class (Supplementary Table 1).

Measurement of HIV RNA

Quantitative plasma VL by the COBAS® Taqman HIV-1 Test with a limit of detection of 20 

copies/ml (Roche Diagnostics, Branchburg, New Jersey, USA) was monitored weekly except 

from weeks 2 to 6, when it was monitored twice weekly. In order to alleviate participants’ 

discomfort, qualitative nucleic acid testing (Aptima HIV-1 RNA Qualitative Assay, Hologic, 

Inc, San Diego, CA) by finger stick was also used during the twice weekly monitoring and at 

weekly monitoring visits when venapuncture was not required for additional laboratory 

testing. Any positive Aptima was confirmed with quantitative VL.

For single copy HIV RNA, 3ml of plasma was assayed using HMMCgag primers and probes 

optimized for CRF01_AE clade22 with a limit of detection of 0.45 copies/ml according to 

methods previously described23.

HIV genotyping

HIV genotyping was performed to detect mutations in the reverse transcriptase (RT) and 

protease (PR) genes at pre-ART and at time of ART resumption following ATI. TRUGENE 

(Siemens Healthcare Diagnostics, Bayswater, Victoria, Australia) was used for the pre-ART 

samples of 3 participants (4617, 7010, 8534). All other genotype testing used a validated in-
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house method as previously described24. Genotype sequences were analyzed using the 

Stanford University Drug Resistance Database25.

HIV sequencing

HIV-1 pro-RT (HXB2 corresponding numbers 2071 - 3870) and envelope gp160 (5956 - 

9089) were amplified from plasma RNA following our previously described single genome 

amplification strategy26 adapted from Salazar-Gonzalez27. A nested PCR strategy was 

employed with primers specific for CRF01_AE and subtype B. cDNA synthesis was 

performed using JL68Rv2 (CTT CTT CCT GCC ATR KGA RAT GCC TAA G) for pro-RT 
and oligodT20 for gp160. First round primers were polRT2071F (GAR AGR CAG GCT 

AAT TTT TTA GG) and polG_AGrev (TRT CTA CTT GTT CAT TTC CYC C) for pro-RT; 

polK3 (TAA ARY TAG CAG GAA GAT GGC CAG T) and uninef7 (GCA CTC AAG GCA 

AGC TTT ATT GAG GCT T) for gp160. Second round primers were polRT2071F (GAR 

AGR CAG GCT AAT TTT TTA GG) and polRT3870R (CTA TTR GCT GCC CCA TCT 

ACA TA) for pro-RT, JL68 (CTT AGG CAT CTC CTA TGG CAG GAA GAA G) and JL89 

(TCC AGT CCC CCC TTT TCT TTT AAA AA) for gp160.

Measurements of HIV DNA and TILDA in blood and tissues

Total and integrated HIV DNA were measured in CD4+ T cells enriched from PBMCs 

(StemCell) using a nested PCR for LTR-gag designed to amplify the clades circulating in 

Thailand, with a sensitivity of 1 copy per PCR reaction28. Multiple replicates were 

performed and average total numbers of 1.2×106 cells (range = 1.4×105 to 9.6×106 cells) 

and 1.4×105 cells (range = 4.5×104 to 4.3×105 cells) were analyzed for determinations of 

total and integrated HIV DNA, respectively. Larger number of cells from the baseline time 

points were used for quantification of total HIV DNA (mean 2.5×106 (range = 1.1×106 to 

5.1×106 cells). Total number of infected cells in the peripheral blood was estimated by 

taking into account the frequency of CD4+ T cells and assuming a total number of CD4+ T 

cells of 202.5×109 cells in the body. HIV DNA in mucosal mononuclear cells (MMCs) from 

sigmoid tissue obtained from four participants and lymph node mononuclear cells (LNMCs) 

obtained from inguinal lymph node tissue from one participant was performed using the 

same method.

Tat/rev Induced Limiting Dilution Assay (TILDA) was performed as previously described 

with modifications of the primers and probes for efficient amplification of tat/rev from the 

A/E subtype29. tat1.4AE (TGG CAG GAA GAA GCG GAA G) and revAE (TGT CTC 

TGY CTT GCT CKC CAC C) were used for reverse transcription and pre-amplification. 

tat2AE (GCA GTA AGG ATC ATC AAA ATC CTA TAC CAG AGC A), revAE and probe 

MSHIVFAMzenAE (56-FAM/TTC YTT CGG/ZEN/GCC TGT CGG GTT CC/3IABkFQ) 

were used for the real-time PCR.

Measurements of HIV RNA+ and HIV DNA+ cells in inguinal lymph node tissue (LT)

Using HIV-specific riboprobes and in situ hybridization (ISH), HIV RNA-positive and HIV 

DNA-positive cells in lymph nodes were quantified by quantitative image analysis as 

previously described30.
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Measurements of frequencies of HIV RNA+ CD4+ T memory T cells

CD4+ T memory (CR45RO+CD45RA-) T cells were FACS sorted directly ex vivo into 200- 

400 replicate 1000-cell wells (n=2-4E+5 cells analyzed) for One-step Real-Time RT-PCR 

cDNA synthesis and pre-amplification as previously described31 (ThermoFisher). In 

addition to antibodies listed above, cells were stained with CD3-BV711 (clone UCHT1), 

CD14-BV510 (clone M5E2), CD16-BV510 (clone 3G8), CD20-BV510 (clone 2H7), 

CD45RO-BV650 (clone UCHL1), all BioLegend, and CD45RA-FITC (clone HI100, BD 

Biosciences). Quantitation of HIV genes was performed by qPCR. The frequency of 1000-

cell replicate wells positive for any viral gene was <1%. Therefore a positive well was 

unlikely to contain more than one positive cell and thus was counted as a single positive cell. 

Kit lysis does not efficiently extract nucleic acid residing in the nucleus, as measured by 

Alu-LTR detection of integrated viral DNA32. As such we interpret the qPCR values for gag 
and LTR to reflect cytoplasmic nucleic acid, which is expected to be predominantly RNA, 

but may include unintegrated proviral DNA as well. The env assay is specific for spliced 

RNA as the probe spans the splice junction. qPCR oligo sequences were as follows: LTR 
(adapted from28) F: CTG GGT CTC TCT DGT TAG AC, R: CTG AGG GAT CTC TAG 

TTA CC, P: CAC TCA AGG CAA GCT TTA TTG AGG C; gag F: CAT TAG AAG ARA 

TGA TGA CAG CAT, R: GCT CAT TGC CTC RGC YAA AAC, P: AGT RGG AGG ACC 

TRG CCA TAA RGC AAG; env F: CTG MGG TGC ACA CAG CAA GA, R: GAG GAG 

KTC YTC GTC GGT G, P: TTC CGC TTC TTC CAG TCG CCG CTC T.

Antibodies and reagents for flow cytometry

Alexa Fluor 700-labeled anti-CD3, BUV496-labeled anti-CD4, allophycocyanin H7-labeled 

anti-CD45RA, and BUV395-labeled anti-Ki-67 were obtained from BD Biosciences. 

BV785-labeled anti-CD8, BV650-labeled anti-CD127, and Pacific Blue-labeled anti-

Perforin came from BioLegend. Foxp3/Transcription Factor Staining Buffer Set was from 

eBioscience. HLA-A*1101 HIV-1 NEF (GAFDLSFFLK) soluble biotinylated monomers 

were produced at Chulalongkorn University (Bangkok, Thailand) as previously described33 

and tetramerized with PE-conjugated extravidin (Sigma-Aldrich). LIVE/DEAD Fixable 

Aqua Dead Cell Stain Kit (LIVE/DEAD) was from Thermo Fisher Scientific (Molecular 

Probes).

Flow cytometry analysis

For general phenotyping, thawed PBMCs and LNMCs were first stained with LIVE/DEAD 

at RT for 10 minutes then cell surface markers at 4°C for 20 minutes. They were washed 

with PBS containing 2% fetal bovine serum (washing buffer) twice, and then fixed and 

permeabilized with Foxp3/Transcription Factor Staining Buffer Set. The cells were stained 

with anti-Ki-67 and anti-Perforin mAbs at room temperature for 30 minutes followed by 2 

times wash with Foxp3 permeabilization buffer and washing buffer, respectively. For 

phenotypic analysis on antigen specific CD8+ T cells, thawed PBMCs were first stained with 

PE-labeled pMHC tetramer at 37°C for 15 minutes. The cells were stained for the other cell 

surface markers at 4°C for 20 minutes followed by 2 times wash with washing buffer. The 

cells were fixed/permeabilized and stained for Ki-67 and Perforin as mentioned earlier. All 

the stained cells were resuspended in PBS containing 2% formaldehyde before analysis on 
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LSRII (BD Biosciences). All the flow cytometry data were analyzed with FlowJo v10 

(FlowJo, LLC) (Supplementary Figure 12).

Plasma IgG Analyses

Total and HIV-specific IgG was measured by ELISA as previously described34,35. Human 

HIV immunoglobulin was used for the HIV ELISA standard curve, and was obtained 

through the NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAD, 

NIH (Cat no. 3957). OD values were read at 450nm using a multimode plate reader 

(Synergy HTX, BioTek).

Statistics

Time to VL rebound was calculated from the treatment interruption date to the date of first 

quantitative VL detection above 20 copies/ml. The Kaplan-Meier estimator was used to 

describe time to viral rebound. Survival functions of Fiebig I, Fiebig III and HIV- Chronic 

participants were compared using log-rank test. The same method was applied to compare 

CD4+ T/CD8 ratio groups. Plasma VL during rebound was compared to the values at 

baseline using Wilcoxon-signed rank test. The same statistics were used for other continuous 

endpoints. Correlation between days to viral rebound and continuous endpoints was done 

using Spearman’s correlation. Analyses were performed using Stata Statistical Software 

Release 13 (StataCorp, College Station, TX, USA) and GraphPad Prism version 7.00 for 

Windows, GraphPad Software, La Jolla California USA, www.graphpad.com.

GenBank Accession—The sequences reported in this paper have been deposited in 

GenBank as MF957336-MF957707. Request for access to other data should be done through 

the corresponding author to obtain appropriate institutional permission.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Viral load (VL) rebound following ATI in eight Fiebig I acutely treated participants. (a) 
Median (range) time to VL rebound >20 copies/ml was 26 (13-48) days. (b) Pre-ATI 

peripheral blood CD4+ T/CD8 ratio ≤1 was associated with faster time to VL rebound >20 

copies/ml after ATI. (c) HIV-1 phylogenetic trees based on pro- rt sequences sampled in 

acute infection (F, gray) and following VL rebound (R, black). The number of mutations 

away from the founder consensus is figured as a suffix.
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Figure 2. 
Longitudinal HIV reservoir markers and immune responses. (a) Frequencies of peripheral 

blood CD4+ T cells harboring total HIV DNA after ART resumption were not different to 

baseline values. (b) Total HIV DNA in CD4+ T cells prior to ATI was not significantly 

associated with time to VL rebound > 20 copies/ml post-ATI. Open symbols depict levels 

below the limit of detection of the assay. (c) Effector Ki67+CD8+ T cells expanded rapidly 

following VL rebound in all participants. (d) Envelope (ENV)-specific IgG levels were 

higher following VL rebound in 4 of 8 participants (4617, 6054, 6579, 4320). (e) The 
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frequencies of Ki67+CD8+ T cells and (f) plasma ENV-IgG levels were negatively 

associated with the highest observed viral load levels at ART resumption.
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