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Time to eradication 

> 73.4 years 

0.00001 
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•Detects individual latently infected 

cells 

•Detects cells with latent viruses 

capable of robust growth in vitro in 

primary CD4+ T cells 

•Does not detect cells with defective 

viruses 

•No other approach has given a higher 

frequency of cells with replication 

competent virus 

•BUT labor-intensive and costly 



Comparison of reservoir assays 

Digital droplet PCR Send to 
UCSD 

UCSD 

Eriksson et al, PLoS Pathogens, 2013 
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Assay for persistent HIV 
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Which assay should be used? 

300x 
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Non-induced proviruses 

PHA + irradiated 

allogeneic PBMC 

p24 

Ag d2:CD4+ 

blasts 

from HIV- 

donors 

d7:CD4+ 

blasts 

from HIV- 

donors 

Non-induced 

proviruses 

non-induced ≠ non-inducible 

full length, single genome analysis 

Ho et al, Cell, 2013 

Resting 

CD4+ T cells 



pol env 

gag 

L T R 

nef vif L T R 

Clonal analysis of non-induced 

proviruses 

Nested gag PCR 

to establish clonality 

Ho et al, Cell, 2013 

Direct sequencing 

of PCR products 

No cloning! 

9.1 KB limiting dilution PCR 



Non-induced proviral clones (n=213) 

N 

N H 

O 

O 

N 

N 

N H 2 

O 

TGG TAG 

Trp Stop 

Hypermutated  
32.4% 

Ho et al, Cell, 2013 



32.4% of non-induced proviruses 

have GA hypermutation 

10 20 30 40 50 60 70 80 90 100
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

B.FR.83.HXB2_LAI_IIIB_BRU_K034 MGARASVLSGGELDRWEKIRLRPGGKKKYKLKHIVWASRELERFAVNPGLLETSEGCRQILGQLQPSLQTGSEELRSLYNTVATLYCVHQRIEIKDTKEA

9CC3_31E5_gag_hypermut I.....I..E.....*.................L...G................A....................K..F....V........DV......

9CC3_31E11_gag_hypermut IS....I..R.....*...Q...K.........L.*.GK.........S.....A......R........R....K..F....V..Y...K.DV......

20CB4_36D12_gag_hypermut I..........Q...*.R.......N.R.........................AG......E....A.K......K..F...........K.DV......

20TB1_33C3_gag_hypermut I..........Q...*.R.......N.R.........................AG......E....A.K......K..F...........K.DV......

20TB1_33C9_gag_hypermut I..........Q...*.R.......N.R.........................AG......E....A.K......K..F...........K.DV......

20TB3_33G10_gag_hypermut I........R.Q...*.......E.N.R..........K..............AG......E....A.K......K..F...........K.DV......

110 120 130 140 150 160 170 180 190 200
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

B.FR.83.HXB2_LAI_IIIB_BRU_K034 LDKIEEEQNKSKKKAQQAAADTGH--SNQVSQNYPIVQNIQGQMVHQAISPRTLNAWVKVVEEKAFSPEVIPMFSALSEGATPQDLNTMLNTVGGHQAAM

9CC3_31E5_gag_hypermut ............N..........NSS.S...................SL...........I................................R......

9CC3_31E11_gag_hypermut ....K.......N.........RNSS.S...............I...SL..K....*...I.K................K.............R......

20CB4_36D12_gag_hypermut .K.....................N--.S............................*...........................................

20TB1_33C3_gag_hypermut .K.....................N--.S............................*...........................................

20TB1_33C9_gag_hypermut .K.....................N--.S............................*...........................................

20TB3_33G10_gag_hypermut .E.....................N--.S............................*.....................................R.....

210 220 230 240 250 260 270 280 290 300
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

B.FR.83.HXB2_LAI_IIIB_BRU_K034 QMLKETINEEAAEWDRVHPVHAGPIAPGQMREPRGSDIAGTTSTLQEQIGWMTNNPPIPVGEIYKRWIILGLNKIVRMYSPTSILDIRQGPKEPFRDYVD

9CC3_31E5_gag_hypermut .............*..L....................................H...V........*.........K....V.....K.R..........

9CC3_31E11_gag_hypermut .............*..L.....R.......K...K....R.........R*..H...V..RK....*..............V.....K.K..K.....IN

20CB4_36D12_gag_hypermut .............*....................................*.........................K.......................

20TB1_33C3_gag_hypermut .............*....................................*.........................K.......................

20TB1_33C9_gag_hypermut .............*....................................*.........................K.......................

20TB3_33G10_gag_hypermut .............*..L.............K...................*.........R.........R................K.......K....

310 320 330 340 350 360 370 380 390 400
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

B.FR.83.HXB2_LAI_IIIB_BRU_K034 RFYKTLRAEQASQEVKNWMTETLLVQNANPDCKTILKALGPAATLEEMMTACQGVGGPGHKARVLAEAMSQVTNSATIMMQRGNFRNQRKIVKCFNCGKE

9CC3_31E5_gag_hypermut ..........CT.D...*.........S.........................R.R.............C.M............P.....T.........

9CC3_31E11_gag_hypermut Q.........CT.D...*.........S..N........R.............K.RR.....K......C.M.........K..PK..K.T.........

20CB4_36D12_gag_hypermut Q................*.........S...................................I...........NA.............PI........

20TB1_33C3_gag_hypermut Q................*.........S...................................I...........NA.............PI........

20TB1_33C9_gag_hypermut Q................*.........S...................................I...........NA.............PI........

20TB3_33G10_gag_hypermut .................*.........S...........R.............R.RR......I..........AN.........K....P.........

410 420 430 440 450 460 470 480 490 500
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

B.FR.83.HXB2_LAI_IIIB_BRU_K034 GHTARNCRAPRKKGCWKCGKEGHQMKDCTERQANFLGKIWPSYKGRPGNFLQSRPEPTAPPEESFRSGVET--------TTPPQKQEPI----DKELYPL

9CC3_31E5_gag_hypermut ..I.........R..*..R..........K......R.....H....E.............A....F.E..--------.........V----...M...

9CC3_31E11_gag_hypermut R.I....K..K..S.*..R.KR..I....K......K.....H....E.............A....FKE..--------.........V----...M...

20CB4_36D12_gag_hypermut E...K.......R..*..R.......N.........R.....H....E.............A....F.E..TTPSQKQEP..S....L.DLDK.......

20TB1_33C3_gag_hypermut E...K.......R..*..R.......N.........R.....H....E.............A....F.E..TTPSQKQEP..S....L.DLDK.......

20TB1_33C9_gag_hypermut E...K.......R..*..R.......N.........R.....H....E.............A....F.E..TTPSQKQEP..S....L.DLDK..GQ---

20TB3_33G10_gag_hypermut R.V..H.K..K.R..*..R.......N..K......K.....H....K..................FKE..--------...S....L.DLDK.......

510
....|....|....|

B.FR.83.HXB2_LAI_IIIB_BRU_K034 TSLRSLFGNDPSSQ*

9CC3_31E5_gag_hypermut A..K..........*

9CC3_31E11_gag_hypermut A..K...S......*

20CB4_36D12_gag_hypermut A............K*

20TB1_33C3_gag_hypermut A............K*

20TB1_33C9_gag_hypermut ---..........K*

20TB3_33G10_gag_hypermut A............K*

10 20 30 40 50 60 70 80 90 100
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

B.FR.83.HXB2_LAI_IIIB_BRU_K034 ATGGGTGCGAGAGCGTCAGTATTAAGCGGGGGAGAATTAGATCGATGGGAAAAAATTCGGTTAAGGCCAGGGGGAAAGAAAAAATATAAATTAAAACATA

9CC3_31E5_gag_hypermut ..A...............A.........A.............A...A................C.......A..................C........T

9CC3_31E11_gag_hypermut ..AA..............A........A.A............A...AA..........A....C.....AAA..................C........T

20CB4_36D12_gag_hypermut ..A..............................C........A...A.....G..................A.....C....GG................

20TB1_33C3_gag_hypermut ..A..............................C........A...A.....G..................A.....C....GG................

20TB1_33C9_gag_hypermut ..A..............................C........A...A.....G..................A.....C....GG................

20TB3_33G10_gag_hypermut ..A........................A.A...C........A...A.......................AA.....C....GG................

110 120 130 140 150 160 170 180 190 200
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

B.FR.83.HXB2_LAI_IIIB_BRU_K034 TAGTATGGGCAAGCAGGGAGCTAGAACGATTCGCAGTTAATCCTGGCCTGTTAGAAACATCAGAAGGCTGTAGACAAATACTGGGACAGCTACAACCATC

9CC3_31E5_gag_hypermut ...........G.......A...........T.................A.............CT.................A..G........G.....

9CC3_31E11_gag_hypermut ......A....G...AA..A...........T............A....A.............CT.................AA.G........G.....

20CB4_36D12_gag_hypermut .................................................A.........G...G....................A.............G.

20TB1_33C3_gag_hypermut .................................................A.........G...G....................A.............G.

20TB1_33C9_gag_hypermut .................................................A.........G...G....................A.............G.

20TB3_33G10_gag_hypermut ...............A.................................A.........G...G..................A.A.............G.

210 220 230 240 250 260 270 280 290 300
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

B.FR.83.HXB2_LAI_IIIB_BRU_K034 CCTTCAGACAGGATCAGAAGAACTTAGATCATTATATAATACAGTAGCAACCCTCTATTGTGTGCATCAAAGGATAGAGATAAAAGACACCAAGGAAGCT

9CC3_31E5_gag_hypermut ...A......................A........T.............GT...........................TG.............A......

9CC3_31E11_gag_hypermut ...A......A...............A........T.............GT........A...........A......TG.............A......

20CB4_36D12_gag_hypermut ....A.....................A........T...........................A.......A......TG.G...........A..G...

20TB1_33C3_gag_hypermut ....A.....................A........T...........................A.......A......TG.G...........A..G...

20TB1_33C9_gag_hypermut ....A.....................A........T...........................A.......A......TG.G...........A..G...

20TB3_33G10_gag_hypermut ....A.....................A........T...........................A.......A......TG.G...........A......

310 320 330 340 350 360 370 380 390 400
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

B.FR.83.HXB2_LAI_IIIB_BRU_K034 TTAGACAAGATAGAGGAAGAGCAAAACAAAAGTAAGAAAAAAGCACAGCAAGCAGCAGCTGACACAGGACAC------AGCAATCAGGTCAGCCAAAATT

9CC3_31E5_gag_hypermut ..............A.......................C.....T........G...............A..AGCAGT....GC..A.............

9CC3_31E11_gag_hypermut ............A.........................C.....T........G............A..A..AGCAGT....GC..A.............

20CB4_36D12_gag_hypermut ...A.G...............................................................A..------....GC................

20TB1_33C3_gag_hypermut ...A.G...............................................................A..------....GC................

20TB1_33C9_gag_hypermut ...A.G...............................................................A..------....GC................

20TB3_33G10_gag_hypermut .....G...............................................................A..------....GC................

410 420 430 440 450 460 470 480 490 500
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

B.FR.83.HXB2_LAI_IIIB_BRU_K034 ACCCTATAGTGCAGAACATCCAGGGGCAAATGGTACATCAGGCCATATCACCTAGAACTTTAAATGCATGGGTAAAAGTAGTAGAAGAGAAGGCTTTCAG

9CC3_31E5_gag_hypermut .........................A..G............T..T...................................A...................

9CC3_31E11_gag_hypermut ......................A..A..G..A.........T..T.........A..............A..........A.....A.............

20CB4_36D12_gag_hypermut ........................................A............................A..................A...........

20TB1_33C3_gag_hypermut ........................................A............................A..................A...........

20TB1_33C9_gag_hypermut ........................................A............................A..................A...........

20TB3_33G10_gag_hypermut ........................................A............................A..................A...........

510 520 530 540 550 560 570 580 590 600
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

B.FR.83.HXB2_LAI_IIIB_BRU_K034 CCCAGAAGTGATACCCATGTTTTCAGCATTATCAGAAGGAGCCACCCCACAAGATTTAAACACCATGCTAAACACAGTGGGGGGACATCAAGCAGCCATG

9CC3_31E5_gag_hypermut .........A..............................................................T.....AA.A..............T...

9CC3_31E11_gag_hypermut .........A...........................AA.................................T.....AA.A..............T...

20CB4_36D12_gag_hypermut .........A.......................................................................A..................

20TB1_33C3_gag_hypermut .........A.......................................................................A..................

20TB1_33C9_gag_hypermut .........A.......................................................................A..................

20TB3_33G10_gag_hypermut .........A....................................................................A..AA.................

610 620 630 640 650 660 670 680 690 700

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

B.FR.83.HXB2_LAI_IIIB_BRU_K034 CAAATGTTAAAAGAGACCATCAATGAGGAAGCTGCAGAATGGGATAGAGTGCATCCAGTGCATGCAGGGCCTATTGCACCAGGCCAGATGAGAGAACCAA

9CC3_31E5_gag_hypermut ........................................AA......T...................................................

9CC3_31E11_gag_hypermut ..........................A.............AA......T.................A........................A........

20CB4_36D12_gag_hypermut ..G.....................................AA..........................................................

20TB1_33C3_gag_hypermut ..G.....................................AA..........................................................

20TB1_33C9_gag_hypermut ..G.....................................AA..........................................................

20TB3_33G10_gag_hypermut ..G.......................A.............A.......T..........................................A........

710 720 730 740 750 760 770 780 790 800

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

B.FR.83.HXB2_LAI_IIIB_BRU_K034 GGGGAAGTGACATAGCAGGAACTACTAGTACCCTTCAGGAACAAATAGGATGGATGACAAATAATCCACCTATCCCAGTAGGAGAAATTTATAAAAGATG

9CC3_31E5_gag_hypermut .A...................................A.....................C...........G.............G..C..........A

9CC3_31E11_gag_hypermut .AAA.............A...................A.........A...AA......C...........G........A..A.G..C..........A

20CB4_36D12_gag_hypermut .A.................................................A....................................C...........

20TB1_33C3_gag_hypermut .A.................................................A....................................C...........

20TB1_33C9_gag_hypermut .A.................................................A....................................C...........

20TB3_33G10_gag_hypermut .A...................................A.............A............................A.......C...........

ATG  ATA 

MI  

start codon mutation 

TGG  TAA, TAG, TGA 

Tryptophan  stop codon 

nonsense mutation 

Ho et al, Cell, 2013 
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45.5% of non-induced proviruses 

have large internal deletions 
LTR   gag 

  pol 

  vif 

  vpr 

  vpu 

  env 

 nef   tat 

rev LTR 

10 C B 2_38 A 3 

10 C B 2_45 B 2 

10 C B 2_24 G 9 

10 C B 2_24 G 1 1 

10 C B 4_41 E 2 

10 C B 7_48 B 1 0 

10 C B 7_48 C 8 

10 C B 7_48 C 1 2 

10 C B 7_48 E 5 

10 C B 7_48 F 1 2 

10 C B 7_48 G 8 

10 C B 7_48 H 1 

10 C B 7_48 H 2 

10 T B 2_15 B 2 

10 T B 2_17 B 3 

10 T B 2_22 B 9 

16 C B 1_20 E 1 

16 C B 1_20 F 1 

16 C B 1_20 E 5 

16 C B 1_20 F 5 

16 C B 1_20 F 7 

16 C B 1_20 F 1 1 

16 CC 4_10 C B 2 

16 T B 1_ 1 1 G 1 

16 T B 4_8 G 1 

16 C B 1_7 G 1 1 

17 T B 4_4 F 1 1 

17 T B 4_4 F 1 2 

17 T B 4_4 F 8 

17 T B 4_4 F 4 

17 T B 4_4 F 2 

19 C B 5_9 B 5 

19 C B 5_ 1 1 C 1 0 

19 C B 5_ 1 1 C 1 1 

19 C B 6_23 C 2 

19 C B 6_25 C 4 

19 T B 1_21 D 1 0 

19 T B 8_1 C 1 

19 T B 8_1 D 7 

19 T B 9_1 D 8 
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22 C B 6_19 D 1 

22 C B 6_17 E 4 

22 C B 7_19 F 9 

23 C B 3_44 C 6 

23 C B 5_44 G 3 

23 C B 5_49 G 4 

23 C B 5_49 H 5 
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Non-induced proviral clones (n=213) 
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Hyper-

mutated 

HXB2 

10 20 30 40 50
....|....|....|....|....|....|....|....|....|....|....|....

B.FR.83.HXB2_LAI_IIIB_BRU_K034 GGGACTTTCCGCTGGGGACTTTCCAGGGAGGCGTGGCCTGGGCGGGACTGGGGAGTGGC

9TC4_31G2_3LTR ..............A.........-A.........A.......................

9CB4_29C1_3LTR AA...........AA.........-AA........A...A...A......AAA......

9CC3_31E5_3LTR A............AA.........-A.........A...A...AA.....AA....A..

NF-κB          NF-κB       Sp1-III     Sp1-II      Sp1-I 

Non-induced proviruses have functional 

LTRs except for hypermutated clones 
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Clonal analysis of DNA methylation 
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Non-induced proviruses integrate 

into active transcription units 
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Log transcriptional level  

in activated cells 

• Location • Activity of genes 

Exon, 5.7% 

Other, 4.3% 

Intergenic space, 7.1% 

Transcription units: 92.9% (65/70) 

Intron, 82.9% 
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Intact vs induced proviruses 
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Can intact non-induced proviruses 

be induced? 
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