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            Abstract
Lymphoid tissue is a key reservoir established by HIV-1 during acute infection. It is a site associated with viral production, storage of viral particles in immune complexes, and viral persistence. Although combinations of antiretroviral drugs usually suppress viral replication and reduce viral RNA to undetectable levels in blood, it is unclear whether treatment fully suppresses viral replication in lymphoid tissue reservoirs. Here we show that virus evolution and trafficking between tissue compartments continues in patients with undetectable levels of virus in their bloodstream. We present a spatial and dynamic model of persistent viral replication and spread that indicates why the development of drug resistance is not a foregone conclusion under conditions in which drug concentrations are insufficient to completely block virus replication. These data provide new insights into the evolutionary and infection dynamics of the virus population within the host, revealing that HIV-1 can continue to replicate and replenish the viral reservoir despite potent antiretroviral therapy.
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                    Figure 1: Time-structured phyloanatomic history of haplotypes in lymph nodes and blood.[image: ]


Figure 2: Cartoon illustration of the drug concentration-dependent spatial model.[image: ]


Figure 3: Drug-dependent fitness landscape.[image: ]


Figure 4: Modelling replication dynamics at different effective drug concentrations.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Persistence of viral RNA in lymph nodes in ART-suppressed SIV/SHIV-infected Rhesus Macaques
                                        
                                    

                                    
                                        Article
                                         Open access
                                         05 March 2021
                                    

                                

                                Anthony M. Cadena, John D. Ventura, â€¦ Dan H. Barouch

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Expression of CD20 after viral reactivation renders HIV-reservoir cells susceptible to Rituximab
                                        
                                    

                                    
                                        Article
                                         Open access
                                         16 August 2019
                                    

                                

                                Carla Serra-Peinado, Judith Grau-ExpÃ³sito, â€¦ Maria J. Buzon

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Determinants of HIV-1 reservoir size and long-term dynamics during suppressive ART
                                        
                                    

                                    
                                        Article
                                         Open access
                                         19 July 2019
                                    

                                

                                Nadine Bachmann, Chantal von Siebenthal, â€¦ the Swiss HIV Cohort Study

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Accession codes

              
              
                Data deposits

                Nucleotide sequence alignments were deposited in GenBank with the accession numbers KT829617â€“ KT831260.

              
            

References
	Perelson, A. S. et al. Decay characteristics of HIV-1-infected compartments during combination therapy. Nature 387, 188â€“191 (1997)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Chun, T. W. et al. Quantification of latent tissue reservoirs and total body viral load in HIV-1 infection. Nature 387, 183â€“188 (1997)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Finzi, D. et al. Latent infection of CD4+ T cells provides a mechanism for lifelong persistence of HIV-1, even in patients on effective combination therapy. Nature Med. 5, 512â€“517 (1999)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Finzi, D. et al. Identification of a reservoir for HIV-1 in patients on highly active antiretroviral therapy. Science 278, 1295â€“1300 (1997)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Wong, J. K. et al. Recovery of replication-competent HIV despite prolonged suppression of plasma viremia. Science 278, 1291â€“1295 (1997)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Brenchley, J. M. et al. T-cell subsets that harbor human immunodeficiency virus (HIV)  in vivo: implications for HIV pathogenesis. J. Virol . 78, 1160â€“1168 (2004)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Chomont, N. et al. HIV reservoir size and persistence are driven by T cell survival and homeostatic proliferation. Nature Med. 15, 893â€“900 (2009)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zhu, T. et al. Evidence for human immunodeficiency virus type 1 replication in vivo in CD14+ monocytes and its potential role as a source of virus in patients on highly active antiretroviral therapy. J. Virol. 76, 707â€“716 (2002)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Persaud, D. et al. Continued production of drug-sensitive human immunodeficiency virus type 1 in children on combination antiretroviral therapy who have undetectable viral loads. J. Virol. 78, 968â€“979 (2004)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Shen, L. & Siliciano, R. F. Viral reservoirs, residual viremia, and the potential of highly active antiretroviral therapy to eradicate HIV infection. J. Allergy Clin. Immunol. 122, 22â€“28 (2008)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Persaud, D. et al. A stable latent reservoir for HIV-1 in resting CD4+T lymphocytes in infected children. J. Clin. Invest. 105, 995â€“1003 (2000)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Yukl, S. A. et al. The distribution of HIV DNA and RNA in cell subsets differs in gut and blood of HIV-positive patients on ART: implications for viral persistence. J. Infect. Dis. 208, 1212â€“1220 (2013)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Fletcher, C. V. et al. Persistent HIV-1 replication is associated with lower antiretroviral drug concentrations in lymphatic tissues. Proc. Natl Acad. Sci. USA 111, 2307â€“2312 (2014)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	GÃ¼nthard, H. F. et al. Evolution of envelope sequences of human immunodeficiency virus type 1 in cellular reservoirs in the setting of potent antiviral therapy. J. Virol. 73, 9404â€“9412 (1999)
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kearney, M. F. et al. Lack of detectable HIV-1 molecular evolution during suppressive antiretroviral therapy. PLoS Pathog. 10, e1004010 (2014)
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Josefsson, L. et al. Majority of CD4+ T cells from peripheral blood of HIV-1-infected individuals contain only one HIV DNA molecule. Proc. Natl Acad. Sci. USA 108, 11199â€“11204 (2011)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Wong, J. K. et al. In vivo compartmentalization of human immunodeficiency virus: evidence from the examination of pol sequences from autopsy tissues. J. Virol. 71, 2059â€“2071 (1997)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	von Andrian, U. H. & Mempel, T. R. Homing and cellular traffic in lymph nodes. Nature Rev. Immunol. 3, 867â€“878 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Archer, J. et al. Analysis of high-depth sequence data for studying viral diversity: a comparison of next generation sequencing platforms using Segminator II. BMC Bioinformatics 13, 47 (2012)
PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kim, E. Y. et al. Human APOBEC3 induced mutation of human immunodeficiency virus type-1 contributes to adaptation and evolution in natural infection. PLoS Pathog. 10, e1004281 (2014)
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lemey, P., Rambaut, A. & Pybus, O. G. HIV evolutionary dynamics within and among hosts. AIDS Rev. 8, 125â€“140 (2006)
PubMedÂ 
    
                    Google ScholarÂ 
                

	Frenkel, L. M. et al. Multiple viral genetic analyses detect low-level human immunodeficiency virus type 1 replication during effective highly active antiretroviral therapy. J. Virol. 77, 5721â€“5730 (2003)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Nickle, D. C. et al. Evolutionary indicators of human immunodeficiency virus type 1 reservoirs and compartments. J. Virol. 77, 5540â€“5546 (2003)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Murrell, B. et al. Gene-wide identification of episodic selection. Mol. Biol. Evol. (2015)

	Kryazhimskiy, S. & Plotkin, J. B. The population genetics of dN/dS. PLoS Genet. 4, e1000304 (2008)
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Mugal, C. F., Wolf, J. B. & Kaj, I. Why time matters: codon evolution and the temporal dynamics of dN/dS . Mol. Biol. Evol. 31, 212â€“231 (2014)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Bouckaert, R. et al. BEAST 2: a software platform for Bayesian evolutionary analysis. PLOS Comput. Biol. 10, e1003537 (2014)
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lemey, P., Rambaut, A., Drummond, A. J. & Suchard, M. A. Bayesian phylogeography finds its roots. PLOS Comput. Biol. 5, e1000520 (2009)
ArticleÂ 
    ADSÂ 
    MathSciNetÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Vaughan, T. G., Kuhnert, D., Popinga, A., Welch, D. & Drummond, A. J. Efficient Bayesian inference under the structured coalescent. Bioinformatics 30, 2272â€“2279 (2014)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Frost, S. D. W. et al. Eight challenges in phylodynamic inference. Epidemics 10, 88â€“92 (2015)
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Tobin, N. H. et al. Evidence that low-level viremias during effective highly active antiretroviral therapy result from two processes: expression of archival virus and replication of virus. J. Virol. 79, 9625â€“9634 (2005)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Anderson, J. A. et al. Clonal sequences recovered from plasma from patients with residual HIV-1 viremia and on intensified antiretroviral therapy are identical to replicating viral RNAs recovered from circulating resting CD4+ T cells. J. Virol. 85, 5220â€“5223 (2011)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Maldarelli, F. et al. HIV latency. Specific HIV integration sites are linked to clonal expansion and persistence of infected cells. Science 345, 179â€“183 (2014)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Wagner, T. A. et al. Proliferation of cells with HIV integrated into cancer genes contributes to persistent infection. Science (2014)

	Althaus, C. L., Joos, B., Perelson, A. S. & GÃ¼nthard, H. F. Quantifying the turnover of transcriptional subclasses of HIV-1-infected cells. PLOS Comput. Biol. 10, e1003871 (2014)
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kepler, T. B. & Perelson, A. S. Drug concentration heterogeneity facilitates the evolution of drug resistance. Proc. Natl Acad. Sci. USA 95, 11514â€“11519 (1998)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    MATHÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Rong, L., Dahari, H., Ribeiro, R. M. & Perelson, A. S. Rapid emergence of protease inhibitor resistance in hepatitis C virus. Sci. Transl. Med. 2, 30ra32 (2010)
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	McLean, A. R. & Nowak, M. A. Competition between zidovudine-sensitive and zidovudine-resistant strains of HIV. AIDS 6, 71â€“79 (1992)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Furtado, M. R. et al. Persistence of HIV-1 transcription in peripheral-blood mononuclear cells in patients receiving potent antiretroviral therapy. N. Engl. J. Med. 340, 1614â€“1622 (1999)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Prosperi, M. C. & Salemi, M. QuRe: software for viral quasispecies reconstruction from next-generation sequencing data. Bioinformatics 28, 132â€“133 (2012)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Pond, S. L., Frost, S. D. & Muse, S. V. HyPhy: hypothesis testing using phylogenies. Bioinformatics 21, 676â€“679 (2005)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Kosakovsky Pond, S. L., Posada, D., Gravenor, M. B., Woelk, C. H. & Frost, S. D. Automated phylogenetic detection of recombination using a genetic algorithm. Mol. Biol. Evol. 23, 1891â€“1901 (2006)
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Guindon, S. & Gascuel, O. A simple, fast, and accurate algorithm to estimate large phylogenies by maximum likelihood. Syst. Biol. 52, 696â€“704 (2003)
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Anisimova, M. & Gascuel, O. Approximate likelihood-ratio test for branches: a fast, accurate, and powerful alternative. Syst. Biol. 55, 539â€“552 (2006)
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hudson, R. R., Slatkin, M. & Maddison, W. P. Estimation of levels of gene flow from DNA sequence data. Genetics 132, 583â€“589 (1992)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Hudson, R. R. A new statistic for detecting genetic differentiation. Genetics 155, 2011â€“2014 (2000)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kosakovsky Pond, S. L. et al. A random effects branch-site model for detecting episodic diversifying selection. Mol. Biol. Evol. 28, 3033â€“3043 (2011)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kosakovsky Pond, S. L. et al. Adaptation to different human populations by HIV-1 revealed by codon-based analyses. PLOS Comput. Biol. 2, e62 (2006)
ArticleÂ 
    ADSÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pybus, O. G. et al. Phylogenetic evidence for deleterious mutation load in RNA viruses and its contribution to viral evolution. Mol. Biol. Evol. 24, 845â€“852 (2007)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hasegawa, M., Kishino, H. & Yano, T. Dating of the human-ape splitting by a molecular clock of mitochondrial DNA. J. Mol. Evol. 22, 160â€“174 (1985)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank G. J. Beilman, A. Thorkelson, P. Swantek, K. Mars and K. Kunstman for their technical assistance. We thank E. Domingo and T. Bhattacharya for their constructive and informed review. We are indebted to the patients who participated in this study. This work was supported by the National Institutes of Health (DA033773 to S.M.W., AI1074340 to T.W.S., and GM110749 to S.L.K.P.), the Medical Research Council (G1000196 to M.H.M.), the Framework Programme for Research and Technological Development (278433-PREDEMICS to A.R.) and the European Research Council (260864 to A.R.). The Oxford Martin School supports H.R.F. All Souls College supports A.R.M. where S.M.W. held a Visiting Fellowship. A Newton International Fellowship from the Royal Society supported T.B. A Wellcome Trust Investigator award supported M.H.M. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.


Author information
Author notes	Sergei L. Kosakovsky Pond
Present address: â€  Present address: Institute for Genomics and Evolutionary Medicine, Temple University, Philadelphia, Pennsylvania 19122-1801, USA., 

	Ramon Lorenzo-Redondo and Helen R. Fryer: These authors contributed equally to this work.


Authors and Affiliations
	Division of Infectious Diseases, Northwestern University Feinberg School of Medicine, Chicago, 60011, Illinois, USA
Ramon Lorenzo-Redondo,Â Eun-Young Kim,Â Sudhir PenugondaÂ &Â Steven M. Wolinsky

	Department of Zoology, Institute for Emerging Infections, University of Oxford, Oxford, OX1 3PS, UK
Helen R. FryerÂ &Â Angela R. McLean

	Vaccine and Infectious Disease Division, Fred Hutchinson Cancer Research Center, Seattle, 98109, Washington, USA
Trevor Bedford

	Centro de InvestigaÃ§Ã£o em Biodiversidade e Recursos GenÃ©ticos Universidade do Porto, VairÃ£o, 4485-661, Portugal
John Archer

	Department of Medicine, University of California, San Diego, California, 92093, USA
Sergei L. Kosakovsky Pond

	Division of AIDS, Center for Immunology and Pathology, Korea National Institutes of Health, Chungju-si, 28159, Chungcheongbuk-do, South Korea
Yoon-Seok Chung

	Department of Surgery, University of Minnesota, Minneapolis, 55455, Minnesota, USA
Jeffrey G. Chipman

	Antiviral Pharmacology Laboratory, University of Nebraska Medical Center, College of Pharmacy, Omaha, 68198, Nebraska, USA
Courtney V. Fletcher

	Division of Infectious Diseases, University of Minnesota, Minneapolis, 55455, Minnesota, USA
Timothy W. Schacker

	Department of Infectious Diseases, Kingâ€™s College London, Guyâ€™s Hospital, London, SE21 7DN, UK
Michael H. Malim

	Centre for Immunology, Infection and Evolution, University of Edinburgh, Edinburgh, EH9 3FL, UK
Andrew Rambaut

	Department of Microbiology, University of Minnesota, Minneapolis, 55455, Minnesota, USA
Ashley T. Haase


Authors	Ramon Lorenzo-RedondoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Helen R. FryerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Trevor BedfordView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Eun-Young KimView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	John ArcherView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Sergei L. Kosakovsky PondView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yoon-Seok ChungView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Sudhir PenugondaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jeffrey G. ChipmanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Courtney V. FletcherView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Timothy W. SchackerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Michael H. MalimView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Andrew RambautView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Ashley T. HaaseView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Angela R. McLeanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Steven M. WolinskyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
T.W.S., A.T.H., and S.M.W. conceived the experiments and designed the study. T.W.S. and J.G.C. acquired the patient tissue samples. A.T.H. performed the in situ hybridization experiments. C.V.F. measured the intracellular drug concentrations. R.L.-R., E.-Y.K., and Y.-S.C. generated the viral sequences. R.L.-R., T.B., E.-Y.K., S.P., M.H.M., S.L.K.P., A.R., and S.M.W. analysed the data. R.L.-R., T.B., J.A., and A.R. conducted the Bayesian inference analyses. H.R.F., A.R.M., and S.M.W. developed the spatial and dynamic model. R.L.-R., T.B., H.R.F., A.T.H., S.L.K.P., A.R.M., A.R., and S.M.W. wrote the paper, with extensive input from all authors. All authors discussed the results and commented on the manuscript.
Corresponding author
Correspondence to
                Steven M. Wolinsky.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Extended data figures and tables

Extended Data Figure 1 The amount of virus and concentration of drugs measured during antiretroviral therapy.
aâ€“c, The changes in copies of HIV-1 RNA per ml of blood, the number of the HIV-1 RNA particles bound to the follicular dendritic cell network per gram of lymphoid tissue, and the number HIV-1 RNA positive cells per gram of lymphoid tissue over the first 6 months of treatment in subjects 1774, 1727 and 1679 (a, b, and c, respectively). Filled circles represent detectable measures. Unfilled circles represent undetectable measures and are plotted at the limit of detection. dâ€“f, Antiretroviral drug concentrations in cells from lymph node (dashed line) or blood (solid line) in subjects 1774, 1727 and 1679 (d, e and f, respectively; see Methods). Intracellular TFV-diphosphate (TFV-DP) concentrations (fmol per 106 cells) are shown in orange, FTC-triphosphate (FTC-TC) (fmol per 106 cells) in green, ATV (ngâ€‰mlâˆ’1) in purple, and EFV (ngâ€‰mlâˆ’1) in blue. Samples with concentrations that were below the limits of quantification (2.5â€‰fmol per 106 cells, 2.5â€‰fmol per 106 cells, 0.014â€‰ngâ€‰mlâˆ’1 and 0.063â€‰ngâ€‰mlâˆ’1, respectively) were assigned a value of 1 for graphical illustration purposes.


Extended Data Figure 2 Phylogenies and Highlighter plots for the Gag region of HIV-1.
aâ€“c, Maximum-likelihood trees were constructed using gene sequences from the Gag region of HIV-1 from lymph node and blood before and after the guanosines within all possible APOBEC3 trinucleotide sequence context of edited sites were masked in the alignments, regardless of their presence in hypermutated or non-hypermutated sequences, to avoid their distortion in the phylogenetic reconstructions. Branch tips are coloured according to compartment sampled: red for plasma, gold for lymph node, and blue for blood. The progressive shading of the colours of the branch tips indicate the points in time sampled. Phylogenetic trees reconstructed from the haplotypes in which the guanosines in the APOBEC3 trinucleotide context of the edited sites are masked in the alignments correct the skewing effect caused by clustering of shared haplotypes that harbour repetitive G-to-A substitutions and longer branch lengths caused by a larger number of these mutations in the hypermutated sequences while retaining the phylogenetic information. The horizontal scale indicates the expected number of substitutions per nucleotide site per unit time, with haplotypes from later time points having diverged more. The Highlighter plots show the haplotypes from the lymphoid tissue and blood time point clusters aligned to the plasma virus sequence from day 0. The particular nucleotide changes are colour-coded in the alignment (thymidine, red; adenosine, green; cytosine, blue; and guanosine, orange). Magenta circles represent APOBEC3-induced G-to-A change in a trinucleotide context of the edited sites, which are distinguishable from the more random error-prone viral reverse transcriptase and RNA polymerase II replicating enzyme induced mutations6. Gene sequences from the Gag region of HIV-1 from subject 1774, who continued to have measureable amounts of HIV-1 RNA in plasma on treatment, and subjects 1727 and 1679 who were well-suppressed on treatment (a, b and c, respectively) before and after the guanosines within the particular APOBEC3 trinucleotide sequence context of edited sites were masked in the entire sequence alignment (left and right panels, respectively).


Extended Data Figure 3 Phylogenies and Highlighter plots for the Pol region of HIV-1.
aâ€“c, Maximum-likelihood trees were constructed using gene sequences from the Pol region (reverse transcriptase (Pol2)) of HIV-1 from lymph node and blood before and after the guanosines within all possible APOBEC3 trinucleotide sequence context of edited sites were masked in the alignments, regardless of their presence in hypermutated or non-hypermutated sequences, to avoid their distortion in the phylogenetic reconstructions. Branch tips are coloured according to compartment sampled: red for plasma; gold for lymph node; and blue for blood. The progressive shading of the colours of the branch tips indicate the points in time sampled. The horizontal scale indicates the expected number of substitutions per nucleotide site per unit time with haplotypes from later time points having diverged more. The Highlighter plots show the haplotypes from the lymphoid tissue and blood time point clusters aligned to the plasma virus sequence from day 0. The particular nucleotide changes are colour-coded in the alignment (thymidine, red; adenosine, green; cytosine, blue; and guanosine, orange). Magenta circles represent APOBEC3-induced G-to-A change in a trinucleotide context of the edited sites. Gene sequences from the Pol region of HIV-1 that spanned the genomic region encoding the viral enzyme reverse transcriptase from subjects 1774, 1727, and 1679 (a, b and c, respectively) before and after the guanosines within the particular APOBEC3 trinucleotide sequence context of edited sites were masked in the entire sequence alignment (left and right panels, respectively).


Extended Data Figure 4 Alternative drug-dependent fitness landscape plots.
a, Fitness landscape plot for a partially drug-resistant strain. This strain confers a low level of drug resistance relative to the replicative fitness cost imposed by the resistance mutations. The drug-resistant strain (blue line) does not out-compete the drug-sensitive strain (orange line) at any effective treatment concentration where it can grow. There are two phases to the dynamics: at lower effective drug concentrations (left of grey line), the drug-sensitive strain thrives; beyond this threshold, neither strain can continuously replicate. b, Fitness landscape plot for a highly drug-resistant strain. This strain confers a high-level of drug resistance relative to the replicative fitness cost imposed by the resistance mutations. At low effective drug concentrations (left of grey line), the drug-sensitive strain out-competes the drug-resistant strain. At high effective drug concentrations, the drug-resistant strain out-competes the drug-sensitive strain and can continuously replicate. We argue that, typically, highly drug-resistant mutants of this sort neither exist in the viral population of patients before treatment, nor arise through random mutation during the course of antiretroviral therapy (see Supplementary Information and Supplementary Table 2). Drug-resistant strains that are capable of ongoing replication at high effective drug concentrations are not typically generated in individuals because: they are generated in a single step very rarely; and stepwise generation from partially resistant strains is also rare because partially resistant strains are out-competed in the sanctuary site that constantly replenishes the pool. The strain-specific effective reproductive numbers for the drug-sensitive (orange line) and drug-resistant (blue line) strains are shown. The orange sections highlight regions of parameter space where the drug-sensitive strain will dominate, and the blue section highlights regions of parameter space where the drug-resistant strain will dominate. For simplicity, only the impact of changes to the effectiveness of a single drug in a single compartment is shown.


Extended Data Figure 5 Model of replication dynamics and treatment effectiveness in the viral reservoir fitted to the data.
The model is fitted to the total inferred average body counts of free virus particles (green line), infected CD4+ T cells (orange line) and virus bound to the follicular dendritic cell network of B-cell follicles (grey line). a, Dynamics over the first 200 days of treatment. Note that early in antiretroviral therapy, HIV-1 RNA in plasma declines more rapidly than virus bound to the follicular dendritic cell network of B-cell follicles. Circles demonstrate average data from the three patients discussed in detail in this study and an additional nine patients presented elsewhere13. Where the average value was indeterminate because of test sensitivity, the data are fitted below the upper limit of the average log10 infectious units. The range below the upper limit is represented by a vertical bar. b, Dynamics over a longer period. The model predicts the persistent low-level viral RNA in plasma. (see Supplementary Information). The optimal model fit parameters are presented in Supplementary Table 1.


Extended Data Table 1 The genetic distance measured between the haplotypes in the Gag or Pol regions of HIV-1Full size table
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