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Supplementary Figures 

 

 

 
Supplementary Figure 1 | Longitudinal phylogenetic analysis of participants’ env sequences using time-
calibrated trees in BEAST. Viral (co-)evolution of four study participants was determined in BEAST time-
calibrated MCC trees using 564 functional env sequences from the years 2002–2017 (HIV region 6225–7817 
according to HXB2 numbering). Two trees are shown separated by a common timeline. The upper tree displays 
the viral evolution in a transmission cluster from Cameroon composed of three individuals infected with HIV-1 
URF viruses; the lower tree displays the viral evolution in an incidence-matched control case from the same study 
cohort infected with a CRF02_AG virus. The branches of the trees are color-coded according to each individual. 
The taxa are color-coded according to time point as indicated in the legend to the right of each participant symbol. 
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Six SGA env sequences that were selected for detailed genetic and functional analyses are indicated with gray 
arrows and labeled, i.e., three representatives of the bulk of URF sequences from #f1, #f2, and #m, as well as 
three representatives of the bulk of CRF02_AG sequences from #f3 before initiation of antiretroviral treatment 
and occurrence of superinfection. BEAST: Bayesian evolutionary analysis by sampling trees; MCC: maximum 
clade credibility; URF: unique recombinant form.  
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Supplementary Figure 2 | Longitudinal analysis of participants’ env sequences in Neighbor-joining 
phylogenetic trees. (A) Neighbor-joining trees (Kimura two-parameter substitution model) displaying env 
sequences covering HIV region 6225–7817 according to HXB2 numbering. Separate trees are shown for each 
individual and the taxa are color-coded according to time point as indicated in the legend to the left of each tree. 
At least 20 sequences were analyzed per time point, generated using single genome amplification (SGA) or 
cloning. Participant #f3’s CRF02_AG sequences are sub-classified according to their relatedness to sequences 
prior or post superinfection (SI), the latter labeled SI. Most sequences are derived from plasma viral RNA and a 
few from cellular (PBMC) proviral DNA (highlighted with c in superscript after the time point). (B) Combined 
neighbor-joining tree (Kimura two-parameter model) displaying the four participants’ env sequences (HIV region 
6225-7817 according to HXB2 numbering) color-coded according to study participant. Six SGA env sequences 
that were selected for detailed genetic and functional analyses are highlighted in green, i.e., three representatives 
of the bulk of unique recombinant form (URF) sequences from #f1, #f2, and #m, as well as three representatives 
of the bulk of CRF02_AG sequences from #f3 before initiation of antiretroviral treatment and occurrence of 
superinfection. The bar indicates a genetic distance of 5%. Reference sequences from the Los Alamos Database 
are shown in black. PBMC: peripheral blood mononuclear cells. 
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Supplementary Figure 3 | Heterologous neutralization responses in four Cameroonian HIV-1-infected individuals. Neutralization curves from 
plasma samples for #f1, #f2, #m, and #f3, shown as nonlinear regression fits of percent neutralization at the reciprocal plasma dilution. Longitudinal 
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plasma samples (time points in parentheses) were tested in 2-fold serial dilutions from 1/20 to 1/320 against pseudoviruses of diverse subtypes as 
indicated in the figure legend (HIV strains in parentheses). Virus pseudotyped with Env of murine leukemia virus (MLV) was used as negative control. 
Experiments were done at least twice, of which one representative experiment is displayed. The dashed line marks 50% neutralization.  
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Supplementary Figure 4 | Quantitative analysis of autologous plasma and IgG neutralization and cell-associated binding. (A and B) 
Autologous/cross-neutralization responses of longitudinal plasma (A) and plasma-purified IgG samples (B) are illustrated as heat maps (right) 
according to the color-coded IC50 scheme of plasma dilutions (dil) or IgG concentrations (µg/mL), respectively. Time points of plasma samples are 
indicated in parentheses; S in superscript indicates the time point when superinfection was detected in #f3. Two autologous viruses were studied 
pseudotyped with Env of study participants #m and #f3 before initiation of antiretroviral treatment and occurrence of superinfection (#m-(4)-SGA and 
#f3-(8)a-SGA, see Figure 3). Murine leukemia virus (MLV) and IgG purified from a healthy, HIV negative Cameroonian individual were used as 
negative controls (n.c.). Plasma and IgG dilutions needed for 50% neutralization of the corresponding pseudovirus (IC50) were calculated using 
nonlinear regression fits of neutralization curves (left). Undetectable IC50 values are indicated as <20 (plasma) or >500 (IgG).  The entirety of plasma 
and IgG cross-neutralization curves, color-coded according to the virus are shown on the left. Neutralization curves were done with 2-fold serial plasma 
dilutions from 1/20 to 1/320 or IgG concentrations of 500, 200, 100, 10, 1, and 0.1 μg/mL. The dashed line marks 50% neutralization. Differences in 
mean neutralization sensitivities of viruses against participants’ IgG samples are indicated by the location of the schematic viruses in relation to the X-
axis (IC50) and Y-axis (maximum neutralization). Neut max and IC50 values were quantitatively compared between viruses in the boxed plots using 
unpaired t-tests (two-tailed) and all statistically significant results displayed. Mean and standard deviation are indicated. Color-coding was done 
according to pseudovirus. Undetectable IC50 values are shown below the dashed line (at plasma dilution 0 or IgG concentration 500ug/mL). (C) Cell-
surface staining of 293T cells co-transfected with viral env (URF and CRF02_AG) isolated from study participants #m or #f3 (as described above) and 
an empty (-CD4) or human CD4 expressor (+CD4). Staining of native Env was done using longitudinal plasma samples as indicated. The data points 
are color-coded according to the participant; additionally, the filled circles correspond to ART-naïve time points, open circles to time points where the 
participants received ART and bi-colored diamonds to the time points when superinfection was detected in #f3. Means and standard deviation of two 
experiments are displayed. Cell staining against URF and CRF02_AG Env was statistically compared using unpaired two-tailed t-tests. (D) Cell-surface 
staining of 293T cells transfected with env of participants’ autologous viruses (as above). Staining of native Env was done using a panel of monoclonal 
antibodies directed against the gp120-gp41 interface (PGT151), V2q (PG9), CD4bs (VRC03), V2p (CH58, CH59), V2i (830A), CD4i (17b, A32), V3 
(19b) and gp41 (F240, 7B2), grouped according to broadly or weakly/non-neutralizing antibodies (bnAbs, weakly/nnAbs). Means of three experiments 
are shown in stacked bar graphs, sorted in descending order (highest values on top). All statistically significant differences between Envs per mAb are 
indicated (unpaired two-tailed t-test); * P<0.05; ** P<0.005; *** P<0.0005; **** P<0.0001; URF: unique recombinant form. 
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Supplementary Figure 5 | Detection of infected cells by flow cytometry. CEM.NKR cells infected with wildtype (pNL4.3-ADA-GFP) or Nef- and 
Vpu-deficient (pNL4.3-ADA-GFP/N-U-) viruses were stained with 1:1000 diluted HIV+ sera followed by second antibody (goat anti-human Ab 
coupled to Alexa Fluor 647). Infected cells were identified as being GFP+ by flow cytometry (BD LSR II). 
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Supplementary Figure 6 | Correlation analysis of antibody-dependent cellular cytotoxicity (ADCC), cell-associated Env binding, IgA and IgG 
levels. Correlation analysis was performed on three data sets, i.e., all data points (A), means per individual and parameter (B), and means from time 
points pre-ART and pre-superinfection (C). A correlogram is shown for each data set with circles, sized and color-coded according to linear regression 
coefficients (r) of correlations between the indicated parameters. Asterisks indicate all statistically significant correlations according to the provided 
P-value scheme. Selected linear regression analyses are shown at the bottom, boxed in the same colors as in the correlogram above. The data points in 
the boxed plots for (A) are color-coded according to the individual; additionally, in (A), the filled circles correspond to ART-naïve time points, open 
circles to time points where the participants received ART, and bi-colored diamonds to time points when superinfection was detected in #f3. ART: 
antiretroviral treatment; cell stain: cell-associated Env binding; Env: Env-specific; N-U-: infection experiment with Nef- and Vpu-deficient virus; WT: 
wild-type virus infection. 
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Supplementary Figure 7 | Sequence analysis of viral envelope V3 and C5 regions. Sequence logo analysis of the variable V3 and constant C5 
region (aa 296-330/1 and aa 470-511 according to HXB2 Env numbering, respectively) using all functional, longitudinal Env sequences determined in 
the four study participants. Sequence logos were created to assess the conservation of each position of the sequence motifs. The analyses were done 
for each participant separately (top) as well as for the three individuals of the transmission cluster (415 sequences in total) and for all four study 
participants together (570 sequences in total) (bottom). Sites of divergence in viral sequences of the transmission cluster are boxed in orange and 
highlighted with arrows on top; aa: amino acids. 
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Supplementary Figure 8 | Correlation analysis of the V1V2 binding response. Correlation analysis between V1V2 binding levels (six scaffolded 
V1V2 proteins and the average thereof) and selected immune responses from Figures 4, 5, and 7, and the presence of residue K169 and mismatch 
(mm) at I181 (according to the sieve analysis in the RV144 vaccine trial) in contemporaneous viral sequences. Analyses were performed using all data 
points from the four study participants (middle and right) or the three epidemiologically linked individuals (left) according to Supplementary Table 
2. The correlations are summarized in a correlogram with circles, sized and color-coded according to linear regression coefficients (r) between the 
indicated parameters (red for positive correlation; blue for inverse correlation). All statistically significant correlations are indicated by asterisks (two-
tailed Spearman rank, * P<0.05; ** P<0.01; *** P<0.005). All significant linear regression analyses with V1V2 (avg) using the four-participant data 
set are depicted as scatter plots in the middle. Corresponding analyses were done using the data set of the three epidemiologically-linked participants 
(on the left). The data points are color-coded according to the individual; additionally, the filled circles correspond to antiretroviral treatment (ART)-
naïve time points, open circles to time points at which participants received ART, and bi-colored diamonds to time points when superinfection was 
detected in #f3. Linear regression fits are shown for all correlations that reach statistical significance and are highlighted by a bold arrow. Sieve (V2) 
on the x-axis is scaled according to the presence of K169 (score of 1), mismatch at I181 (score of 1), or both (score of 2) in contemporaneous viruses 
of participants. Env: Env-specific; WT: wild-type infection; N-U-: Nef- and Vpu- deficient virus infection; avg: average. 
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Supplementary Figure 9 | Site-scanning analysis of the immunodominant V1V2 region and correlation 
analysis with V1V2 binding. (A) Top: Sequence logo analysis of the immunodominant V1V2 region (aa 155-
183 according to HXB2 numbering) using all functional, longitudinal Env sequences determined in the four study 
participants. The table below differentiates variable amino acids from conserved amino acids (indicated by an 
asterisk; N156 and N160 boxed in orange; T163 and R178 are <100% conserved, but 100% conserved for the 
data points for which immune responses were determined [gray asterisk]). For the variable amino acids, both 
major and minor residues are indicated as present in the dataset. If the presence of the major residue was found 
to be associated with increased or decreased V1V2 binding (according to the correlation analysis in the middle 
section), the major residues are highlighted with dark red or blue background, respectively. Middle: All non-
conserved sites were subjected to a non-parametric correlation analysis (Spearman rank, two-tailed) with the 
binding responses against six scaffolded V1V2 proteins, the average (avg) of the latter, and a V2 cyclic peptide 
(see Figure 7A). The entirety of linear correlations for the individual sites and the combined epitope is shown in 
a correlogram using circles, sized and color-coded according to linear regression coefficients (r). All correlations 
that reach statistical significance are indicated by stars (Spearman rank, * P<0.05; ** P<0.01; *** P<0.005). Sites 
that reach statistically significant correlations with V1V2 binding (avg) are highlighted in light blue/with light 
blue arrows in the correlogram and tables. Identified V1V2 correlation sites that correspond to the sites of V1V2 
selection pressure, as observed in the RV144 vaccine trial, are indicated. The multi-site analysis included the 
presence of K169 and a mismatch (mm) at 181 (according to the Sieve analysis in RV144). Bottom: Correction 
for multiple comparisons. Table summarizing correlations (Spearman rank) between longitudinal V1V2 binding 
(avg) and the presence of the indicated amino acid residue(s) in the contemporaneous viruses. Correlation 
coefficients r, 95% confidence intervals (CI), significance P and multiple comparison-adjusted P-values 
(Benjamini Hochberg and Bonferroni method) are shown for each correlation; statistically significant results 
(P<0.05) are highlighted in light blue. Right: For site K169, which achieved significant P-values for both BH and 
Bonferroni corrections, linear regression analyses against selected immune responses are displayed, i.e., K169 
against V1V2 binding (avg), against Env-specific IgA/IgG ratios, and against antibody-dependent cellular 
cytotoxicity (ADCC) of cells infected with Nef- and Vpu-deficient (N-U-) virus (statistically significant according 
to the provided r- and P-values; 95% CI shown in brackets). The individual data points are color-coded according 
to the participant; additionally, the filled circles correspond to antiretroviral treatment (ART)-naïve time points, 
open circles to time points where the participants received ART, and bi-colored diamonds to time points when 
superinfection was detected in #f3. (B) V1V2 site scanning and correlation analysis were similarly done for the 
data set on the three epidemiologically-linked individuals, as described above for the four participants (A). The 
results are summarized in a table displaying two-tailed Spearman rank correlations between longitudinal V1V2 
binding (avg) and the presence of the indicated amino acid residue(s) in the contemporaneous viruses (see above). 
Sites that remain significantly associated with V1V2 binding (avg) in the three linked participant data set are 
highlighted with a blue arrow; aa: amino acids; avg: average; mm: mismatch; na: not applicable (due to 100% 
conserved sites in the given data set).
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Supplementary Figure 10 | Correlation analysis including the full matrix of study parameters using data from time points pre-ART and pre-
superinfection. (A) Correlogram using circles, sized and color-coded according to linear regression coefficients (r) from correlations between the 
indicated parameters (based on Supplementary Table 2) and grouped according to clinical, host, viral, binding (Luminex) or immunological 
parameters. Asterisks indicate all statistically significant correlations according to the provided P-value scheme in the upper right corner. In the lower 
left triangle of the correlogram, r-values are shown in the same color-code as applied in the correlogram; P-values are shown below in gray. To the 
right of the correlogram, linear regression analyses are shown for three selected parameters (X-axis) that exhibited statistically significant correlations 
with CD4/CD8 ratios (Y-axis), both in data sets comprising four and three study participants (see below, B and C). The individual data points are color-
coded according to participant (#f1 pink, #f2 purple, #m blue, and #f3 red); * P<0.05; ** P<0.01; *** P<0.005. (B and C) CD4/CD8 correlation 
analysis using data points of the four study participants (B) or the subset of three epidemiologically-linked individuals (C). The tables summarize linear 
and multivariate correlation analyses (two-tailed Spearman rank) among various viral, immunologic, and clinical parameters and CD4/CD8 ratios using 
data points pre-ART and pre-superinfection. Correlation coefficients r, 95% confidence intervals (CI), significance P and multiple-comparisons-
adjusted P-values (Benjamini-Hochberg and Bonferroni method) are displayed for each correlation; statistically significant results (P<0.05) are 
highlighted in green. ADCC: antibody-dependent cellular cytotoxicity; ART: antiretroviral treatment; avg: average; Env: Env-specific; Neut: 
Neutralization breadth-potency score; N-U-: infection experiment with Nef-, Vpu-deficient virus; PVL: plasma viral load; WT: wild-type virus; ADCC: 
Antibody-dependent cellular cytotoxicity. 
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Supplementary Figure 11 | Early predictors of disease progression. (A) Clinical progression of four HIV-1 infected participants during ART-naïve 
years of infection. Dot plots show for each participant longitudinal values of CD4/CD8 ratios, CD4 counts (cells/mm3), and plasma viral load (PVL 
[cps/ml]). Linear regression fits are indicated for CD4/CD8 and CD4 counts with statistics shown in the tables below including the number of data 
points (N), the goodness of fit (R2), and slope of linear regression (progression per year). (B) Table summarizing the characteristics of the 
early/intermediate study time points of the four participants used for the determination of predictors of disease progression. Estimated dates of infection 
(EDI) are based on BEAST analyses (Figure 1, Supplementary Table 1). (C) Correlogram using circles, sized and color-coded according to linear 
regression coefficients (r) from correlations between the indicated parameters (red for positive correlation; blue for inverse correlation). All statistically 
significant correlations are indicated by an asterisk (one-tailed Spearman rank, * P<0.05; n=4). Two early/intermediate time points were studied as 
indicated. The parameters on the x-axis are based on Supplementary Table 2. The parameters on the y-axis are the rates of disease progression as 
determined in (A) using slopes (decline) of CD4/CD8 ratios and absolute CD4 counts per year. The correlation analysis was done for the two most 
early study time points for which the full set of functional and structural data were generated (as shown in B). To the right of the correlogram, linear 
regression analyses are shown for all statistically significant correlations (shown for the CD4/CD8 data set only). The data points are labeled according 
to the participant. ADCC: antibody-dependent cellular cytotoxicity; ART: antiretroviral treatment; avg: average; BEAST: Bayesian evolutionary 
analysis by sampling trees; EDI: estimated date of infection; Env: Env-specific; mm: mismatch; Neut: Neutralization breadth-potency score; N-U-: 
infection experiment with Nef-, Vpu-deficient virus; PVL: plasma viral load; WT: wild-type virus; ADCC: Antibody-dependent cellular cytotoxicity. 
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Supplementary Tables 

Supplementary Table 1 | Parameter estimates of the discrete phylogeography models.  

 

 

Markov 
Rewardsc Mean 95% HPD 

Interval 
Effective Sample 

Size 
 Subject Root 

Probabilityd 

#f1 46.02 32.5 – 62.2 3294  #m 0.52 
#f2 38.11 31.0 – 47.6 341  #f1 0.40 
#m 61.66 38.17 – 87.4 3181  #f2 0.08 

 

Subject Estimated date 
of Infectione 

95% HPD 
Interval 

Incidence 
Testing 

#m 2001 1999 – 2003 < April 2003 
#f1 2002 2001 – 2003 < April 2003 
#f2 2003 2003 – 2004 < April 2003 
#f3 2002 2002 – 2003 April – Sept 2002 

a Bayes factor test values for significant historic diffusion-dynamics links among individuals. b Quantification of the magnitude of the inferred 
historic diffusion events using Markov jumps. c Estimates of the time spent in each host using Markov rewards and inferred using stochastic mapping 
techniques. d Root probabilities. e Comparison of estimated dates of infection based on time to the most recent common ancestor (TMRCA), 95% 
higher posterior density interval (95% HPD) of TMRCA, and incidence testing (Figure 1). 

Bayes factor test support for discrete diffusion ratesa  Markov 
Jumpsb 

Mean 
Magnitude 

95% HPD 
Interval 

Effective 
Sample size 

From To Bayes Factor Support  #f1 to #f2 0.042 0 – 0.19 3685 

#f1 #f2 <1.0 None  #f1 to #m 0.623 0 – 2.09 1575 
#f1 #m <3.0 None  #f2 to #f1 0.136 0 – 1.06 2559 
#f2 #f1 <2.0 None  #f2 to #m 4.804 3.96 – 7.30 2683 
#f2 #m >500.0 Very strong  #m to #f1 0.636 0 – 1.53 1178 
#m #f1 >4.0 Strong  #m to #f2 5.549 4.04 – 6.96 3534 
#m #f2 >500.0 Very strong  Total Count 11.8 9.29 – 14.38 1680 
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Supplementary Table 2 | Combined data matrix used in correlation analyses. 

 

Data acquired from the results of this study and clinical data assessment. a Longitudinal data points for the four participants. Viral signatures from #f3-
(6) (dark green) are derived from viruses collected five months later (see Figure 1; time point 8). HLA typing was performed for at least two longitudinal 
time points per participant (black) and consistent values were imputed for the remaining time points per participant (gray). Eight immunological, 
clinical, and viral parameters that were selected for subsequent multivariate/network analyses (Figure 10A) are highlighted in green. The values for 
V1V2 and gp120 binding are averaged (avg) antibody binding levels to six different constrained and unconstrained V1V2 proteins or two different 
gp120 proteins, respectively (Figure 7A). The values for viral signatures mirror the majority of viral sequences per participant and time point. b Means 
per participant and parameter from time points pre-ART and pre-superinfection. The value for the parameter age is set to the date October 2004; all 
participants at this age were at a stage of chronic HIV-1 infection, before the initiation of ART, and before the occurrence of superinfection. All other 
means are calculated from applicable data points (a). ART: antiretroviral treatment; Env: Env-specific; na: not available; Neut: Neutralization breadth-
potency score; N-U-: infection experiment with Nef-, Vpu-deficient virus; VL: viral load; WT: wild-type virus. 


