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ABSTRACT

Current antiretroviral therapyART) is highly effective at blocking HIM
replicaton but does not cure the infection due to the persistence of latefeityed cells
that are able to undergo cellular proliferat{@). The majority ofHIV -1 provirusesthat
persist durindART are defective. Othe minority that are intact and replicatiocompetent
it is not known what fractiorare transcriptionally activan vivo versus those that are
transcriptionally silent(latenty infected) To address this questioh,determined the
fraction of HIV-1 provirusesn populations of expanded cell clortbat expressinspliced
cell-associatedRNA during ART in one individual In total, 34 differentcell clones
carryingeitherintactor defective provirusesn fiPat i ent lebal.(fl)weren Mal d.
assessedVe found that a median & 3% of cells within clores harboringeplication
competentproviruses contained unspliced HIVRNA. Highest levels of HIVL RNA
were found in the effector memory T cell subset, including for the replicatiopetent
AMBI -1 clone whichwas the source of persistent viremia onTARhe fraction of cells
within a clone that contained H¥¥ RNA was not different in clones witteplication
competentvs. defective provirusesiowever, higher fractions and levels of RNA were
found in cells with povirusescontainingmultiple drug resignce mutationsincluding
thosecontributing to rebound viremida'hese findings suggest that the vast majority of
HIV-1 proviruses in persistentipfected cells, including replicationcompetent
proviruses, are transcriptionally silent at any given tifrtes silence, if maintained over

time, may allow infected cells to persist and expand during effective ART.
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INTRODUCTION

Human Immunodeficiency Virus Type 1 (H}) infectsthe baly 6s | mmune
system, more specifically CD4+ T celss HIV-1 infection destroys CD4+ T cells of the
immune system, opportunistic infections and/or cancer ensue, leading to eventual death in
most individuals without treatmertlV-1 is a global epidemiwith goproximately 36.7
million peoplecurrentlyinfectedandthe majority infectionsarein sulbSaharan Africa. In
2016 alone, approximately 1 million people died from HIV related causes.

HIV -1 can be suppressed in infected individwaith antiretroviral tlerapy ART),
however ART doesnot cure thenfection Only two individuals, the first beingTimothy
Ray Brown, hae been cured of HIVL thus far(3, 4) Brown was diagnosed with HAL
and later acute myeloid leukemide underwent whole body irradiation and two bone
marrow transplants with cells from an HPésistant donor (coreceptor CCR5 detietThe
treatment curedhe cancer, as well as the HIV infection A more recentstudy
demonstrated that it was the loss of the CCRS5 receptor that was responsible for curing the
infection(5). Although ART is an effective therapy|s life-longand associated with long
term toxicities(6). Consequently, a curdhat is more applicable to the general HIV
infected population than bone marrow transplantasoreeded.

HIV is a retrovirus, utilizing the enzyme reverse transcrip(&3e to makeviral
DNA from the packged viral RNA. This viral DNA called aprovirus is then integrated
into the host genome. HKY has 3 main geneagag, pol, andenv, shown in Figure 1Gag
codes for structural proteinpol codes for viral enzymes, arehv codes for envelop

associated pteins.
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Figure 1. Visual representation of HRAL structural proteins and proviral structui
Animated byJanetiwasa_ http://scienceofhiv.org/wp/?page_id=20

The HIV replication cycle has 7 key steptachment, entry, reverse transcription,
integration, assembly, release, and maturaffogure 3. HIV envelope attaches tihe
CD4receptorand coreceptor CCR5 or CXCR4 on the host cells. Next therenembrane
fusion mediated entry that releases the capsid inside the cell. The RNA genome is then
reverse transcribed lige RT enzymeto make viral DNA.Viral DNA enters the nucleus
and integrates into host genome via integrase. Transcription ancti@nslre mediated
by host machinery. There is assembly at the plasma membrane as a new virus particle is
prepared. Egress via buddingand maturation occathrough protease cleavade.the
absence of ART, HIV accumulates high genetic divemsityvobecaus&T is highly error
prone introducing new mutationsith each round o¥iral replication

ART blocks various steps in thiée cycle to halt virus replication. Some targets
include attachment, entry, reverse transcription, and integrafiocombination of
antiretroviral drugs, typically 3 or morés given to patients to prevent the virus from

becoming resistant to one compound. If the patient has unscheduled treatment
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interruptions, the virus can replicate and mutate to become resistandtoghevith longer

half-lives. After resistance, a new regimen must be used to regaiswatession.
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Figure 2. HIV replication cycle overviewattachment, entry, reverse transcriptic
integration, asembly, release, and maturation.

ART prevents new cells from becoming infected but does notéil§ infected
prior toits initiation. Integration is the hallmark of retrovirusesdeenableshepersistence
of infected cellsWhen the viral DNA is integrated, the proviigsreated the same as host
genes. Transcription and translation are tied to the host and the provirus will gethist

cell divides andintil the cell dies.

When a patienis sustained on ARTthe plasma HIV RNAreasurd in plasma

copies per mL) is reduced froml-10° to 1. The resultis low-level viral persistence



during ART. In patientssustainedon treatment the majority of provirugs >95% are
defective due to hypermutations and large internal deleti@)s  There are very few
proviruses that are fully intact and replication competestently-infected cells are those

in an inactive state, not being transcribed to produce viral RNA or virus particles and,
therefore, are able to escape immurmgaition and viral cytopathogenesis. Latency is
likely the mechanism thatllows HIV -1 to persist despite ART. The reservoir for HIV
comprisa infected cells that persist on lotgrm ART and carry intact provirusebhe
fraction of cells within expandk infected cell clones that are transcriptionally silent
(latently infected) vs. those that are transcriptionally active is not known. The source of
rapid rebound viremia is likely the expanded clones with intact proviruses that were already
transcribingHIV -1 prior to the ART interruptio(B). These cells are the reservoir for HIV

1 that must be targetefda cure is to be achieved.

Proliferation of cells, mdslikely infected prior to ART initiation, that carry
replicationcompetent proviruses (those that are fully intact and capable of producing
infectious virus particles) is an importanechanisnfor maintaining the HIV1 reservoir
(1, 2, 913). It has been proposed that these cells are laterfgted and consequently
transcriptionally silent, allowing them to evade viinduced cytopathogenicity and
immunemediated clearand®). By this model, persistent and rebound viremia originates
from the @casional activation of a small fraction of the pool of latemtfgcted cells. It
has alsdeendemonstratethat latentlyinfected cells may be killed upon such activation

(14, 15) although some studies have challenged this(ti2al6)

Little is known about the fraction ¢ilV-1 infected cells persisting on ART that

are latentlyinfected versus transcriptionally activdere,l usedthe celtassociated RNA



and DNA singlegenome sequencing assay (CABBS)(17) - a methodhat can be used
to quantify the proportion of infected cettsat haveHIV-1 RNA and estimate the levels
of expression in such cells. Preliminary studies suggested that dirimgp infection,
greater than 80% of HAL infected cells have proviruses that are transcriptiorsakyt
after longterm ART and that cells harboring transcriptionalitive proviruses contain
only low levels of unsplicedell-associatedca)HIV -1 RNA (median 1 cadlV RNA/cell)
(17). However, the fractions of transcriptionafiifent proviruses vsus transcriptionally
active proviruses remained unknown within populations of cloreadpanded infected
cells, each of which contains the identical provirus at the idehtisis$ite, including those
that carry intact proviruse). Furthermore, it is also not known which CD4+ T cell

sub®ts expand and support the expression of-Hpoviruses that persist on ART.

To address #sequestios, | investigated peripheral blood mononuclear cells
(PBMC) from a patient who presented with low level detectable viremia after prolonged
ART. Previos analyses revealed that the on ART viremia in this individual originated
from two sources: 1) viral replication of drugsistant variants and 2) virus expression
from a highly expanded T cell clone harboring a replicatiompetent, wildtype HIVL
provirus denoted AMBIL (1, 2) Cells containing AMBI1 comprised the largest infected
cell clone in this individual (approximately A€ells) and verethe sole source of wildtype
persistent viremia durqmn ART (2). | investigated samples frothis patient to measure
levels of HIV-1 production both from cells infected via possible ongoing replication (drug
resistant virus) and from loAied reservoirs (wiletype virus).The region of the virus |
sequenced was from the gecmding for theP6 protein ingag, and thepol genefrom

Protease (PR) to RT, approximatal.2kb fragment.



| identified a total of 34 different wildtype infected cell clones and probable clones
(proviruses that are identical in #-RT), and used CARESGS(17) to determine the
fraction of PBMC within each clone, including theviBI-1 clone, that had detectable
amounts olunspliced celassociated HIVL RNA (caHIV RNA). | also examined if the
nature of the provirus (intact or defective) was associated with the fraction of infected
PBMC that contained edllV RNA and quantified thdevels of caHIV RNA in single
infected cells in each of the 34 different infected cell clones and in cells infected with drug
resistant variants.determined that a relatively small proportion of PBMC produed lva
RNA during ART, and within a clone oidentical cells, on average, less than 10% are
producing caHIV RNA at any given time. Similar fractions and levels of expression were
observedin clones harboring replicatiecompetent proviruses or defective proviruses.
However, higher fractions and let¢ of expression were observed in cells infected from

probable ongoing viral replication of drug resistant variants.

After determining the fraction and levels of unspliced HI\RNA in the 34
different infected cell clones and in the populations of PBRfE€cted with drug resistant
variants,| sought to determine the specific CD4+ T cell subsets that harbored each of these
clonal populations, especially those with intact proviruses, and to identify the cell subsets
that supported their expressionfound probable clonal populations to be present in
central/transitional memorCTM) and effector memorgEM) T cell subsets; however, a
higher fraction was found in effector memory cells, including in the clones harboring
replicationcompetent provirusesthisresult may be an indication that although all clones
can be found across the various cell subsets, cells harboring replication competent

proviruses can be more readily detected in the EM cell subset.



MATERIALS AND METHODS

Donor and Samples inStudy
Ore hundred million PBMC were obtained f
Fi g3frredfmat iL é nvialdarelli et. al.(1) and Simonetti et. a(2). The donor was
enrolled in NIH protocoD0-1-0110conducted at the NIH Clinical Center in Besdg MD
and was approved by the NIH internal review board. The sample was collected specifically

for this study and the donor provided written informed consent.

Viral Load (VL) and Single Genome Sequencing of plasma and proviral DNA

The viral load (VL)or HIV RNA (copies per mL) in the blood was measunsithg
a commercial viral load assay (Rocla¢)Various timepoint throughout the >11 year ART
treatment from @Pa3(, 2 fihe Vilabthedimepaoinbtestedinthis gur e
thesis project was 134 copies per mL, the patient was failing therapy with drug resistant

variants present. Singlgenome sequencing was completed on plasma G8A

Cell-Associated RNA and DNASingle Genome Sequencing (CARISGS)

CARD-SGS was performed exactly as described in Wiegand €l @lon 72
aliguots containing one million PBMC eadre assay begins by aliquoting cells to about
100 proviruses per vial measured tne single copy assa(19, 20) Cell-associatedRNA
is extractedand cDNAIs synthesized. Single cDNA molecules are PCR amplified and
sequencedsequencearephylogenetically analyzeaasing neighbor joining (NJ) trees. The

fraction of cells containing HIV RNAs then calculated as described in Wiegand et. al.



(17). Cellassociated DNA measured by integrase (iCAD) is an assay used to measure the
number of infected celldl9, 20) This assay measures integraspy numbersvith a real
time PCR to yieldan estimatef HIV infected cells(19) The number of infected cells in
each aliquot was determined by iCAPRL) and the frequency of cells in each of the 34
different probal# clones was determined by their frequency relative to the total proviral
population by SGS.

Probablentactclones are rakes of identical proviral sequences, that when analyzed
did not have any major insertions or deleti@msstop codons for the regicanalyzed.
Because it has been shown thab%9of provirusesn vivo are defectivemost ofthese
sequences likely have mutations elsewhere that render them defective. The probable clones
also did not grow out in the viral outgrowth assay, indicating thay may not be
replication competent. Probable clones were designated as such based on finding identical
sequences in the region analyzeédr example, the AMBL clone was found to comprise
11% of the total proviral population by SGS and the numbereéieé cells in each aliquot
by iCAD was about 20@measured by iCAD)Therefore, each aliquot contained ~20
AMBI -1 infected cells.

The fraction of cells within each clone that containetitd RNA was determined
by assuming that each aliquot containedgomer age) | ess t hdram one fi
each clonefollowing the endpoint dilutions Levels of caRNA in singlecells were
determinedby adding the number of identical-eHV -1 RNA molecules in each aliquot
Because SGSRONA HbVkwnbevnertroorisncilnt r @8uced i
variants that di ffered bofi diteirsciar g Isee quueanicescst

more that did not appear more than once we



previ ous| (7). Bepleationcompetdnt proviruses were definedRBSPR-RT

sequences thatldidentical matches to variants that grew out invinal outgrowth assay

(VOA) (22, 23) Defective proviruses were those that contained stop codons er oth
obvious defect s. -iPrdouvcierduos edsi dt enrome dc ofinntocan n a
stop codons) in the PBR-RT region analyzed but no outgrowth was observaddA at

our level of samplingThe VOA is an assay used to determine or find intaglication

competent provirusThe assay plates infected cedis irradiated feeder cells at varying

dilutions, PHA stimulation to bind sugars of TCR triggering pathways to T cell activation.

There is al6-28 day cultivation, followed by P24 detection. §iwas completed as
described irprevious studie§2, 12, 24, 25)A total of about 10,450 HIM infected cells

were analyzed in the 72 aliquatsPBMC.

Sequencing Analysis
Sequences 0bt-23GRewerby LARPamed gunmeng t oo

ClusthaltW :(/ / www. ebi . ac)ukwlibibolyes msefokeuonstal

t heir pairwise . dfenetoind i nagi s tsaorf WM&G A @ cal
(www. megasoftware. net) was plhisyegett ¢ Hsbhnstru
NJ trees are used tobsersealtihze naendpee n ods n
observe where s epgtuogoyd D greindsymnsdir SN plr o nes clce

qguick easy representation of identical seq
incor poorfata omef erence sequence. T hlen fdei rvreerds i
trees weor emadtbtell BB A sttgqueacl $ ot hdhre pmdvir a’

vari ant s. Drug resistant variant s wer e
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wWww. ncbi .nl m. nMK14&WMKL 6 A]8.8 5 k

Sorting CD4+ T cell subsets

PBMC were obtained by leukapheresis. Following $ysif red blood cells, they
werepreservd in freezing medium aBOC/LN. 3.0 x 16 PBMC (93.1% viability) were
thawed and stained with LIVE/DEAD Aqua stain (Molecular Probes, L34957, 5 minutes,
22°C),and with the following antibodies to sort for single £DT cells:CD3-APC-H7
(BD Biosciences, 641406), CEBV785 (BioLegend, 317442), CDB@®Dot655
(Invitrogen, Q10055), CD11PE (BD Biosciences, 347637), COPE (BD Biosciences,
555398), CD27E/Cy5 (Beckman Coulter, 6607107), CD45E0OD (Beckman Coulter,
IM2712U), CD56APC (BioLegend, 304610), CDEBV421 (NIAID Vaccine Research
Center (VRC)Ab), CCRZAXx 700 ( VRC Ab), and TCR o0 (BD
15 minutes at 22°C. Cells were washed, kept on ice, and sorted on a BD FACSAria into
CD4+ memory subsets as follows: Naive (CD3+A¢Li2a8-CD4hiCD56T C R<CD14
CD11cCD27+CD45RGCCR7+CD5%),  CentralTransitional Memory  (CTM,
CD3+AquaCD8-CD4hiCD56T C R4CD14CD11¢CD27+CD45R0+), and Effector

Memory (EM, CD3+AqueCD8-CD4hiCD56T C R«CD14CD11c¢CD27-) (Figureb).

Statistics
Standard statistical anal yses Rera@gheerf
statistical tests used are indicated in th

10
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RESULTS AND DISCUSSION

Participant Description, Phylogenetic Analysis of Plasma Viremia, and Viral
Outgrowth Assays

The patient(1, 2) was an AfricarAmerican male who was diagnosed with
advanced HIVL infection (16 CD4+ T cells/pl) in May of 2000. He was treated with ART
for 13 years; however, unplanned treatment interruptions did occur (Bgu(e). While
on ART, the HIV plasma RNA levels declined todelthe limit of detection (less than 50
HIV-RNA copies/ml) and CD4+ T cell count partially recovered. However, low level
rebound viremia occurredfter about 11 years on ART (FiguBethat was coincident with

the development of a squamous cell carcinoma.
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Figure 3. A) Longitudinal VL plotof Patient 1from the time of ART initiation to his deat
from cancer. VLs below limit of detection (<50 copies per mL) are indicated with open
circles.Thered arrow in the righpanel indicates the timepoint that was analyzed by CAl
SGS. B) NJ tree showing plasma RNA sequences at three marked timepdimsVL plot in
A. Solid circles indicate sequences with no drug resistance mutations and open circles
drugresistat variants. The ART regimens employed are shown in the boxes at the top.
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To investigate HIV populatiogeneticsn this lowlevel viremia, a neighbor joining
(NJ) phylogenetic distance tree was constructed using data obtainedRi:B SGS
from plasma samples taken at three timepoints immediately before and after the ART
regmen change (FigurgB). The presence of drugsistant (DR) virus prompted a change
in ART regimen that rsuppressed drugesistant viremia, while the identical wildtype
(WT) sequences persisted (FiguBe These data indicated thats expected, the ART
resigant virus was the product of ongoing replicat{because the addition of new drugs
suppressed thBR virus andrebounding viremig)while theWT virus population was
produced from a reservoir aflonally-expanded and/otonglived cells (because it
remaineddespite the change in ART regimefhe reservoir of longdived cellsis able to
generate virugarticles, but such particles do not result in ongoing cycles of viral
replication because the reverse transcriptase inhibitors and integrase inhibitorélock t
productive infection of new cells.

Sampes were collected fahe investigation of HIVL production from clonally
infected, longlived cells (WT virus) as well as from ongoing replication (DR virus). The
DR population was highly diverse indicating receiral replication, whereas the WT
population consisted almost entirely of identical sequences that were previously shown to
arise from a highkexpanded clone of CD4+ T cells, called AMB(1, 2). After the ART
regimen change, when viremia wasstgpressed=jgure 3green timepoint), the DR virus
was not detected, but the WT AMRIvirus persisted, suggesting that the AMBVirus
was not replicating, rather it was being released from clongigreded cells.

An endpointdilution, singlestimulation, viral outgrowth assay (VOA) performed

at the timepoint marked in regéigure 3A) revealed four different replicatiecompetent

12



proviruses: WT AMBI1, WT Outgrowthl, WT Outgrowth2, and DR Outgrowtti (2).
Sequences matching two of themsggrowth viruses, AMBIL and DR Outgrowth, were
also previously detected in plasma (Fig8B). These data suggest that both WT and DR

virus are capable @&x vivooutgrowth and, likelyin vivorebound if ART is interrupted.

HIV Proviral Sequences Reeal Clones in PBMC

To characterize HIV {S&GHulwatsi res fiom medl I
collected from t h®8A,f irresdt) tsihnoerpdiynta f(tFeirg ubrres
ART, at which time the plasma coMWMTai nad a
(mostly)ANEBB)g.UurWe obt ai ned-PEBT3 pirnodvei preanl d esnetq
from this timepoint and c d)n.stBeucca uesde-lat hNeJ tdc
diversity in this individual waas ©peeyi bugh
repo(t)t edhe probability oFRRIbs@iquiemgetswbyi @&
our dat a¥d(ectalwansl xtldd usei Py omym aimo t hat heoageé ©
pairwise distance and the distribution of
sequences (or matching RNA s e fpuerbcaehbdoei nc | doin
of HIVnfected cell s. Prombtalrl eee cd atheego rwiea :
repl i-ccoamp eotne n t proviruses determined by VO
obviously defective proviruses (defective
obvious defects in threotremge onv esreegduencemd tl
induced prd¥.abl e clones)

We fouHldV cRNA matching 34 of t e cl on
numbered). For all clones, in all <cdtegor.i

transocnr ivpiveoc!l udi ng tchoempWT ernetp Idil,coaQei $dgnA B/t h
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and Out2gr(avwtdh Threi amM@B Ielsgne was the | argest
SGS. oRildeones wi t-Hl MaRbBAIi ogrcaed defective
codons (purple squares), i ndi ccaafili igRMA at d
vi,voas previ(®1us2b,p7)r edentedal sequences wer e
di stinct provir-dsE¥sRMAthbImae cthi ngnglaes) . TI
did not have obvious defectse(iregi osntsepque
but failed to produce detwCGAlabpiet tetvied sdef e
cadl V RNA wvisoggesting defects prleasevihee eati |
frequbeenlcoyw t he sampling capWA t vewémeapn s i n
provifosewbi mmhAt eHliVn RNcAa waasr @ ed recwre dwi t h gr a
for WT anfdors ghuyapredrbneu t farnd st.i on of RNA cont a
possible clones may have beernovberlaow DoNUAr mlae
integrated into a region that is | ess per mi
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Probable Clones in CD4+ T Cell Subsets

To determine the predence of the 34 probable clones in each subset, PBMC from
the same timepoint were sorted by markers defining them as naive, central/transitional
memory (CTM), and effector memory (EM) CD4+ T cells (FigbixeTwentyseven of the
34 clones were detected90,000 to 150,000 cells assayed for each subset. The 27 clones
identified were about equally represented in CTM (21/27) and EM (16/27) (p=0.3, Fisher
exact), but were less prevalent in naive cells (4/27) (pNaive,CTM=0.0001,
pNaive,EM=0.004, Fishé& exacttes). Although the fraction of CTM and EM cells
harboring unique DR variants was not different (p=0.5, F&shexacttes), a higher
fraction of the infected naive cells harbored DR variants than the CTM or EM subsets
(naive and CTM p=1.2*1@; naive and EM p = 7.8&°, Fishefs exacttes). HIV uses
two coreceptors, CXCR4 and CCR5gimableentry into cells. The virus can use either of
these two or botliependingon themutatedHIV -1 envelopeBecause naive cells have
higher surface expression of CXCR4 (18, 19§ pgossible that the DR mutations arose on
a CXCR4using backbone, explaining their higher prevalence in naive defis.
sequencingfollowed by analysis for tropism using a software caligeho2pheno
(coreceptor.geno2pheno.org) confirmed that CX@Rpic envelopes were prevalent in
the proviral population (sequences availabl&enBanHMK 1 4 8-M& 1 5 2|1 8 5

Importantly, the replicatiowompetent provirus, AMBL, was found in both CTM
and EMT cells Twelve of 100 AMBH11 proviruses sequenced in the ibsets were in
CTM and the other 88 in EM (Figu). Geno2pheno results on AMBIenvsuggested
CCR5usage, possibly explaining its lack of detection in the naive cell population. Ten
Outgrowth1 proviruses were identified in the subsets and all weieMncells. These

results suggest that, although clones may be equally prevalent in CTM and EM cells, the
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replicationcompetent proviruses may be more readily detected in the EM, consistent with

previous findings by Hiener, et &28).
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Figure 5. Gatingfor CD4 T Naive, CTM, and EM Cell Subsets fré@BMC (A) not part
of multi-cell conjugates (B) that were viable and stained with the T cell markers CC
and CD4 (D) but not myeloid cell markers CD14 and CD11c, or lineage markers
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CD45R0O+, CD27+. EM CD4 defined as CD45RQ€D27.
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Fraction and Levels of CellAssociated HIV-1 RNA in Cell Clones

We hypothesized that a large fraction of cells within the clonal populations would
have little or no viral RNA, possibly allowing them to survive and proliferate despite
infection. To understand the persistence of theatlpapulations of infected cells on ART
and, in the case of AMBI, their contribution to lowevel viremia during ART, we
performed CARBSGS and used the data to estimate the fraction of PBMC with detectable
levels of viral RNA in the three different cgtaies of clones/probable clones. We also
used CARDSGS to determine the levels of-EdV RNA in single PBMC and in single
naive, CD2# memory (central or transitional memory [CTM]), and CB2idemory
(effector memory [EM]) cells for each of the clonal plapons.

For each clonal population, the fraction of infected PBMC witiiBa RNA and
the levels of calV RNA were calculated as described in Wiegand, e{1al) and are
shown in Figure’, Table 1, and Tabl2. CARD-SGS was performed exactly as described
in Wiegand et. al17)on 72 aliquots containing one million PBMC each. The assay begins
by aliquoting cells to laout 100200 proviruses per vial measured by single copy assay.
Viral RNA is extracted, and cDNA synthesized. Single cDNA molecules are PCR
amplified and sequenced. Sequences were phylogenetically analyzed using neighbor
joining (NJ) trees. The fraction thi HIV RNA was then calculated using the original
number of proviruses aliquotelttact clones had a median fraction of 2.3% (rangéa)
of infected PBMC with detectable levels ofldd/ RNA and a mean level of 2 (range 1
10) caHIV RNA molecules per RNAcontaining cell (Figur&, red bars). Defective clones
had a median fraction of 3.5%-{26) with caHIV RNA and a mean level of 1 (range 1
4) caHIV RNA molecule per RNAcontaining cell (Figur&, purple bars). The clones that

were not induced in VOA (nemduced probable clones) had a median fraction of 6.6%
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(1-65%) and a mean level of 2 (rangd@) caHIV RNA molecules per RNAcontaining
cell (Figure7, blue bars). Thus, no significant difference in the fractions or levels-of P6
PRRT caHIV RNA was obgrved between intact, defective, and the-matuced clones
(p=0.20 to 0.9lann Whitney).This result is consistent with a study by Pollack, et al.
(15) demonstrating that cells containing defectiveviruses can express HIV transcripts,
resulting in theecogniton and clearance by CD8+ T cedls vivo CaHIV RNA matching
13 of the 34 cell clones was detected in 250,050,000 sorted CTM and EM cells
(indicated in Figure). All ca-HIV RNA detectd in naive cells harbored drug resistance
mutations and, hence, did not match any of the WT cell clones. In total, the fraction of
naive, CTM, and EM cells with @dlV RNA was not different from the total PBMC (4%
of infected naive cells with ddlV RNA, 2% of CTM, and 9% of EM). However, infected
EM cells had a significantly higher fraction with-eddV RNA than infected CTM cells
(7.8x10'% Chi-sqg). nsistent withthe findings of otherg29), highe levels of caHIV
RNA were also observeth somesingle EM cellsbut the difference did not achieve
significance with our level of sampling (p=0.1 Krusk#hllis).

Despite the AMBI1 ¢l oneds being the source of
individual (2), only a small fraction of cells (2.3%wvithin the AMBI-1 clone contained ea
HIV RNA, strongly suggesting that clonal populations persist because the vast majority of
the daughter cells at each division produce little or no HIV RN#ese data demonstrate
that all the cells within a clone am®t uniformly producing HIV RNAand suggest that
epigenetic factors may affect HIV transcription. These results also suggest that the
production of infectious virus by a small fraction of the cells in the clonal populations that

carry intact proviruses ikkely to be the source of rapid rebound viremia when ART is
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interrupted. Likewise, only a small fraction of the clonal cell siblings appear to be the
source of viral outgrowth in the VOA: aboBit6% of the AMBI-1 infected CD4+ T cells
produced infectiousirus in the quantitative VOA2). Sirce it is improbable that the small
numbers of unspliced viral RNA copies detected per cell are sufficient to support infectious
virus production, it is likely that a much smaller fraction of cells with intact proviruses are
actually producing virions at grone timein vivo. Taken together, these data support that
only a small fraction of probable proviral clones are actively being transcribed, independent
of intactness or outgrowth potential. Conversely, about 90% or more of the infected cells
within clonally expanded populations contain little or no detectable unspliced viral RNA
at a given point in time, allowing these cells to proliferate and survive for years, even

though they may contain fully intact, infectiopiviruses.
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Table 1.Fractionof proviruses expressing-t#V RNA and levels of expression in
single cells

Fracti oax pif e

Mean nu
cell s

Medi an fr

Popul ation <cell s exgE-H?aevsR(# of celidd \
HI'V RNA | Ceplls (RNA molecule
any #HIloV RM.
Clones wi't
_ a 2.3% 18f 2.31Qq) 0/ 35
proviruses
Clones wit 3.5% f0O0¢ 1.34)( 1 0/ 22
proviruses
No-nnduced 0
(N=26) 6.6% 64.83 2.014)1 0/ 277
Cel |l s -HMiM h
RNA debtect >2. 2% 1. 565)1 9/ 784
DNA detect
Cell s with <1 7% 0 0/ 72

detected b
HI'V RNA de
%Excluding DROG, which may reflect spreading infection
®Including both wildtype and drug resistant pagiidns
“All 9 high expressing cells were found in the drug resigtaptlation
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Table 2. Fraction of cells in clones and probable clones that contain unspli¢éi ;aNA

. Average
Number c_Jf infected numbe? of _
Clone cells with HIV RNA Number of cells W_|th _the # of
Type Clone ID RNA/total cells molecules per RNA molecules indicated
analyzed foeach expressing (# of RNA molecules)
clone (%)
cell
12(1), 5(2), 6(3), 2(4), 1(5),
1 (AIZ/IBI—l) 28/1199 (2.3%) 2.5 1(6), 1(10)
Intact 2 (WT
Clones Outgrowth1) 2471 (1.2%) 1 2(1)
3 (WT 5/57 (8.8%) 1.6 3(1), 1(2), 13)
Outgrowth2) ' ' ' ’
4 1/114 (0.9%) 1 1(1)
. 5 4/288 (1.8%) 1.3 3(1), 1(2)
Dgrgrfte";e 6 2/57 (3.5%) 1 2(1)
7 11/171 (6.4%) 1.5 8(1), 1(2), 1(3), 1(4)
8 4/57 (7.0%) 1.3 3(1), 1(2)
9 3/228 (1.3%) 1 3(2)
10 1/57 (1.8%) 1 1(1)
11 1/57 (1.8%) 1 1(1)
12 2/114 (1.8%) 6 1(1), 1(11)
13 1/57 (1.8%) 1 1(1)
14 1/57 (1.8%) 1 1(1)
15 1/57 (1.8%) 1 1(1)
16 10/343 (2.9%) 1 10(1)
17 5/171 (2.9%) 1 5(1)
18 2/57 (3.5%) 1 2(2)
19 2/57 (3.5%) 1 2(1)
20 2/57 (3.5%) 1 2(1)
21 7/114 (6.1%) 1.2 5(1), 2(2)
Nor+ 22 4/57 (7.0%) 1 4(1)
Induced 23 17/228 (7.5%) 1.3 14(1), 1(2), 2(3)
Clones 24 23/286 (8.0%) 1.6 14(1), 5(2), 3(3), 1(4)
25 13/114 (11.4%) 1.5 8(1), 3(2), 2(3)
26 14/114 (12.3%) 1.6 10(1), 1(2), 2(3), 1(4)
27 19/114 (16.7%) 1.1 18(1), 1(2)
15(1), 11(2), 4(3), 3(4), 1(5),
28 38/228 (16.7%) 2.8 1(6), 1(7), 1(9), 1(10)
29 10/57 (17.5%) 1.3 8(2), 1(2), 1(3)
30 11/57 (19.3%) 1.5 7(1), 3(2), 1(3)
31 13/57 (22.8%) 1.2 12(1), 1(3)
32 19/57 (33.3%) 2.2 12(1), 3(2), 2(3), 1(8), 1(9)
33 20/57 (35.1%) 1.9 12(1), 4(2), 1(3), 2(4), 1(6)
11(1), 3(2), 4(3), 7(4), 6(5),
34 37/57 (64.9%) 3.9 1(6), 1(7), 1(8), 1(9), 1(11),

1(16)
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Sources of Drug Resistant Plasma Virus During ART

To ceorngp the DR variants i n t hpel gosma, rvad
constructed 4 NJ tarlele DRFipgruorvei r al seqgquences
variants (circles) and identified the mut e

Uni viery HI V Dr ug Rretstipd:a/n/ctei vipdalt .dasdtassinEDVR r ¢ a e
RNA sequences with matching 8BIgvuabNA )ar(daiaslc
|l ater). As aln Fihgeur®R vir al DNA sequences |
t WeT sequences, Iimplying a common evolution

of the treat menBA) .ntllrmaousptt ialnls t(hFea gluR ep | asr

four |l i nked mutations in RT (L74YV, K103N,
resi stance to each drug in the contemporane
vari anttrsr,eeonihad all four of 8hesEhils nklesle D¥
suggests that, per haps, as many aki®@ %aof

significant contribution to the plasma vir
the 15 plasma DR viral RNA sequences bel oncg

mut ations. Of the two sequenceset hatd &idl 03N

and the other had K103N |Iinked to V108I an
l inked DR mutations in only three out of a
the sample was taken, | ensesr et hhahre 2% kefl yt e
replicating DR plasma virus.

Thefractionof cells with detectable eldlV RNA in the WT versus DR populations
is compared in Table 2. At the timepoint analyzed, an average of 4.7% of cells infected

with WT proviruses had edHIV RNA while 17.2% of cells with DR proviruses had-ca
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HIV RNA (p=3x10%*Mann-Whitney te$). Of the cells that carried proviruses that had the
four DR mutations, 11.0% had-¢HV RNA (detected by either DNA with matching-ca

RNA as shown in Figur8 or detected as only ddlV RNA in single cells (not shown in
Figure 8 but included in sequences submitted@enBank[MK 1 4 8-MK1L 5 2]% 8 5
These results are consistent with our hypothesis that, despite ongoing viral replication of
at least some of the DR variants, the majoritycells that carried th®R proviruses
contaired little or no viral RNAand, again, thabnly a small fraction of infected cells
contribute to plasma viremia at a given tifagure8 shows the DR c#llV RNA variants

for which we detected the matching piroges among the 30 that were sequenced. Eleven
percent of the DR proviruses with-eEdV RNA had all four of the DR mutations discussed
previously, suggesting that some of these proviruses may be in newly infected cells and

may becontributing to the DR Ipsma virus.
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Table 3. Mean fraction of infected cells containing-kEdy RNA and levels of caHlV
RNA in single cells: Wildtype vs. Drug Resistant populations

Mean

High-expressing

. cells
Population Mean number of (# of cells with
i p p p
(#1<-)¥Ft):eells ferfg:g)sr;i?lfg | ; Caf:lg:)\i/ezli\lnA I b >20 caHIV RNA I y
. value . valué  molecules/# cells Value
assayed) proviruses single cells ith ¢
(range) with any # of ca
HIV RNA)
Cells with WT
proviruses 4.7% 1.6 (:16) 0/820
(N=820)
-14 -4 -5
_ 3x10 2x10 4x10
Cells with DR
proviruses 17.2% 2.2 (1:65) 9/324
(N=324)
Cells with all 4
DR mute;tlons 11.0% 2.6 (1:65) 5/116
(N=116)

aSubset ofall DR proviruses that have linked L74V, K103N, V108l, M184V

® MannWhitney test
¢ 2-tail Fisher Exact test

28



Comparison of High Expressing Cells Within Wildtype and Drug Resistant
Populations

We also compared the distribution oflddY RNA levels in singg infected cells
for the WT (N=820) and DR (N=324) variants (TaB|eTable4, andFigure9). The cells
with WT variants had levels of ¢dlV RNA ranging from 1 to 16 copies/single PBMC
with caHIV RNA (mean=1.6), whereas the DR population had levelsingngom 1 to
65 copies/single PBMC with ddlV RNA (mean=2.2) (p=2x1¢) (Table3). Cells with
greater than 20 edllV RNA copies, were observed more frequently in the DR variants (0
cells in WT, 9 cells in DR, Table 1) (Tak®e Figure9). One example ad cell with high
levels of caRNA is shown in the NJ tree in Figu8gpink squares, indicated with a black
arrow). Five of the 9 cells with high levels of viral RNA contained proviruses with all four
linked DR mutations. It is likely that some or all bése cells are producing virus and may,
therefore, be sholived and, hence, rarely detected. The remaininggi-expressing
proviruses contained the following DR mutatiohyK103N, V108I, M184V, H221Y, 2)
K103N, V108I, M184V, V90J 3) K103N, V108I, M184V, V90I, M461, and 4)K103N,
M184V, D67N. This hypothesis is consistent with a higher frequency of high expressing

cells detected in the mubBR population vs. WT.
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Table 4. Levels of unspliced chllV RNA in cells with proviruses containing major drug
resistance mutations

Average ni

Drug Resi st RNA mol ect Number of <cel

| D cel | mol ecul es)
1 (Drug R 3 2 25(1), 7(2)yJa12
Outgr owt ' 1(36)
2 1.7 22(1), 6(2),
3 5.3 3(1Y 24)
4 1 501
5 1 4 (1)
6 1 4 (1)
7 1 2(1)
8 1 1(1)
2Bold indicates a higlexpressing cell (>20 edlV RNA molecules per cell).
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