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ABSTRACT 19	

 20	

CRISPR/Cas9 gene editing has the potential to revolutionize the clinical management of HIV-1 21	

infection, and may eliminate the need for antiretroviral therapy (ART).  Current gene therapies 22	

attempt to either excise HIV-1 provirus or target HIV-1 entry receptors to prevent infection of 23	

new cells.  Using a viral dynamic model, we determined that combining these two interventions, 24	

in the presence or absence of ART, significantly lowers the gene editing efficacy thresholds 25	

required to achieve an HIV-1 cure.  To implement this dual-targeting approach, we engineered a 26	

single lentiviral vector that simultaneously targets multiple highly-conserved regions of the 27	

provirus and the host CXCR4 coreceptor, and developed a novel coculture system enabling 28	

real-time monitoring of latent infection, viral reactivation, and infection of new target 29	

cells.  Simultaneous dual-targeting depleted HIV-1-infected cells with significantly greater 30	

potency than vectors targeting either virus or host independently, highlighting its potential as an 31	

HIV-1 cure strategy. 32	

  33	
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INTRODUCTION 34	

Antiretroviral therapy (ART) has been successful in suppressing HIV-1 replication in infected 35	

individuals, reducing virus-associated mortality and morbidity1.  However, viral eradication 36	

cannot be achieved with ART due to the persistence of a reservoir of latently infected cells that 37	

harbor replication-competent virus2,3.  Therefore, multiple therapeutic approaches are now 38	

focused on either preventing or delaying viral rebound following treatment interruption, resulting 39	

in a functional cure that would be characterized by a long-term remission period.  Current 40	

strategies include immunotherapy and vaccination to prevent latent reactivation or to reduce 41	

viremia following reactivation4,5, reactivation of latent provirus, also known as the shock and kill 42	

approach6, and gene therapy to either target the provirus directly or make cells refractory to 43	

HIV-1 infection7-19.   44	

 CRISPR/Cas9 gene-editing technology has given rise to the hope of achieving a 45	

functional cure through gene therapy.  Multiple pre-clinical studies have already demonstrated 46	

the potential of using CRISPR/Cas9 to directly excise/disrupt the HIV-1 provirus7-15, and to 47	

prevent the infection of new cells via knockout of HIV-1 co-receptors16-19.  However, achieving a 48	

functional cure through either of these strategies alone is not currently feasible.   49	

 HIV-1 cure through direct targeting of the provirus presents several challenges.  The first 50	

problem is the vast diversity of circulating HIV-1 strains within and among HIV-1-infected 51	

individuals, and the need to account for this diversity when identifying potential guide RNA 52	

(gRNA) target sites within the HIV-1 provirus.  The second problem arises from the observation 53	

that CRISPR/Cas9 gene editing of the provirus can lead to escape mutants via non-homologous 54	

end joining repair (NHEJ)20-24.  These two problems can, partially, be solved by targeting 55	

multiple conserved sites, since the occurrence of multiple mutations is less likely than the 56	

occurrence of one, and targeting more conservative regions of the provirus leads to a delay in 57	

the generation of escape variants24.  Unfortunately, this solution gives rise to a third problem: 58	

the requirement of efficiently delivering multiple gRNAs and a Cas9 enzyme into target cells in 59	
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vivo.  Lentiviral vectors are best suited to overcome this barrier due to their large cargo capacity 60	

and low antigenicity.  However, they suffer—as do all current in vivo gene delivery methods—61	

from the inability to achieve adequate transduction efficiency.  This problem is amplified by the 62	

inference that 99.9% of infected cells would need to be successfully edited in order to effectively 63	

curb the latent reservoir25. 64	

 Alternatively, rendering cells refractory to HIV-1 infection via CCR5 or CXCR4 editing 65	

benefits from an ex vivo approach, but is still not devoid of obstacles.  First and foremost, is the 66	

requirement that >88% of cells need to be made refractory to infection in order to prevent viral 67	

propagation, though lower efficiency may still be beneficial25.  Additionally, this approach 68	

completely ignores the population genetics of latent virus, leaving open the possibility for the 69	

virus to reactivate and use alternative co-receptors to enter target cells and initiate expansion. 70	

 Despite these challenges, achieving long-term remission, and thus a functional cure, is 71	

attainable, and the blueprint to accomplish this can be found in the case studies of both the 72	

Berlin and London patients26-28.  In receiving bone marrow transplants from CCR5-deficient 73	

donors, these patients were treated with a combined approach: First, transplant conditioning 74	

shrunk the latent reservoir by removing infected cells; and, second, the transplant itself replaced 75	

cells susceptible to infection with resistant cells.  Thus, targeting both provirus and co-receptor 76	

concomitantly constitutes a successful two-pronged approach that may lower the threshold of 77	

edited cells required to produce a long-term remission period within infected individuals. 78	

 Here, we report a proof of concept study demonstrating the use of CRISPR/Cas9 gene-79	

editing technology to simultaneously target HIV-1 provirus in latently infected cells, and render 80	

uninfected cells non-permissive to infection through co-receptor editing.  We use a dynamic 81	

mathematical model (see Methods) to simulate antiviral genome editing strategies targeting viral 82	

latency and host susceptibility, predicting that gene editing efficacies required to achieve long-83	

term remission are significantly reduced when these interventions are combined.  Importantly, 84	

the advantage of co-targeting is evident both when gene therapies are administered during 85	
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suppressive ART, and in the absence of ART when administered in the setting of viremia.  We 86	

then simultaneously target viral latency and host susceptibility using a single all-in-one lentiviral 87	

vector that expresses Staph. aureus Cas9 (SaCas9), two gRNAs targeting highly conserved 88	

regions of the HIV-1 genome, and a single gRNA targeting CXCR4.  By designing and 89	

implementing a novel in vitro co-culture assay, we demonstrate successful multiplex editing 90	

using our single lentiviral vector.  Further, we show that simultaneous CRISPR/Cas9 targeting of 91	

provirus and co-receptor results in significantly lower frequencies of infected cells as compared 92	

to strategies targeting either alone. 93	

 94	

RESULTS 95	

Mathematical modeling predicts co-targeting of latent provirus and co-receptor reduces 96	

the threshold efficacy required to achieve long-term remission 97	

The use of a bispecific CRISPR/Cas9 vector capable of simultaneously targeting latent provirus 98	

and co-receptor could both reduce virion production from infected cells, and the fraction of 99	

target cells susceptible to infection (Figure 1A-B).  To estimate the minimum efficacy required in 100	

this two-pronged approach to achieve a functional cure, we used a mathematical model of 101	

within-host HIV-1 infection and adapted parameters and variables from previous studies25,29-31.  102	

Using our model, we considered the case where gene therapy is administered during 103	

concomitant ART (Figure 1A, Scenario 1).  In accordance with previous reports25, our model 104	

estimates that these interventions in a mono-therapeutic setting would result in a functional cure 105	

only if provirus is targeted in >99% of infected cells, associated with ~88% reduction in virion 106	

production (Supplementary Figure 1E), or if the pool of susceptible cells was diminished by 107	

>88% (Figure 1C). 108	

 Our modeling suggests that a dual-targeting gene therapy strategy can achieve a 109	

functional cure at much lower efficacies.  For example, interventions which both reduce virion 110	

production and the susceptible cell population by 60% and 68%, respectively, are expected to 111	
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achieve indefinite, long-term remission (Figure 1C).  Targeting both infected cells and 112	

susceptible cells can lower the threshold efficiency required for durable control of infection and 113	

shift the threshold into a therapeutically accessible range (Figure 1D).  114	

 Using our viral dynamic model, we also consider what efficacy of gene therapy is required 115	

to achieve durable control in the complete absence of ART (Figure 1, Scenario 2; 116	

Supplementary Figure 1A).  Our model suggests that durable control can be achieved by a 117	

bispecific gene therapy in the complete absence of ART at similar threshold efficacies as in the 118	

presence of ART (Supplementary Figure 1D).  At gene therapy efficacies lower than the cure 119	

threshold, it is predicted that concomitant ART at the time of gene therapy administration can 120	

extend the expected duration of the post-treatment remission period, in proportion to ART 121	

efficacy (Supplementary Figure 1B).  Furthermore, a combination of gene editing and ART 122	

efficacy affects the transition time to suppress viral load below the clinical detection limit after 123	

the administration of the gene therapy intervention (Supplementary Figure 1C).  Our modeling of 124	

within-host viral dynamics in the context of this two-pronged gene therapy approach suggests 125	

that this combination strategy is a promising therapeutic intervention to achieve a functional 126	

cure both in the presence or absence of ART. 127	

 128	

Adapted HIV-1 vaccine immunogen design algorithm identifies highly-conserved gRNA 129	

target sites within the HIV-1 provirus 130	

In order to test this dual gene editing approach, we first wanted to identify gRNA target sites that 131	

are as conserved as possible among HIV-1 M-group subtypes.  We identified the most highly-132	

conserved SaCas9 gRNA target sites across the HIV-1 genome using the Los Alamos National 133	

Lab (LANL) HIV Sequence Database (http://www.hiv.lanl.gov/).  We interrogated the forward 134	

and reverse strands of full-length HIV-1 sequences obtained from 3,263 infected individuals, 135	

identified 400 gRNAs with the best potential for targeting HIV-1 provirus via SaCas9 based on 136	

retention of the PAM (NNGRR) sequence, and ranked the 21 base gRNA sequence preceding 137	
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the PAM sequence by matches to natural HIV-1 variants.  For a gRNA+PAM sequence to be 138	

considered a match, we required that the 10 bases proximal to the PAM sequence be a perfect 139	

match, and we allowed a single mismatch in the 11 most distal bases.  The 20 best candidates 140	

were considered for experimental evaluation.. 141	

 142	

High-throughput screening of candidate gRNAs targeting the provirus identified five 143	

gRNAs capable of editing HIV-1 provirus in latent cells 144	

In order to test the candidate gRNAs identified using our bioinformatic approach for their ability 145	

to edit the HIV-1 provirus, we utilized an in vitro high-throughput screening assay in J-Lat cells 146	

that contain a transcriptionally silent, but reactivatable HXB2 laboratory strain of HIV32 (Figure 147	

2A).  Individual candidate gRNAs were in vitro-transcribed, and nucleofected into J-Lat cells 148	

stably expressing SaCas9.  48hrs post nucleofection, genomic DNA was isolated and the 149	

targeted proviral regions were evaluated via Sanger sequencing and Tracking of Indels by 150	

Decomposition (TIDE) analysis33.  20 candidate gRNAs were tested, and only five (E, I, F, J, 9) 151	

demonstrated the ability to edit the HIV-1 provirus within J-Lat cells (Figure 2B).  Two of these 152	

gRNA target sites are located in the gag gene, within the p24 coding region (I, F); one spans the 153	

beginning of the gag gene including the first 10 bases of the p17 coding region; one gRNA 154	

target site is located in the Primer Binding Site sequence within the non-coding region of the 155	

virus (J); and one is located in the U5 region of the 5ʹ LTR (9) (Figure 2C).  Additionally, these 156	

five gRNAs are all relatively conserved among HIV-1 M-group subtypes, and lack off-target sites 157	

within the human genome as determined by the off-target search tool, Cas-Offinder34 (Table 1).  158	

Overall, these five gRNA target sites represent ideal candidates for multiplex editing of HIV-1 M-159	

group subtypes. 160	

 161	

Proviral editing results in diminished virion production and progeny infectivity 162	

To accurately assess the ability of our gRNAs to edit HIV-1 provirus in latent cells, in vitro, and 163	
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the subsequent effects on viral replication, we generated an HIV-1 latency model capable of 164	

producing infectious virions.   We modified J-Lat cells to co-express HIV-1 HXB2 (CXCR4-165	

tropic) env via lentiviral transduction followed by puromycin selection.  The resulting J-Lats with 166	

Env provided in Trans (J-Lat-EnTr) cells constitutively express Env protein, and upon latency 167	

reversal are capable of producing single-round infectious virions with a GFP reporter in place of 168	

nef (Supplementary Figure 2A).  J-Lat-EnTr cells expressed Env at levels comparable to Jurkat 169	

cells infected with WT HIV-1 (Supplementary Figure 2B).  Additionally, GFP expression, before 170	

and after TNF-α stimulation, was comparable to that of the parental J-Lat cells (Supplementary 171	

Figure 2C).  Finally, to assess the infectivity of virions produced from TNF-α-stimulated J-Lat-172	

EnTr cells, viral supernatant was used to infect Jurkat cells in the presence or absence of the 173	

Integrase inhibitor, Raltegravir.  Infectivity, assessed 3-days post-infection via GFP expression, 174	

showed that the parental J-Lat cells did not produce any infectious virus, whereas the J-Lat-175	

EnTr cells produced virus capable of infecting Jurkat cells (Supplementary Figure 2D).  176	

Importantly, this infection could be blocked by Raltegravir, suggesting that GFP expression was 177	

produced via new infection as opposed to the possible contamination of GFP+ cells after TNF-α 178	

stimulation.  These data suggest that the J-Lat-EnTr cell line can be used to accurately assess 179	

editing efficiencies of our gRNAs, and the subsequent effects on viral replication. 180	

 Next, we wanted to assess the ability of these five gRNAs to edit latent provirus when 181	

expressed from a lentiviral vector.  Each individual gRNA was cloned into a novel lentiviral 182	

construct, pLenti-SaCas9-Neo, that is capable of simultaneously expressing SaCas9, a 183	

neomycin selection marker, and gRNA (Figure 3A).  Virus-like particles (VLPs) containing each 184	

gRNA were produced and used to transduce J-Lat-EnTr cells.  After neomycin selection, 185	

transduced cells were treated with TNF-α for 48hr, and subsequently assessed for editing 186	

efficiency via TIDE analysis, viral reactivation via J-Lat-EnTr GFP expression, virion production 187	

via p24 ELISA, and infectivity of progeny virus via target Jurkat GFP expression (Figure 3B).  188	

Editing efficiency was highest in cells transduced with gRNA I (72% Indels), followed by gRNA E 189	
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(51% Indels) and gRNA F (43% Indels), indicating that targeting of the HIV-1 gag gene was 190	

most efficient (Figure 3C).  Unfortunately, gRNA J (12% Indels) targeting the critical and 191	

extremely conserved PBS was associated with the lowest editing efficiency.  Across tested 192	

gRNAs, editing efficiency was not affected by TNF-α stimulation, suggesting that reactivation of 193	

the latent provirus had no effect on editing efficiency (Figure 3C).  As expected based on the 194	

absence of gRNAs targeting the viral LTR region, editing of the HIV-1 provirus by each gRNA 195	

had little to no effect on transcriptional reactivation as measured by GFP expression following 196	

TNF-α stimulation (Figure 3D).  However, proviral editing of the gag gene (gRNAs I, E, F) 197	

exerted significant effects on virion production following TNF-α stimulation as measured by p24 198	

ELISA of culture supernatants (Figure 3E).  gRNA I (P < 0.0001) reduced virion production to 199	

undetectable levels at the dilution measured (1:100,000), while gRNA E (P < 0.0001)  and 200	

gRNA F (P = 0.0038) reduced virion production by 4-fold and 2-fold, respectively, compared to 201	

cells transduced with SaCas9 alone.  gRNAs J and 9 had no effect on virion production.  Viral 202	

supernatant from TNF-α stimulated cells was used to infect Jurkat cells in culture, and infectivity 203	

was measured by GFP expression 72hrs post infection.  gRNAs targeting the gag gene had the 204	

most significant effect on progeny virus infectivity, with gRNAs I, E, and F reducing infection by 205	

8-fold (P =0.0002), 4-fold (P = 0.0005), and 2-fold (P = 0.0018), respectively (Figure 3F).  206	

gRNAs J (P = 0.0067) and 9 (P = 0.0047) were less effective but also reduced infectivity by 207	

statistically significant levels.  Overall, these data show that CRISPR/Cas9 targeting of the HIV-208	

1 gag gene is a highly effective means of reducing virion production and infectivity of new target 209	

cells, while the high sequence conservation of the targeted gag regions ensures efficacy across 210	

HIV-1 M-group strains.  211	

 212	

Co-targeting of latent provirus and CXCR4 reduces infection of new cells 213	

To target the provirus at multiple sites, in order to prevent the emergence of escape mutants, 214	

we next combined our four best gRNAs (E, F, I, 9) for multiplex expression from our pLenti-215	
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SaCas9-Neo vector.  This redundancy meant that 97% of the M group sequences matched at 216	

least one gRNA+PAM sequence, 74% matched at least 2, 39% matched 3, and 12% matched 217	

all 4, thus greatly enhancing the opportunity for editing diverse HIV-1 genomes at the population 218	

level and at the host quasispecies level relative to using any single gRNA (Supplementary 219	

Figure 3A).  220	

 First, we evaluated the use of different Pol III promoters for the expression of our gRNAs.  221	

Two separate lentiviral vectors were constructed: one with all four gRNAs being expressed from 222	

four separate human U6 promoters (hU6), and one with each gRNA being expressed from a 223	

distinct Pol III promoter (Supplementary Figure 4A).  For this vector, we utilized the hU6 224	

promoter, as well as the human H1 and 7SK promoters, and the murine U6 (mU6) promoter to 225	

drive expression of our four gRNAs targeting the HIV-1 provirus35.  Transduction of J-Lat cells 226	

revealed that the use of distinct promoters produced a greater frequency of indels as opposed 227	

to the use of four separate hU6 promoters (Supplementary Figure 4B).  Therefore, going 228	

forward, distinct Pol III promoters were used for multiplex expression of our gRNAs.   229	

 Next, we engineered a potential therapeutic CRISPR/Cas9 lentiviral vector that targets 230	

CXCR4 in uninfected target cells, rendering them non-permissive to HIV-1 infection, while 231	

simultaneously editing latent provirus in HIV-infected cells.  In order to target both provirus and 232	

CXCR4 simultaneously, while guarding against viral escape mutants, we chose to express HIV-233	

1 gRNAs I and F, along with a single gRNA targeting CXCR4 from pLenti-SaCas9-Neo (Figure 234	

4A).  gRNAs I and F had the greatest coverage potential, with 92% of HIV-1 sequences 235	

matching one of the two gRNAs, and 41% matching both (Supplementary Figure 3B).  To test 236	

the potential of our therapeutic vector, we developed a co-culture assay consisting of virus-237	

producing J-Lat-EnTr cells that express BFP (J-Lat-EnTr-BFP) in place of the nef ORF, and 238	

Jurkat target cells that constitutively express a GFP transgene from an EF1-α promoter (Jurkat-239	

GFP).  J-Lat-EnTr-BFP cells were generated from J-Lat-EnTr-GFP cells by creating a 194C > G 240	

and a 196T > C substitution using CRISPR-mediated homology-directed repair (HDR)36 241	
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(Supplementary Figure 5).  A 2:1 ratio of Jurkat-GFP:J-Lat-EnTr-BFP co-culture was transduced 242	

with our therapeutic lentiviral vector and selected via neomycin-resistance (Figure 4B).  243	

Neomycin selection generated a pure population of transduced cells and allowed for the 244	

unbiased comparison of editing efficiencies and their subsequent effects among the different 245	

cellular populations.  The transduced co-culture was then treated with a single dose of TNF-α 246	

for a period of 72hrs, during which time J-Lat-EnTr-BFP cells could produce single-round 247	

infectious virions capable of infecting Jurkat-GFP target cells with a readout of GFP/BFP 248	

double-positive cells being indicative of new infection events.  Assessment of indel frequency for 249	

the entire co-culture, prior to TNF-α stimulation, revealed that our therapeutic vector could 250	

induce editing efficiencies of 29% and 32% at proviral target sites I and F, respectively, while 251	

CXCR4 was edited at 17% efficiency (Figure 4C).  These editing efficiencies were lower than 252	

that of vectors targeting either provirus or CXCR4 alone.  The lower editing efficiency of CXCR4 253	

from our therapeutic vector resulted in a 35% loss of CXCR4 protein on the surface of Jurkat 254	

target cells compared to a 70% loss when targeting CXCR4 alone (Supplementary Figure 6A, 255	

B).  Additionally, targeting provirus alone resulted in a significantly greater loss of virion 256	

production than targeting provirus with our therapeutic vector with virion production reduced by 257	

85% and 78%, respectively (Supplementary Figure 6C, P = 0.0161).  Despite the lower editing 258	

efficiencies of provirus and CXCR4, and the resulting effects on virion production and CXCR4 259	

surface expression, the combination of targeting both using a single lentiviral vector resulted in 260	

a more substantial decrease in infected Jurkat target cells compared to targeting either alone 261	

(Figure 4D).  While targeting either provirus or CXCR4 alone resulted in greater than 50% 262	

reduction in Jurkat target cell infection, targeting both provirus and CXCR4 resulted in an 263	

additional 15% reduction in infected cells, a statistically significant increase in efficacy (Figure 264	

4E, P = 0.0004).  Based on our mathematical model, the efficacies achieved by our dual-265	

targeting vector are predicted to offer 513 days of drug-free remission in the absence of ART, 266	

and 591 days of remission following ART cessation, as compared to only a 9-day remission 267	
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period following ART cessation in the absence of any intervention.  These data recapitulate and 268	

reinforce the results of our viral dynamic model suggesting that targeting both HIV-1 provirus 269	

and co-receptor simultaneously in infected and susceptible cells results in greater protection 270	

against new infection events.   271	

 272	

DISCUSSION 273	

The rapid advancement of CRISPR/Cas9 technology has led to the development of potential 274	

anti-HIV-1 gene editing therapeutic approaches.  Thus far, these approaches have focused on 275	

targeting either the HIV-1 provirus or its co-receptors, CCR5 and CXCR4, with the majority of 276	

studies utilizing the Strep. pyogenes Cas9 (SpCas9) nuclease.  Alone, these therapeutic 277	

approaches require editing efficiencies not yet achievable, in vivo37,38.  However, deployed in a 278	

combinatorial approach, these two gene-editing strategies could potentially mimic the reduction 279	

in latent reservoir size (transplant conditioning) and the replacement of susceptible cells with 280	

resistant cells (CCR5-/- transplant) that resulted in the only documented cases of HIV-1 cure.  281	

Therefore, our aim was to advance this therapeutic strategy by utilizing CRISPR/Cas9 282	

technology to simultaneously edit latent provirus in infected cells and render uninfected cells 283	

refractory to infection.  Using a novel in vitro co-culture assay, and an all-in-one lentiviral vector 284	

that expresses multiple gRNAs and the SaCas9 nuclease, we report the first proof-of-concept 285	

study supporting the two-pronged targeting approach of simultaneously editing provirus in 286	

infected cells and co-receptor in uninfected cells.   287	

 Previous clinical studies aimed at either reducing latent reservoir size or rendering cells 288	

refractory to infection have shown promise that a functional cure is possible, but have ultimately 289	

failed39-42.  Reducing the reservoir size via a bone marrow transplant with uninfected CCR5+ 290	

(wildtype) donor cells afforded the “Boston patients” a brief remission period of 3-7 months 291	

before viral rebound.  However, the pre-transplant conditioning failed to adequately deplete the 292	

latent reservoir, and the use of CCR5+ donor provided target cells capable of supporting viral 293	
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rebound.  Likewise, adoptive transfer studies of ex vivo CCR5-edited CD4+ T cells and 294	

hematopoietic stem cells proved safe in patients, but failed to achieve a remission period due to 295	

low editing efficiency and inefficient engraftment37,38.  The failure of these single intervention 296	

approaches can be mitigated by a combinatorial approach.   297	

 Our mathematical modeling suggests that in order to achieve long-term remission, >88% 298	

of cells must be made co-receptor-deficient, or the latent reservoir must be reduced to <1% of 299	

its pre-intervention size.  These numbers are in accordance with previous mathematical 300	

models25.  However, previous studies have failed to adequately address the synergistic effect of 301	

combined interventions.  Based on the successful combinatorial approach used with the Berlin 302	

and London patients, we have calculated that long-term remission is achievable, in the 303	

presence or absence of ART, by reducing the latent reservoir to below 40% of its original size 304	

and making 68% of uninfected cells HIV-resistant.  305	

 We engineered an all-in-one lentiviral vector capable of expressing two gRNAs targeting 306	

HIV-1, a single gRNA targeting CXCR4, and the SaCas9 enzyme.  The use of SaCas9 instead 307	

of the more popular SpCas9 frees up ~1kb of space in the lentiviral vector and increases the 308	

packaging capacity for gRNAs.  The two HIV-1 gRNAs target highly conserved regions of the 309	

p24 capsid protein within the gag gene, and combined, are capable of targeting 92% of M-group 310	

subtypes.  Additionally, these two gRNAs share negligible sequence homology with the human 311	

genome.  This limits the potential for off-target editing associated with constitutive expression 312	

from lentiviral vectors, while allowing us to target multiple subtypes and guard against escape 313	

mutants.  Additionally, the expression of all three gRNAs from distinct Pol III promoters as 314	

opposed to using multiple U6 promoters likely reduced the potential of recombination resulting 315	

from multiple repeated promoters that can cause the deletion of one or multiple cassettes43.  316	

This strategy resulted in improved editing efficiencies.  This strategy could be further optimized 317	

and de-risked for clinical application by developing inducible Pol III promoters which restrict HIV-318	

1 gRNAs expression to HIV-1-infected cells44-47. 319	
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 We used a novel in vitro co-culture assay to show that our all-in-one lentiviral vector was 320	

capable of editing latent provirus in infected cells, and CXCR4 in uninfected cells.  Despite 321	

exhibiting lower editing efficiencies than the single-targeting approaches, this dual-targeting 322	

approach reduced infection within our co-culture assay more significantly than either single-323	

targeting approach.  Proviral editing resulted in a 78% reduction in virion production, while co-324	

receptor editing resulted in a 35% loss of surface expression on target cells.  Our in vitro editing 325	

of provirus and co-receptor via our all-in-one lentiviral vector approached but did not reach the 326	

thresholds of our mathematical modeling that would result in indefinite remission.  However, if 327	

achieved in vivo, these efficacies are predicted to offer 513 days of drug-free remission in the 328	

absence of ART, and 591 days of remission following ART cessation, as compared to only a 9-329	

day remission period following ART cessation in the absence of any intervention.  Further, 330	

subsequent rounds of gene therapy could be administered in order to reach the thresholds 331	

required to achieve indefinite remission.  Alternatively, this dual-targeting approach could be 332	

used in combination with other cure strategies.  Overall, these results underscore the potential 333	

of such a combinatorial approach in future therapeutic interventions.   334	

  In conclusion, this study presents the first proof-of-concept use of a bispecific gene 335	

editing approach to achieve a functional cure in HIV-1 infected individuals.  Our in silico and in 336	

vitro data present a strong case for the use of this approach in future therapeutic interventions 337	

and warrant further investigation in vivo.   338	

 339	

METHODS 340	

Model of dual gene therapy: targeting host cell susceptibility and virion production 341	

We model the effect of a dual-targeting gene therapy intervention which causes virion 342	

production in infected CD4+ cells to be reduced by a fraction, 𝑓!, and the susceptible pool of 343	

CD4+ cells to be reduced by a fraction, 𝑓".  We adopt a modified standard model of in host HIV-1 344	

infection dynamics from (25) using parameters and state variables described in (25, 29-31). 345	
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 346	

𝑑𝑇"

𝑑𝑡
= 𝜆(1 − 𝑓") − 𝛿#𝑇" − (1 − 𝜀)𝛽𝑉𝑇" 347	

𝑑𝑇$

𝑑𝑡
= 𝜆𝑓" − 𝛿#𝑇$ 348	

																																					
𝑑𝐼

𝑑𝑡
= (1 − 𝜀)𝛽𝑉𝑇" − 𝛿𝐼																																		[1] 349	

𝑑𝑉

𝑑𝑡
= (1 − 𝑓!)𝑝𝐼 − 𝑐𝑉 350	

 351	

Where 𝑇", 𝑇$, 𝐼, and 𝑉 are susceptible target cells, refractory (non-susceptible) target cells, 352	

infected cells, and free virus, respectively.  Parameters and initial conditions are consistent with 353	

the standard model of in host HIV-1 infection from (29) and (30).  Uninfected target cells are 354	

produced at rate 𝜆 and have a death rate 𝛿#.  Free virus is produced at rate 𝑝 and cleared at 355	

rate 𝑐. Susceptible cells are infected at rate 𝛽 and have a death rate of 𝛿.  The fraction of viral 356	

production in infected CD4+ cells reduced by antiretroviral therapy (ART) is defined as 𝜀.  357	

Assuming no intervention (𝑓! = 𝑓" = 0) and ART (𝜀 = 0), the reproductive number (𝑅%) for 358	

infected cells as described30 is: 359	

 360	

																																				𝑅% =
𝛽𝜆𝑝

𝛿#𝑐𝛿
																																	[2] 361	

 362	

Considering the case where gene therapy modulates the fraction of CD4+ cells susceptible to 363	

infection and/or virion production in infected cells, we can define the reproductive number after 364	

gene therapy (𝑅%8) as: 365	

 366	

																			𝑅%8 =
𝛽𝜆𝑝

𝛿#𝑐𝛿
(1 − 𝑓!)(1 − 𝑓") = 𝑅%(1 − 𝑓!)(1 − 𝑓")								[3] 367	
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 368	

Using reproductive number 𝑅% = 8 as previously estimated31, we can estimate the minimum 369	

efficiency of gene therapy needed to achieve a viral load at equilibrium of zero (durable control 370	

of viremia) as: 371	

 372	

𝑅%8 − 1 = 𝑅%(1 − 𝑓!)(1 − 𝑓") − 1 ≥ 0								[4] 373	

(1 − 𝑓!)(1 − 𝑓") ≥
1

8
	 374	

 375	

For gene therapy that reduces the fraction of susceptible CD4+ cells but does not affect virion 376	

production (𝑓! = 0), if >88% of target cells become refractory to infection, the model suggests 377	

that such intervention can lead to durable control, consistent with previous estimates25.  378	

However, with gene therapy that can both cause a reduction in the fraction of susceptible CD4+ 379	

cells and a reduction in viral production from infected cells, the threshold to achieve durable 380	

control is lowered.  For example, interventions that reduce viral production by 60% and the 381	

fraction of susceptible cells by 68% can still lead to durable control.  382	

 383	

To estimate the ART-free remission period after gene therapy, we use equation [1] to determine 384	

time 𝑡 after cessation of ART (𝜀 = 0) to reach clinically detectable viremia (𝑉(𝑡) > 50) for Figure 385	

1.  We assume ART is effective at suppressing all viral production during treatment (𝜀 = 1) and 386	

that gene therapy is administered during continuous ART.  𝑉(𝑡) is allowed to reach a steady 387	

state under ART prior to cessation of treatment.  If 𝑉(𝑡) < 50 for 100 years after cessation of 388	

ART, we consider the gene therapy to lead to durable control of viremia.  A modified method 389	

was used to measure remission period using gene therapy in the complete absence of ART 390	

treatment (𝜀 = 0).  The remission period in the complete absence of ART was considered as 391	
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the duration after administration of gene therapy with viremia below clinically detectable levels 392	

(𝑉(𝑡) < 50) for the analysis in Supplementary Figure 1.	393	

 394	

HIV-1 proviral gRNA target design 395	

To design conserved gRNAs for the Staph. aureus Cas9 (SaCas9), we specified a gRNA length 396	

of 21bp, followed by the PAM sequence: NNGRR. These designs were generated in 2017, 397	

using the HIV-1 Los Alamos database filtered full-length genome set which included one 398	

sequence per sampled individual, filtered for high quality complete sequences with minimal 399	

ambiguity codes.  The alignment included 3,263 sequences and was based on the global M 400	

group; we used the 2020 alignment that included 3,860 sequence to generate the coverage 401	

data in Table 1 and Supplementary Fig. 3A, B.  We made a reverse complement set as well, to 402	

increase the opportunity to identify conserved gRNAs.  We required that gRNAs did not have 403	

strings of four or more T’s (TTTT), as this might result in premature transcriptional termination of 404	

gRNAs from a Pol III promoter.  We favored guide RNAs with 40-60% GC content, and avoided 405	

long strings of the same nucleotide.  406	

 407	

SaCas9-gRNA plasmid construction 408	

pLenti-SaCas-Puro was constructed from the pSicoR-mCherry backbone.  The U6 promoter 409	

was replaced with a U6 promter-SaCas9 gRNA scaffold gBlock (Integrated DNA Technologies 410	

(IDT)) containing two BsmBI restriction sites downstream of the U6 promoter using the XbaI and 411	

XhoI restriction sites.  mCherry was replaced with SaCas9-P2A-Puro using NheI and EcoRI.  A 412	

unique BstBI restriction site was included between SaCas9 and the P2A sequence.  Lastly, 413	

bovine growth hormone and SV40 polyadenylation signals were cloned downstream of the 3’ 414	

LTR.  pLenti-SaCas9-Neo was created by replacing with the Puro(R) gene with a Neo(R) gene 415	

using the BstBI and EcoRI restriction sites.  Individual gRNAs were cloned into pLenti-SaCas9-416	

Neo utilizing the two BsmBI restriction sites.  For multiplex gRNA expression, promoters and 417	
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gRNAs were synthesized as gBlocks (IDT) and cloned into pLenti-SaCas9-Neo via Golden Gate 418	

assembly utilizing the two BsmBI restriction sites.   419	

 420	

High-throughput testing of candidate gRNAs targeting HIV-1 provirus 421	

J-Lat clone 11.1 cells (a kind gift from Eric Verdin) were transduced with pLenti-SaCas9-Puro 422	

and selected with 1ug/ml puromycin (Lifetech) to generate SaCas9 stably expressing J-Lats.  In 423	

vitro transcription was used to synthesize candidate gRNAs.  Primers were used to PCR amplify 424	

the SaCas9 gRNA scaffold from pLenti-SaCas9-Puro.  All forward primers included a T7 425	

promoter and individual gRNA target sequence upstream of the gRNA scaffold.  PCR amplicons 426	

were used as template for in vitro transcription via T7 polymerase (New England BioLabs 427	

(NEB)).  Transcribed gRNAs were treated with DNAse and purified using RNA Clean and 428	

Concentrator-100 (Zymo Research).  gRNAs were transfected into SaCas9 expressing J-Lat 429	

11.1s using the Amaxa 4D-Nucleofector X Unit (Lonza) and the Amaxa 4D-Nucleofector 430	

Protocol for Jurkat clone E6.1.   PCR amplicons corresponding to each gRNA target region 431	

were amplified from genomic DNA isolated from cells 48hr post transfection, and subjected to 432	

Sanger sequencing and subsequent TIDE analysis.   433	

 434	

Generation of J-Lat-EnTr and J-Lat-EnTr-BFP cell lines 435	

To generate J-Lat-EnTr cells, we PCR amplified HXB2 env from the pIIIenv3-1 plasmid (NIH 436	

AIDS Reagent Program cat. #289) and cloned it into the pLVX-EF1α-IRES-Puro lentiviral vector 437	

(Clontech cat. #631988).  J-Lat clone 11.1 cells were transduced with lentiviral particles 438	

produced from this plasmid and stable cell lines were generated using puromycin selection.  439	

 440	

To generate J-Lat-EnTr-BFP cells, we adapted a previously described method to convert GFP 441	

to BFP using CRISPR-Cas9 technology36.  The eGFP sequence from the parental J-Lat-EnTr 442	

cell line was modified using a CRISPR-Cas9 RNP (ribonucleoprotein) mediated HDR approach. 443	
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Synthetic crRNA targeting EGFP nucleotides responsible for eGFP fluorescence 444	

(5’CTCGTGACCACCCTGACCTA) and tracrRNA (IDT) were incubated at 37°C for 30 minutes 445	

to form an 80 μM guide RNA.  Guides were then incubated with an equal volume of 40μM Cas9-446	

NLS purified protein (UC QB3-Berkeley Macrolab) at 37°C for 15 minutes to form RNPs at 447	

20μM.  RNPs were then nucleofected into 106 J-Lat 11.1 using a Lonza 4D-Nucleofector along 448	

with 100pmole of single stranded DNA HDR control template (consisting of a 132bp scrambled 449	

sequence) or a BFP HDR template (Sequence 450	

:5’CTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGC 451	

CCACCCTCGTGACCACCCTGAGCCACGGGGTGCAGTGCTTCAGCCGCTACCCCGACCAC452	

ATGAAGCAGCACGACTTCTTCAAGTCCGCC 3’) (IDT).  Nucleofected cells were then put in 453	

culture for 48 hours, followed by a 24 hours TNF-α treatment (20ng/mL) to reactivate the 454	

provirus and get fluorescent reporter expression.  BFP+GFP-cells were then sorted by FACS 455	

using a Sony M900 cell sorter.  Sorted cells were maintained in culture for one week to let them 456	

go back to latency.  Latent cells (BFP-/GFP-) were then sorted and an aliquot was reactivated as 457	

previously described to evaluate the purity of the sorting and the ability of the provirus to 458	

reactivate following TNF-α treatment. 459	

 460	

Cell treatment 461	

Non-transduced J-Lat and J-Lat-EnTr cells, and transduced J-Lat-EnTr cells were treated with 462	

20ng/ml TNF-α for 48hr.  Co-cultures of transduced J-Lat-EnTr-BFP and Jurkat-GFP 463	

(GenTarget Inc) were treated with 20ng/ml TNF-α for 72hr.  Jurkat cells infected with 464	

supernatant from TNF-α stimulated J-Lat and J-Lat-EnTr cells were treated with 30ug/ml 465	

Raltegravir (NIH AIDS Reagent Program) immediately following spinoculation.  Puromycin 466	

selection and neomycin selection was achieved at 1ug/ml and 5ug/ml, respectively. 467	

 468	

Virus production 469	
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All virus-like particles were generated in HEK293T cells via calcium phosphate transfection 470	

using packaging plasmids psPAX2 (Addgene #12260) and pMD2.G (Addgene #12259).  471	

Replication-competent HIV-1 NLENG-IRES-GFP (a kind gift from Warner Greene) was 472	

generated in HEK293T cells using calcium phosphate transfection.  VLP and HIV-1 supernatant 473	

was harvested 48hr post transfection and concentrated via ultracentrifugation.  Single-round 474	

replication-incompetent HIV-1 produced from J-Lat-EnTr cells was harvested 48hr post TNF-α 475	

treatment and concentrated via Lenti-X-Concentrator (Clontech).  J-Lat-EnTr-BFP cells co-476	

cultured with Jurkat-GFP cells produced single-round replication-incompetent HIV-1 produced 477	

via TNF-α treatment for 72hr.  All virus supernatant was quantified via p24 ELISA (Perkin 478	

Elmer). 479	

 480	

Cell infection and transduction 481	

All VLPs were used to transduce the various cell lines via spinoculation at a concentration of 482	

1ug of p24 per 1x106 cells.  Virus and cells were centrifuged at 2350 rpm and 37°C for 2hr in a 483	

volume of ≤100 ul before being returned to culture. pLenti-SaCas9-Puro was used to generate 484	

J-Lat cells stably expressing SaCas9, and pLenti-SaCas9-Neo was used for all other 485	

CRISPR/Cas9 experiments.  HIV-1 NLENG-1-IRES-GFP was used to infect Jurkat cells via 486	

spinoculation at a concentration of 100 ng of p24 per 1x106 cells.  Virus produced from non-487	

transduced and transduced J-Lat-EnTr cells treated with TNF-α were used to infect Jurkat cells 488	

via spinoculation at a volume of 100ul per 5x105 cells.  Virus produced from transduced J-Lat-489	

EnTr-BFP treated with TNF-α were allowed to infect Jurkat-GFP cells for 72hr without 490	

concentrating the virus. 491	

 492	

Flow cytometry 493	

Non-transduced J-Lat and J-Lat-EnTr cells were assessed for GFP expression 24hr post TNF-α 494	

treatment.  Jurkat cells infected with HIV-1 NLENG-1-IRES-GFP were assessed for GFP 495	
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expression 48hr post infection.  Transduced J-Lat-EnTr cells were assessed for GFP expression 496	

24hr post TNF-α treatment.  Jurkat cells infected with supernatant from TNF-α treated J-Lat-497	

EnTr cells and Jurkats infected with HIV-1 were assessed for GFP expression 72hr post 498	

infection.  J-Lat-EnTr-BFP and Jurkat-GFP co-cultures were assessed for GFP, BFP, and 499	

CXCR4 surface expression 72hr post TNF-α treatment by staining in FACS buffer (phosphate 500	

buffered saline supplemented with 2 mM EDTA and 2% FBS) with α-CXCR4-APC 501	

(eBiosciences).  All cells were fixed in 1% paraformaldehyde prior flow cytometry.  All data were 502	

collected on a FACS LSRII (BD Biosciences), and analyses were performed with FlowJo 503	

software (TreeStar). 504	

 505	

Western Blot Protein Analysis 506	

Uninfected and HIV-1-infected Jurkat cells, along with untreated and TNF-α treated J-Lat and J-507	

Lat-EnTr cells were lysed in radioimmunoprecipitation assay buffer (150 mm NaCl, 1% Nonidet 508	

P-40 (vol/vol), 0.5% AB-deoxycholate (vol/vol), 0.1% sodium dodecyl sulfate (SDS) (vol/vol), 50 509	

mm Tris-HCl (pH 8), 1 mm DTT, and EDTA-free Protease Inhibitor (Calbiochem). Cell lysates 510	

were used for SDS-polyacrylamide gel electrophoresis (SDS-PAGE) immunoblotting analysis. 511	

The primary antibodies used were mouse monoclonal α-HIV-1 IIIB gp160 (NIH AIDS Reagent 512	

Program #1209) at 1:100; mouse monoclonal α-HIV p24 AG3.0 (NIH AIDS Reagent Program 513	

#4121) at 1:100; and mouse monoclonal α-GAPDH (Abcam ab8245) at 1:1000. 514	

 515	

Statistical Analysis 516	

The data were analyzed using GraphPad Prism 7.0 software (La Jolla, CA) and presented as 517	

the standard deviation (SD) of three independent experiments.  One-way ANOVA and 518	

Bonferroni’s post-hoc tests where used for multiple comparisons and unpaired t-test were used 519	

for comparisons between two groups as indicated.  Significant differences were determined at 520	

P < 0.05. 521	
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FIGURE LEGENDS 659	

Figure 1.  Computational predictions of within-host HIV-1 dynamics for gene therapy co-660	

targeting host susceptibility and viral production.  (A) HIV-1 gene therapy administration 661	

frameworks. Scenario1: If gene therapy interventions are administered during continuous 662	

antiretroviral therapy (ART), we define the remission period as the duration of time post-663	

cessation of ART with viral load below clinically detectable levels 𝑉(𝑡) ≤ 50.  Scenario 2: If gene 664	

therapy is administered in the absence of ART, we define the remission period as the duration 665	

after gene therapy with viral load below clinically detectable levels.  (B) Co-targeting gene 666	

therapy strategy. Using a modified standard model of in-host HIV-1 dynamics (see Methods), 667	

we model gene therapy targeting host susceptibility as a reduced fraction 𝑓" of CD4+ cells 668	

susceptible to infection and gene therapy targeting viral production as a percent reduction 𝑓! in 669	

virion production from infected CD4+ cells.  (C) ART-free remission period with co-targeting 670	

gene therapy.  Co-targeting gene therapies reduce the threshold efficacy of gene therapy 671	

needed to achieve durable control (>100 years remission) relative to single-targeting therapies.  672	

The ART-free remission period is shown for Scenario 1.  (D) Lower threshold for functional cure 673	

with co-targeting gene therapy strategy.  Co-targeting therapies shift the threshold needed to 674	

achieve a functional cure.  The ART-free remission period is shown for Scenario 1. 675	

 676	

Figure 2.  High-throughput screening of candidate HIV-1 gRNA target sites.  (A) Workflow 677	

schematic of high-throughput testing of candidate HIV-1 gRNAs. In vitro-transcribed gRNAs 678	

were nucleofected into J-Lat cells stably-expressing SaCas9 and assessed for indels 48hr post-679	

transfection.  (B) Indel frequency of the five gRNAs capable of inducing SaCas9-mediated 680	

cleavage of latent provirus as measured by Sanger sequencing and TIDE analysis.  (C) 681	

Schematic representation of the location of the five gRNAs capable of inducing indels within the 682	

latent provirus.   683	

 684	



	 29	

Table 1.  Characterization of HIV-1 gRNA target sites.  gRNA sequence, location, HXB2 685	

position start and finish, level of conservation among HIV-1 M-group subtypes (using an 686	

updated alignment from the 2020 HIV-1 database, that included 3,860 full length genomes), and 687	

the closest off-target sites are given.  Exact match conservation corresponds to a perfect match 688	

with the entire 21 bp gRNA target site and the PAM site.  One mismatch allows for a 1 bp 689	

mismatch to occur in the distal region (PAM-distal 11 nucleotides, bases in black lettering), but 690	

requires a perfect match in the 10 bases proximal to the PAM site (green lettering), and that the 691	

PAM motif be conserved.  Chromosome location, nucleotide mismatch, and insertions (DNA 692	

bulge) or deletions (RNA bulge) are given for closest human genome off-target sites.   693	

 694	

Figure 3.  Editing efficiency of highly conserved HIV-1 gRNAs and their effects on virus 695	

replication in J-Lat-EnTr cell line.  (A) Schematic of pLenti-SaCas9-Neo lentiviral vector used 696	

to express individual HV-1 gRNAs from the human U6 (hU6) promoter, and SaCas9 from an 697	

EF1-α promoter.  A neomycin-resistant gene is also expressed from the EF1-α promoter via a 698	

P2A cleavage sequence.  (B) Experimental workflow for assessing editing efficiency and the 699	

subsequent effects on viral replication.  J-Lat-EnTr cells were transduced with virus-like particles 700	

(VLPs) containing individual gRNAs, selected via neomycin-resistance, and assessed for indels.  701	

Transduced cells were then stimulated with TNF-α for 48hr, and GFP expression was assessed 702	

via FACS.  Supernatant was harvested, concentrated, and used to assess virion production via 703	

p24 ELISA.  Supernatant was used to infect Jurkat cells, and GFP expression of Jurkat cells 704	

was assessed 72hr post infection.  (C) Indel frequency of individual gRNAs +/- TNF-α treatment, 705	

and their effects on (D) transcriptional reactivation, (E) virion production, and (F) infectivity of 706	

progeny virus.  The assays were performed in triplicate and error bars represent SD.  Statistical 707	

significance was determined using unpaired t-tests, comparing each gRNA to Cas9 only control 708	

(**P < 0.01, ***P < 0.001, ****P < 0.0001, n.s. not significant). 709	

 710	
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Figure 4.  Targeting of latent provirus and CXCR4 in a co-culture assay.  (A) Schematic 711	

representation of pLenti-SaCas9-Neo lentiviral vector used to express two gRNAs targeting 712	

HIV-1 and one gRNA targeting CXCR4.  (B) Workflow of co-culture assay.  Jurkat-GFP and J-713	

Lat-EnTr-BFP cells were co-cultured at a 2:1 ratio and transduced with pLent-SaCas9-Neo 714	

multiplex vector.  Transduced cells were then reactivated via TNF-α stimulation, and infectivity 715	

was assessed 72hr later via BFP+/GFP+ double-positive cells.  (C) Indel frequencies at each 716	

target site.  (D) Infectivity of Jurkat-GFP cells as assessed via GFP+/BFP+ double-positive cells 717	

pre and post TNF-α stimulation.  FACS plots are representative of three independent 718	

experiments.  (E) Quantified values for Jurkat-GFP cell infectivity from panel D.  Experiments 719	

were performed in triplicate and error bars represent SD.  Statistical significance was 720	

determined using One-way ANOVA and Bonferroni’s post-hoc tests for multiple comparisons, 721	

and unpaired t-test were used for comparisons between two groups (***P < 0.001, 722	

****P < 0.0001). 723	

 724	

Supplementary Figure 1.  Computational predictions of within-host HIV-1 dynamics for 725	

bispecific gene therapy in the absence of antiretroviral therapy.  (A) Gene therapy 726	

framework in the absence of antiretroviral therapy (ART).  Gene therapy is administered after 727	

infection in the absence of ART, leading to remission if gene therapy is sufficiently efficacious.  728	

Post-treatment transition time describes the duration between administration of the gene 729	

therapy and reduction in the viral load to below the detection limit.  A modified standard model 730	

of within-host HIV-1 dynamics is used to simulate this treatment strategy (see Methods).  (B) 731	

The effects of pre-treatment ART efficacy on remission period of gene therapy below cure 732	

threshold efficacy.  If the efficacy of gene therapy is below the cure threshold (ex. 70% reduction 733	

in cell susceptibility and a 30% decrease in virion production), the duration of the remission 734	

period is extended in proportion to ART efficacy.  (C) Post-treatment transition time to suppress 735	

viral load to below detection limit.  The efficacy of the bispecific gene therapy determines the 736	
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time required to achieve viral remission.  (D) Remission period with gene therapy in the absence 737	

of ART.  The duration of remission post-treatment with gene therapy of varying efficacies are 738	

shown.  When gene editing efficacy is low, viral load is not expected to drop below the detection 739	

limit and there is no remission period.  High efficacy gene editing is predicted to lead to durable 740	

control (>100 years remission).  (E) Relationship between viral burst size and number of 741	

infected cells.  The percent change in the number of infected cells is shown in relation to the 742	

reduction in viral burst size after gene therapy intervention (cell susceptibility is constant, 𝑓" =743	

0).  A reduction in viral burst size by >88%, the threshold to achieve durable control, 744	

corresponds to a >99.9% reduction in the number of infected cells post-treatment.  745	

 746	

Supplementary Figure 2.  Development and characterization of J-Lat-EnTr cell line.  (A) 747	

Generation of J-Lat-EnTr cell line.  Parental J-Lat cells were transduced with VLPs containing 748	

cDNA for HIV-1 HXB2 Env under the control of EF1-α, and selected via puromycin resistance.  749	

When treated with TNF-α, J-Lat-EnTr cells express GFP, and generate virions containing env 750	

protein, while parental J-Lat cells only express GFP.  Supernatant from J-Lat-EnTr cells can 751	

then be used to infect Jurkat cells, with a readout of GFP expression for infection.  (B) Protein 752	

expression of HIV-1 gp160 and p24 in unstimulated and TNF-α stimulated J-Lat and J-Lat-EnTr 753	

cells.  (C) GFP expression in unstimulated and TNF-α stimulated J-Lat and J-Lat-EnTr cells.  (D) 754	

Infection of Jurkat cells using supernatant from TNF-α stimulated J-Lat and J-Lat-EnTr cells +/- 755	

the integrase inhibitor, Raltegravir.  As a positive control, Jurkat cells were infected with WT 756	

HIV-1.  757	

 758	

Supplementary Figure 3.  HIV-1 M group sequence redundancy of coverage for 759	

multiplexed gRNAs expressed from pLenti-SaCas9-Neo vector.  (A) The enhanced 760	

sequence coverage for gRNA redundancy in the delivery of 4 gRNAs (E, F, I, and 9) from a 761	

single lentiviral vector.  (B) The enhanced sequence coverage for gRNA redundancy in the 762	
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delivery of the two best gRNAs (I and F) that were paired with the CXCR4 gRNA into a single 763	

lentiviral vector.  Redundancy of coverage is calculated based on the 1-mismatch-allowed 764	

criteria.  The percent M group coverage is written in white within each blue bar. 765	

 766	

Supplementary Figure 4.  Comparison of Pol III promoters for the expression of gRNAs in 767	

multiplex lentiviral vector.  (A) Schematic of pLenti-SaCas9-Neo vectors used to express 768	

multiple gRNAs using either four hU6 promoters or four distinct Pol III promoters.  (B) Indel 769	

frequency of individual gRNAs in J-Lat-EnTr cells when expressed from multiplex vectors.   770	

 771	

Supplementary Figure 5.  Generation of J-Lat-EnTr-BFP cell line using CRISPR/Cas9-772	

mediated HDR.  (A) Gene targeting strategy.  A donor template containing a 194C > G and a 773	

196T > C substitution was used to convert eGFP to BFP in J-Lat-EnTr cells.  (B) Sort strategy 774	

and subsequent culture of J-Lat-EnTr-BFP cells.  J-Lat-EnTr cells were transfected with gRNA-775	

Cas9 RNP and donor template.  BFP-positive cells were sorted 24hr post TNF-α treatment.  776	

Sorted cells were then returned to culture and gradually lost BFP expression over the course of 777	

10 days.  Subsequent stimulation with TNF-α revealed a pure J-Lat-EnTr-BFP population.   778	

 779	

Supplementary Figure 6.  Effects of multiplex editing on CXCR4 surface expression and 780	

virion production.  (A) CXCR4 surface expression on Jurkat-GFP target cells after SaCas9-781	

mediated CXCR4 editing.  FACS plots are representative of three independent experiments.  782	

(B) Quantified values for Jurkat-GFP surface expression of CXCR4 from panel A.  (C) Virion 783	

production from transduced J-Lat-EnTr-BFP cells in co-culture with Jurkat-GFP cells 72hr post 784	

TNF-α stimulation.  The assays were done in triplicate and error bars represent SD.  Statistical 785	

significance was determined using unpaired t-test (**P < 0.01). 786	

 787	
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