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Abstract

Gene editing can be used to overcome allo-recagnitinich otherwise limits allogeneic
T cell therapies. Initial proof-of-concept applicais have included generation of such
‘universal’ T cells expressing chimeric antigen egiors (CAR) against CD19 target
antigens combined with transient expression of Disfteting nucleases to disrupt the T
cell receptor alpha constant chain (TRAC). Whildatreely efficient, transgene
expression and editing effects were unlinked, weldiriable, and resulting T cell
populations heterogeneous, complicating dosingtegiies. We describe a self-
inactivating lentiviral ‘terminal’ vector platformcoupling CAR expression with
CRISPR/Cas9 effects through incorporation of anN§Relement into theAU3 3’ long
terminal repeat (LTR). Following reverse transaédptand duplication of the hybritlu3-
SgRNA, delivery of Cas9 mRNA resulted in targetd®lAC locus cleavage and allowed
the enrichment of highly homogenous (>96%) CAR+9%9 TCR- populations by
automated magnetic separation. Molecular analysesluding NGS, WGS and
Digenome-seq verified on-target specificity with ewgidence of predicted off-target
events. Robust anti-leukemic effects were demotestran humanized immunodeficient
mice and were sustained longer than by conventi@QfR+TCR+ T cells. Terminal-
TRAC (TT) CAR T cells offer the possibility of agmanufactured, non-HLA matched
CAR cell therapy and will be evaluated in phaseidls against B cell malignancies

shortly.



Introduction

T cells engineered to express recombinant antigenifsc receptors or chimeric antigen
receptors are in multi-phase trials, with some aaghes yielding compelling remission
effects against refractory leukentiaThe majority of subjects treated to date have
provided and received autologous T cells, but #uproach may not be best suited for
widespread cost-effective delivery of cellular tqgy. Gene editing offers the prospect of
addressing HLA- barriers and the development ofensal T cell therapies? Recently T
cells modified using transcription activator-likeéffeetor nucleases (TALENs) and
expressing chimeric antigen receptor (CAR) aga@Bx19 have been used to treat
refractory relapsed B cell acute lymphoblastic Emla (B-ALL) in infants’ These ‘off-
the-shelf’ cells were derived from a non-HLA matdh@onor and were disrupted for
CD52 expression to evade the depletion effects déméuzumab, and were
simultaneously modified at the T cell receptor (T/@pha chain constant (TRAC) region
and depleted of T cells expressing TégpRo reduce the risk of graft versus host disease
(GVHD).? Clinical trials are underway to assess the styatiegher in children and adults,
and key aspects determining dosing schedules detatearriage of residual TGR T
cells and proportion of cells expressing CAR19. Tdrener comprise <1% of the total
cell inoculum after TCRB magnetic bead depletion, but constitute a risk@¥HD and
are strictly capped to below 5X1T cells/kg® This in turn limits the total cell dose, and
because only a proportion of cells express CAR18 essult of batch-to-batch variation
in lentiviral transduction efficiency, the totallicdosing regimen differs between batches.
Similar issues arise for other gene editing platf®irelying on segregated DNA nuclease
delivery, whether by non-integrating viral delivenf Zinc Finger Nucleased or

megaTALs combined with non-viral delivefy.



We designed a self-inactivating (SIN)-lentiviralform that coupled transgene
expression with clustered regularly interspersedrtspalindromic repeats (CRISPR)
editing effects for efficient and homogenous T ceibdification (Figure 1A), and
demonstrated that this system is scalable and eamcbrporated into a largely automated
manufacturing process. CRISPR mediated effectsARI® modified T cells have been
reported previously. For example, Ren et al usetS€ER RNA electroporation to disrupt
endogenous TCR arfi-microglobulin (Bm) genes for disruption of MHC class | in T
cells transduced with a lentiviral CAR vector, lmditing and transgene effects were
unlinked® ° Other lentiviral configurations have incorporatedth CRISPR guide
sequences and Cas9 expression cassettes which degtagrated into the target cell
genome as a constituent of proviral vector DNAVhile suitable for pre-clinical studies,
constitutive expression of Cas9 would be problemathuman trials, not least because of
its bacterial origin and likely immunogenicity. lorder to overcome this issue, we
delivered capped, polyadenylated, uridine modifzat9 mRNA by electroporation to T
cells that had been transduced with our ‘termin@lSPR’ lentiviral configuration. Here,
CAR19 was expressed under the control of an intdroman promoter and CRISPR
guide sequences and associated H1/U6 promotersingamporated into the U3 region of
the 3’ long terminal repeat (LTR) sequence of thetor. Previous vector configurations
using these flanking regions have includegratroviral vector for expression of cDNA
cassettes’, and a lentiviral system encoding short hairpinARiNterference elements.
Modification of the LTR can impair retroviral tise but has a number of advantages,
including avoiding interference with internal proracs ** and duplication of sequences
cited in the U3 locus following reverse transcopti Here we adopt and refine this
approach for CRISPR delivery, anticipating guidelaiation and incorporation into the

5’ LTR during reverse transcription and vectoritietage of guide effects with transgene



expression. We demonstrate compliant scalabilitythe potential of the platform for the
generation of ‘universal’ human T cells on a claliscale. Potent anti-leukemic effects of
TCR depleted CAR19 T cells were demonstrated inuman:murine chimeric tumor
model. Multi-modal analysis confirmed highly efeait ‘on-target’ modifications with no

predicted or unpredicted ‘off-target’ events refmat.



Results

Design and construction of lentiviral terminal-TRAC (TT) guide RNA vectors
Incorporation of a Pol Ill promoter and single-ggiBRNA (sgRNA) sequence into the 3’
LTR of a U3 deleted third generation lentiviral te¢ generated a self-duplicating
CRISPR expression cassette (Figure 1B). A regianediately proximal to 3’ repeat (R)
regions was selected to preserve reverse transeriptediated duplication to the 5’ LTR,
resulting in a proviral form with both 5 and 3’afiking terminal CRISPR elements
(Figure 1C). For targeting of endogenous TCR exgioes a SQRNA sequence targeting
the TRAC locus (specificity score 94/¥80was placed under the control of the human
Pol 1ll promoter, U6, followed by a sgRNA sequespecific forSpyogenes Cas9, which
was delivered separately as mRNA by electroporafiogure 1D). The lentiviral vector
encoded a chimeric antigen receptor (CAR19) unbercdontrol of an internal human
PGK promoter. The concentrated vector titre of thesminal-TRAC’ configuration (TT-
hPGK-CAR19) was comparable to a conventional pCEGK-CAR19 vector
(1.6x10/ml v 1.5x16/ml) indicating that inclusion of the sgRNA casesiti the 3' LTR
was not detrimental to vector titre, and suppodechparable transduction efficiencies in
primary T cells. Unique primer pairs amplified bd&hand 5’ LTR regions in these cells
(Figure 2A) and yielded the expected 392bp 3’ Uactien product from the pCCL-
hPGK-CAR19 transduced cells compared to a largéb@®roduct from the TT-hPGK-
CAR19 transduced cells. A 742bp 5 PCR product datid duplication of the U6
promoter-sgRNA-scaffold sequences in contrast t878bp conventional duplication
product. Bands were extracted and sequences weribg Sanger sequencing.
Furthermore, quantitative RT-PCR found that guidéARexpression peaked between 24
and 72 hours after lentiviral transduction and ¢h&éier remained stable during

manufacture (Figure 2B).



Transient Cas9 mRNA delivery by electroporation toTerminal-TRAC T cells

Previous lentiviral configurations have incorpochtéas9 expression cassettes, but this
could promote immunogenicity and result in on-gosuission effects, risking toxicity.
Stabilized Cas9 mRNA (capped, polyadenylated, aiting modified) was delivered by
electroporation for transient effects in dividing CElls exposed to a single round of
transduction with TT-hPGK-CAR19 vector. An intervaf 3 days was found to be
optimal for TRAC disruption (Figure 2C). Cas9 pintevas detected by Western blot as a
160kDa protein band, with peak expression at 1Z2shafter mRNA electroporation and
clearance by 72 hours (Figure 2D). Titration of €atRNA mediated disruption of TCR
expression exhibited saturation above@ml (Figure 2E). Molecular signatures of non-
homologous end joining (NHEJ) at the TRAC locuseaveonfirmed by PCR sequencing
across the target locus and TIDE analysis of th2b@7TRAC amplicon (Figure 2F).
Crucially, almost all cells expressing CAR19 werurfd to have disrupted TCR

expression, indicating CRISPR-Cas9 effects wer@leolto transgene expression.

Scalability of Terminal-TRAC T cell production

A critical hurdle for CRISPR/Cas9 gene editing isalability and compliance for
therapeutic manufacturing. We adapted an automateckll lentiviral transduction
procedure using the CliniMacs Prodigy system to mam@ alongside conventional
cultures in G-Rex flasks, and activated 1%l@nphocytes from a thawed leukapheresis
harvest ahead of lentiviral transduction with TTGHRCAR19 vector at MOI 5 in the
closed system tubing set (Figure 3A and Figure Aftgr a further 72 hours, cells were
removed from the device and electroporated witrOGaRNA, after which the cells were

returned to the CliniMACS Prodigy and culture ovght at 30°C. After 11 days, CAR19



expression was 62% in CD45+CD2+ cells and TCR kootkn CD45+CD2+CAR19+
cells was 77% (Figure 3B). Further processing bygmetic bead mediated depletion of
residual TCRp cells yielded a highly purified population of T@Rpleted cells (>99%),
almost all (96.9%) of which were CAR19+ T cells hvd vector copy number (VCN) of
1.69 (Figure 3B). Disruption of the TRAC locus hetgenomic level was verified by
TIDE PCR (Figure 3C), which revealed NHEJ eventaround 80% with next generation
sequencing (NGS) detecting ‘on-target’ cleavagesat$f in 92% of sequence reads.
Overall, a final cell yield of 2.9xfOTT-CAR19+TCR- T cells was produced, almost 30x
the starting number, and sufficient to create theusic doses for over 20 average adult

subjects.

Terminal TRAC-CAR19+TCR- T cells efficiently target CD19+ cells in vitro

The cytolytic potential of TT-CAR19+TCR- cells wassessed by vitro cytotoxicity
against’'Cr loaded CD19+ or CD19- SupT1 target cells. Whermalized for CAR19+
cells, both TT-CAR19+TCR- cells and CAR19+TCR+ Tllxexhibited comparable
specific lysis of CD19+ Suptl targets after 4 hoafsco-culture, in contrast to non-
transduced CAR19-TCR+ control celR<0.0001) (Figure 3D). Specific lysis of another
CD19+ tumor line, Daudi, was also documented for RA8+TCR+ and TT-
CAR19+TCR- effectors and a 4-hour degranulatiorayasm this target cell line further
corroborated the cytotoxicity data with 57% of CARICR- and 53% of CAR19+TCR+
cells upregulating CD107a expression (Figure 3ialfy, a CBA assay recorded slightly
increased cytokine production of IFNTNF, IL-4 and IL-2 after 24 hours of co-culture
with CD19+ Suptl cells but not from CD19-Suptl €dlirther confirming target specific

effect (Figure 3F).



Characterisation of on- and off- target CRISPR effets.

Previously, we reported that T cells modified withcombination of TRAC and CD52
specific TALENS, exhibited translocation eventsatlwng the TRAC locus in around 4%
of 500 interphase spreads using a dual-colour bapakt FISH probe for the TRAD locus
(which incorporates the TRAC sife)For TT-CAR19+ T cells, no breakpoints were
identified within the sensitivity limits of the asgacross 350 interphase spreads in Cas9
treated and across 600 interphase spreads in eatedr cells (Figure 4A). Further
investigations compared these two populations uirge independent modalities, based
on WGS, targeted NGS and Digenome-seq. Predictethrget Indel modifications
captured by Digenome-seq had a score of 82.9%oloorated by targeted amplification
of the TRAC locus and analysis of >35,000 readsN®S which revealed an Indel
frequency of 92.3% versus 0.00% in non-edited d€ligure 4B-C, Table S1 and Figure
S2). In comparison, estimates by TIDE- PCR and 30&S had yielded lower
modification efficiencies of 79% and 54% respedtiveflecting less informed analysis
techniques and lower read depths. Comparing exaM9in silico predicted off-target
sites by WGS and NGS and across ten additional dmeiewith 14q translocation
phenomena known to be associated with T cell leik®riTAL1, LCK, REL, MYC,
NOTCH1, TLX1, THUMPD1, BCL11B, TCL1A, TCL1B), theravas no notable
differences between the modified and non-modifiachgles (Table S1). In addition,
Digenome-seq captured a further 12 off-target sésvhich 8 were distinct not having
been predictedn silico, with 3/12 showing DNA cleavage scores betwee631%%
(Figure 4C-D and Table S2). However, further NGSduhinterrogation of these 12 sites
in TT-CAR19+TCR- DNA did not detect genomic disngpt (Figure 4D and Table S2).

Wider, unbiased genomic variant calling using reaeguency-based significance



thresholding on WGS data, identified a comparahlenlver of SNVs, insertions and
deletions in both Cas9 treated and non-treated (eljure 4E).

Further analysis of ‘CRISPR-specific’ mutations tire WGS data, which considered
sequences proximal to PAM motifs, found 61% of Iedevere unique to TT-
CAR19+TCR- Cas9 treated samples compared to 39%hafges in non-treated cells
(Figure 4F). Similarly, translocation frequency wasnparable in both samples (Figure
4G), with 57% of structural unique variants detdcte Cas9 treated cells and 42% in
non-treated samples (Figure 4H). Additional filbgriof these sites identified 16 Cas9
treated and 14 non-treated changes as preciseahdnterestingly, one unpredicted site
appeared to have been the subject of unanticipatedification. Chr3:128630177-
128630178, encodingRkPN1 was found to have a 15% frameshift associated Indel
frequency (8/50 reads) compared to 0/33 contropéameads. This site was not identified
by Digenome-seq analysis, and further interrogatadnthe RPN1 locus by NGS
discounted these Indels, highlighting the limitaoof low depth sequencing and
emphasizing the need for multifaceted investigatidmportantly, at the cellular level, T
cell function was preserved and there was no ecelenh overt toxicity in the edited TT-

CAR19+TCR- product.

Terminal TRAC T cell anti-leukemic activity in vivo

A humanized murine model of leukemic clearance wsexl to assesn vivo function of
engineered CAR19 T cells. NSG mice inoculated Wer@usly with 5x19
CD19+EGFP+Luciferase+ Daudi cells were imaged &tdays, and then in groups of 8
animals, injected with either TT-CAR19+TCR-, CART®R+ or untransduced CAR19-
TCR+ effector cells. Serial bioluminescence imagives performed on days 7, 10 and

14, and half of the animals were then tracked fdurther 14-21 days (Figure 5A-B).

-10 -



There was rapid clearance of tumor in groups rewg@iCAR19+ T cells with negligible
signal by day 14, in contrast to mice receiving sramsduced T cells or PBS
(*** P<0.001) (Figure 5A). Interestingly, TT-CAR19+TCR=8) mediated clearance by
day 14 was superior compared to clearance in CARC®# T cells injected mice (n=8)
(*P<0.05) based on bioluminescence quantificationyfe$pC). Flow cytometric analysis
was undertaken for GFP+ Daudi cells and CD45+CD#ecwr T cell populations
harvested from bone marrow of TT-CAR19+TCR- (n=4/6AR19+TCR+ (n=5/8),
CAR19-TCR+ (n=5/8) and PBS (n=3/3) injected mice; @ay 14, less than 0.01%
(0.009% £0.006%) of total marrow harvested fromgldmones of TT-CAR19+TCR- and
<0.007% +0.002% of CAR19+TCR+ injected mice expedsSFP Daudi cells indicating
a highly significant (>45-fold) reduction comparedthe 0.416% +0.301% P<0.05) and
0.336% *0.246% tumor content detected in the marcdwCAR19-TCR+ and PBS
control animals respectively (Figure 5E).

By day 28, the remaining control CAR19-TCR+ animfadsl exhibited a further 125-fold
increase in tumor burden and the mice were cufiegkaling a low T cell to tumor ratio
on flow analysis, despite a significant expansibb45+CD2+ T cells in the final two
weeks. The remaining treatment groups were momitaretii day 34 (Figure 5A).
Radiance increased in the CAR19+TCR+ group butthet TT-CAR19+TCR- group
(Figure 5C) during this period with bioluminescersignal appearing to localize in the
bone marrow. This finding was supported by flowoeyetry data which showed GFP+
Daudi cells in marrow had increased six fold in tBAR19+TCR+ group (P<0.05)
(Figure 5D-E). Interestingly, on further analysmie found evidence of antigen escape
with clearly demarcated populations of CD20+ GFPaud cells that had lost CD19+

expression in all three animals (Figure 5F).
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The TT-CAR19+TCR- group exhibited the highest levet CAR19+ T cells at both 2
and 5 weeks and had the lowest tumor burden (Figie retaining the highest T
cell:tumor ratio throughout. In contrast, median KI® percentage was 34.5% (32.3-
53.6) in CAR19+TCR+ treated mice at 2 weeks ansl thse to 92.9% (47.4-93.9) by 5
weeks consistent with notable expansion of transdlypopulations. The intensity of
CAR19 expression on flow cytometry was higher i TCR- animals than TCR+, but the
difference was not-significant. Interestingly, fTh€ R+ mice exhibited high levels (84.5%
(55.6-89.8)) of the exhaustion marker PD-1 on Tscebmpared to 15.1% (8.2-20.4) at
two weeks (Figure 5G). This was also documentedidn-transduced CAR19-TCR+
controls where PD1 levels of 48.6% (37.6-49.9) ate®ks and 83.5% (34.9-99.1) at 4
weeks had been observed in predominantly CD4+ lsot @D8+ T cells. Of note, TT-
CAR19+TCR- effectors had the least exhausted plgpeavith the lowest levels of PD1
expression of 6.8% (5.51-13.1) and 24.8% (16.0)5&Moth 2 and 5 week time points,

respectively.

Discussion

There is accumulating evidence for the efficacyl afells engineered to express chimeric
antigen receptors (CARSs) against leukemia antigeich as CD19 in the management of
relapsed B cell malignanciésAs well as autologous T cells, HLA-matched allogjerl
cells from hematopoietic stem cell donors have hessa and recently non-HLA matched
‘universal’ CAR-T cells have entered clinical phassessmentsThese cells were edited
using TALENSs to disrupt the TRAC locus to preverWHD and at the CD52 locus to

confer resistance to the lymphodepleting antibodgm&uzumab. The maodification
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process employed a multiplex approach, deliveriiRNA encoding two highly specific
TALEN pairs by electroporation which conferred higaquency allele modification but
was also associated with predicted and unpredittetslocation events of unknown
significance. In the case of the TRAC locus, in bgells allelic exclusion operates to
ensure that only a single TGRconfiguration is expressed, and therefore NHEJiated
disruption of the active allele is theoreticallyffstient to disrupt cell surface TG
expression. Downstream processing using CliniMaCRop magnetic bead depletion
ensures removal of residual T@R cells and readily yields highly purified (>99%)
TCRop T cells. However, shortcomings of current TALENséd approaches includes
variable lentiviral transduction efficiencies beemebatches, and in the absence of an
enrichment strategy to ensure all cells are CAR&riations in total cell dosing required
to achieve a particular CAR19 dose. In turn, thteltd cell dose is a critical parameter
that is determined, and limited by, the absolutelber of residual TCép cells that might
be adoptively transferred as part of the total defle. Under existing approaches, B8R
cells may be CARI9or CAR19, but by coupling gene-editing effects to CAR19
expression, the TT-CAR19 configuration vyields hyghburified T cells that are
CAR19'TCRof". This system has a number of advantages:- 1. Aitwrporation of the
CRISPR guide into the 3’ LTR mitigates against rifgeence effects and ensures intact
transgene expression for highly efficient transauctand TRAC editing effects; 2.
Coupling effects become fully manifest after thenptetion of downstream processing
and depletion of residual TG@R cells, by which stage the product is highly homugris
CAR19'TCRof ' 3 Transient delivery and expression of Cas9 (abilsted, reduced
immunogenicity Cas9 mRNA) provides time-limited DNAeavage effects and reduces
the risk of immunogenicity and using this approaoanufacture of a single Cas9 mRNA

batch can service multiple terminal vector-CRISPRARguide combinations, reducing
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costs and saving time associated with the manufaadll bespoke raw materials for
different CRISPR/Cas9 targets; 4. The processadileincorporated into an automated
manufacturing platform facilitating early clinicapplication.

Investigations into on- and off target effects IALEN edited T cells have
previously reported translocations between TRAC @b%2 target sites of up to 1%, and
we previously found around 4-5% of cells exhibisgzhormal karyotypes with evidence
of various TRAD translocations found on breakpoiiSH probe analysis.Similar
analysis in TRAC modified TT-CAR19+TCR- T cells didot detect any similar
segregation of these FISH probes, although thatsatyslimitations of FISH means that
translocations may have occurred below the limitdegection. We used three different
platforms to confirm TRAC specific activity and &pse of off-target effects. Whole
genome sequencing found comparable very low fregasrof Indel events across the
genome, including exonic sequences, for both Casead and non-treated cells. While
there was increased detection of structural vagianthe edited samples, interrogation of
the highest rankingn silico predicted off-target sites found edited and nomeddsamples
to have a similar frequency of changes in both VAB& higher resolution NGS outputs.
Similar findings were recorded across ten additiagenes known to be sites of 14q
translocations associated with T cell leukemia.réheee a number of important caveats
and limitations to the application of WGS for arsdyof gene editing effects, including
limited read depth. Digenome-seq has the capazitietect low frequency events (0.1%-
1%) and the specificity of the TRAC guide sequewes validated with negligible off-
target effects that were further interrogated byS\&hd also found to be absent in Cas9
treated cells. Nuclease mediated effects belowlélsl however, are difficult to confirm
given the sequencing error ratés° A single unpredicted site in RPN1 was identifigd b

WGS and could have represented an off-target sit@dr TRAC specific but this was
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discounted upon further interrogation by NGS andDigenome-seq. This highlights a
potential limitation of relying on low depth sequery platforms, and suggests that a
multi-platform approach using tools such as Digeea®rq'’ GUIDE-seq™® or Lentivirus
capture'® coupled with high resolution sequencing is paramhou

Finally, in vivo modeling revealed that TT-CAR19 cElls mediated highly effective
leukemic eradication with less evidence of exhamstompared to conventional TCR
expressing CAR19 T cells. The latter was unexpecfeen that characterization of
CAR19 transduced populations by flow cytometryokyte array profiles and functional
studies in vitro had not detected any notable difiees between TCR depleted CAR19
cells and conventional TCR+ CAR19 T cells. In humaurine chimeras bearing Daudi B
cell leukemia tumor inoculations, animals dosechwiT-CAR19 T cells exhibited potent
anti-leukemic effects without xenoreactive GVHD hiit the period of testing, and
reduced upregulation of the exhaustion marker P@apared to control groups that had
retained TCR expression. This is consistent wittvipus murine studie® and clinical
trials of donor derived human CAR19 T cells whe@RTI mediated co-activation may
drive exhaustiof?*

Interestingly, flow characterization of Daudi celirface marking in mice treated with
CAR19+TCR+ T cells revealed a notable proportiod tigarly lost CD19 expression at
the time of culling, and this was not evident iimtr cells recovered from control
CAR19-TCR+ treated mice. This phenomenon is reroams of clinical reports from
patients who relapsed with CD19 negative leukerfiexr @ period of remission following
CAR19 therapy and we speculate that CD19 tumor latipus acquired a survival
advantage and expanded in the face of CAR19 immualihough the absence of similar
expansions in TT-CAR19+TCR- treated mice requirgsher investigation with larger

numbers of animals.
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One advantage of T cell engineering using integgatrector systems has been their
apparent resistance to possible transformationahtevas a result of vector integration,
and to date there have been no reports of humaell Tneertional mutagenesis. Even in
animals, vector mediated leukemiagenesis in T d@ls rarely been encountered, and
only in highly stressed artificial model systefisSimilar resilience may be anticipated
following gene-editing, although loci such as thRAIC site have known translocation
associations with T cell leukemia. We screened sitels by WGS, and all were found to
be intact. In the absence of informative animal et®dcautious deployment and careful
patient monitoring will be essential to determimgks in early phase trials. Similarly,
modeling in immunodeficient mice is not represewméatof clinical scenarios where
lymphodepleting conditioning is required to over@imost mediated rejection of non-
matched ‘universal’ T cells, but accumulating exgece in clinical trails is helping to
determine the intensity of such regimens.

The terminal vector configuration described heriézetl Sreptococcus pyogenes Cas9

but is readily adapted for other similar nuclea§2$*?> nickases®®, deactivated Cas

systems?” 2 or cytidine deamination linked enzymé& The proof of concept
configuration described here has been adaptedefurthinclude multiple guide cassettes
for multiplex modifications, including simultaneoBsm disruption to deplete MHC class
| expression and PD-1 disruption to promote T iceligoration. The platform could, with
certain revisions, also be used for targeted CAfertion into the TRAC locus as recently
described using Adeno-Associated VifisHowever, the first planned therapeutic
applications will be more straightforward and v@Xploit coupling of CAR19 and TG

depletion, as a bridging strategy to transplantatithereafter, multiple applications are

envisaged wherex vivo cell manipulation requiring vector mediated intdgn of
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transgenes encoding receptors, selection markessiicide genes need to be combined

with therapeutic editing effects.
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Materials and Methods

CRISPR-CAR vector system

A third generation SIN lentiviral vector describpdeviously 3! expressing a CAR19
transgene was subjected to cloning incorporatind\&1 cPPT element and mutated
WPRE for the expression of a CAR19 transgene urter control of a human
phosphoglycerate kinase (PGK) promoter was sulgjetttesite directed mutagenesis to
remove Bbsl, Bsmbl and Sapl restriction sites usin@duickChange Lightning Kit
(210518, Agilent Technologies, Santa Clara, USA§.and H1 CRISPR guide cassettes
were then cloned into th&U3 region of the 3'LTR using In-Fusion HD CloninduP
(638909, Takara Bio Europe, Saint-Germain-en-L&yance). Bbsl restriction sites were
then incorporated between the Pol Il promoter aodffold sequences to allow for
efficient guide sequence substitution. GeneART Imsized CRISPR cassettes
(ThermoFisher Scientific, Massachusetts, USA) basethe Zhang grouftreptococcus
pyogenes Cas9 scaffold sequenc® were cloned into the\U3 region of the 3'LTR.
Concentrated vector preparations were producedamgient transfection of 293T cells as

previously describetf >3

Primary human lymphocyte culture and modification

Peripheral blood mononuclear cells (PBMCs) werdated by Ficoll-Paque density
gradient and subsequently activated with TransA@&agent (130-109-104, Miltenyi
Biotech, Surrey, UK). Lymphocytes were culturedlexMACS medium (130-097-196,
Miltenyi Biotech) with 3% human AB serum (GEM-10Q@5HI, Seralabs, Brussels,
Belgium) and 100U/ml Proleukin IL-2 (Novartis, Seyr UK). PBMCs were transduced
with lentiviral vector 24 hours post activationaamultiplicity of infection (MOI) of 5 and

Cas9 mRNA electroporation performed 3 days latgmphocytes were cultured until day
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11 post activation, and were then cryopreserve@Dih FCS and 10% dimethylsulfoxide
(DMSO). Scaled experiments Scaled experimentsadtla semi-automated platform as
recently describetf. Briefly, the T-cell transduction (TCT) program wadapted on the
CliniMACS Prodigy using the Tubing Set TS520 (13B@02, Miltenyi Biotec) and
used cryopreserved leukapheresis harvests (Allcélleameda, USA) cultured in
TexMACS GMP Medium (170-076-307, Miltenyi Biotea)mplemented with 3% human
AB serum (Seralabs) and 20ng/ml MACS GMP Human Réxoant IL-2 (170-076-146,
Miltenyi Biotec)3* Cells were activated with TransAct T cell reag@viitenyi Biotech)
and transduced 24 hours post activation at an MC3 and electroporated with Cas9

MRNA on day 4.

Detection of non-homologous end joining (NHEJ) eves
PCR amplicons of genomic DNA were sequenced antyzsth using TIDE protocols

(https://tide.nki.nl/¥** (Further details in supplemental methods).

FISH studies

Translocation events involving the TRAD locus wéngestigated using a dual-color,
break-apart FISH probe (Cytocell TCRAD LPH 047-8tgll, red/green fusion) to
interrogate interphase nuclei. A normal signal ggattcomprises 2 fusion signals and

TRAD rearrangements exhibit segregated single redigmarkers.

In vitro Cytotoxicity

Cytotoxic function of CAR19-TCR+, CAR19+TCR+ and -CIAR19+TCR- T cells was

assessed by co-culture wilCr loaded CD19+ or CD19- SupT1 target cells atdasing
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effector to target ratios (E:T in a 96 well fornfiat 4 hours at 37°C). Release®€r was

guantified using a microplate scintillation couné#d specific cytotoxicity calculated.

Next Generation Sequencing

On-target and potential off-target sites were afegliand using Phusion polymerase
(New England BiolLabs), and the resulting PCR anoplicwere amplified again using

TruSeq HT Dual Index primers to make a library.rhites were then subjected to paired-

end sequencing using MiniSeq (lllumina).

Digenome-seq

To induce Cas9-mediatad vitro cleavage of genomic DNA, 100nM Cas9 protein and
300nM TRAC-targeting sgRNA were incubated withu@Oyenomic DNA in a reaction
buffer of 50Ql (100mM NaCl, 50mM Tris-HCI, 10mM MgCI2, 10@/ml BSA, pH 7.9)

at 37°C for 8 hours. Digested DNA was incubatechvi@ug/ml RNase A (Qiagen) at
37°C for 30 minutes to remove sgRNA, and purifigiia with a DNeasy Tissue Kit
(Qiagen). Digested genomic DNA was fragmented wiflovaris system (Life
Technologies), and ligated with adapters to prodimaries, which were subjected to
WGS using HiSeq X Ten Sequencer (lllumina) at Mgero Cas9-mediateth vitro
cleavage of genomic DNA was performed and DNA degvscores were calculated

using a scoring system described previotSi

Whole Genome Sequencing
Genomic DNA was extracted from CAR19+TCR+ and TTROA+TCR- cells, using the
DNeasy Blood and Tissue Kit (QIAGEN). Approximatdlyjug of Genomic DNA was

analysed at Applied Biological Materials Inc. (Riwbnd, B.C., Canada), by 30x WGS
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using the MiSeq platform. Overall alignment ratesrev>99.9% and correct pairing
>>08.3%. GATK and DELLY were used to identify siagiucleotide variance, indels and
other structural differences. Targeted assessnmietiiecoTRAC locus and 49 predicted
possible off-target sites was undertaken as welasening of ten known gene sites

where translocations of 14q have known leukemio@atons.

I n vivo anti-tumor activity

NOD/SCID/ ¢ (NSG) mice, were inoculated IV with 5xLED19+ Daudi tumor cells
by tail vein injection on day 0. The tumor cellsiHzeen stably transduced to express both
enhanced green fluorescent protein (EGFP) and érxasé. Tumor engraftment was
confirmed byin vivo imaging of bioluminescence using an IVIS Lumin& Ik Vivo
Imaging System (PerkinElmer, Massachusetts, US4 image version 4.5.18147) on
day 3. Animals were injected on day 4 with eith@SP(n=3), 5x10 untransduced
CAR19-TCR+ T cells (n=8), 8xf0CAR19+TCR+ T cells (n=8) or 5x20TT-
CAR19+TCR- T cells (n=8). Analysis of tumor cleatanwas performed by serial
bioluminescent imaging and processing of bone mar@ the monitoring of tumor
progression vs clearance was carried out on day®,714, 18, 21, 28, and 35. Bone
marrow samples were processed by a red bloody=4 followed by staining for flow
cytometry. All animal studies were approved by tbaiversity College London
Biological Services Ethical Review Committee armetised under the Animals (Scientific
Procedures) Act 1986 (Home Office, London, Unitethgdom). (Further details in
supplemental methods).

Statistics

A two-tailed Man-Whitney U test was used for nomgwaetric comparison of grouped

data and values are presented as mean percentabgesecor more samples with standard
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error of the mean (SEM) or standard deviation (8D9s a median with the 25th and 75th
percentiles (50% central range) stated. Linear &asgon was used for the comparison of
serial measurements, taking each Y value as awidhudil point. All statistical analysis
was performed using GraphPad Prism software vetsigh
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Figure legends

Figure 1. Terminal CRIPSR-CAR coupled lentiviral vector configuration. (A)
Schema of CAR 19 expression for the targeted Killof CD19+ B cells, with
simultaneous CRISPR mediated TCR disruption, wigally all T cells are CAR19+
and TCR- (B) Self inactivating lentiviral plasmid configurati@oupling terminal TRAC
(TT) CRISPR guide RNA and CAR19 transgene expressiohuman Pollll promoter-
SgRNA CRISPR cited in the deleted uniqueUB) region, proximal to repeat (R)
elements of the 3’long terminal repeat (LTR{C) Following reverse transcription, 3’
LTR elements, including the Pollll-sgRNA cassettieiplicate to the 5LTR of the
proviral vector.(D) single-guide RNA (sgRNA) expressed from both 5d&i LTR
vector elements forms ribonucleoprotein complexigh @as9 following electroporation
of Cas9 mRNA, and this effect is restricted to $@ured populations.

CMV, Cytomegalovirus promoter; LTR: long terminakpeat; hPGK: human
phosphoglycerate kinase promoter; cPPT: centralppwoine tract; WPRE: woodchuck
post transcriptional-regulatory element; gRNA: gdRINA; sgRNA: single-guide RNA,

vH/VL: variable heavy or light chain; TCR: T ceflaeptor
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Figure 2. Validation of Terminal CRISPR-CAR vector and titration of Cas9-
mediated knockout effect in primary human T cells.(A) PCR amplification of proviral

5 LTR elements, spanning th®U3 and Psi regions (755bp band) and 3'LTR (742bp
band) confirmed the presence of duplicated PoyRNA in T cells transduced with TT-
CAR19.(B) RT-gPCR measurement of TRAC sgRNA fold change 4t 3, 4, 7 and 11
days post transduction shows stabilization of sgR&bkpression after 4 day£C)
Quantification of TCR knockout following Cas9 mRN&#ectroporation of primary T
cells at 1, 2, 3, 4, 7 or 11 days post TT-CAR1%gduction showing optimal TCR
disruption occurring at 3-4 day time point. Perdamickout calculated by flow cytometry
based detection of TCR expression in CAR19+ pojura{D) Following Cas9 mRNA
electroporation, Cas9 protein expression deteceadd 60 kda band peaked after 12 hours
and became undetectable by 72 hopwactin detection (42 kda) verified protein loading.
(E) Coupling of transgene expression and TCR disrapéffects across a gradient of
Cas9 mRNA concentrations in TT-CAR19 transduced BBMxhibiting >70% CAR19
expression(F) PCR amplification and analysis by TIDE algorithor the detection of
NHEJ signatures across the TRAC locus confirmed®Chxse dependent scission and

repair effects.
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Figure 3. Scalability and in vitro functional integrity of TT-CAR19+TCR- T cells.
(A) Scaled manufacture of homogenous TT-CAR19+TCRs esing a semi-automated
process on a CliniMACS Prodigy device in combinatwith off-device electroporation.
Control cultures were separated and cultured ine®-R0 flasks at relevant stages.
Following anti-CD3/anti CD28 activation, lentiviratransduction and Cas9 mRNA
electroporation, T cells were expanded in the iatesgl cultivation chamber before
magnetic bead depletion of residual TéPRcells. As a consequence, coupled TCR
knockout effects and CAR expression was assuredhén final product.(B) Flow
cytometry of untransduced (UTD) and cells transduegh TT-CAR19 but not supplied
with Cas9 provided comparator data. Addition of CadRNA by electroporation resulted
TCR loss in >52% of cells, and this population wawiched to >99% by TG
depletion using magnetic beads. The resulting @l was >97%CAR19HC) PCR
amplification and analysis by TIDE algorithm of th&AC locus in TT-CAR19 T cells
with and without Cas9 mRNA electroporation confingni on-target NHEJ repair
signatures.(D) Comparable CD19 specific cytotoxicity agains€r labelled CD19+
SupTl cells across a range of CAR19+ Effector:Targdios was detected for
CAR19+TCR+ (green) and TT-CAR19+TCR- effectors {r¢8=0.4461) but not for
UTD CAR19-TCR+ populations (blueP€0.0001), indicating intact effector function
after the additional processing steps requiredetoetate universal cells. CD19- control
targets confirmed specificity (dotted lind3y 0.0001. Error bars represent standard error
of the mean (n=3). Linear regression analysis skosignificance between CAR19-
TCR+ and CAR19+TCR+ (F=70.37, DFn=1, DFd=36, P<01)0or TT-CAR19+TCR-
(F=47.65, DFn=1, DFd=44, P<0.0001) effectors adai@®19+ Suptl targets. No
significance seen between CAR19+TCR+ and TT-CARIERT effectors (F=0.59,

DFn=1, DFd=36, P=0.45)(E) CD107a degranulation responses detected by flow
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cytometry were also comparable in CAR19+TCR+ andCAR19+TCR- effectors when
co-cultured with CD19+ Daudi targets. PMA and ioryom stimulation of TT-
CAR19+TCR- effectors served as positive controlstfie detection of HLA-DR, IFN
CD107a and CD25. Error bars represent SEM of teahmeplicates (n=3).(F) Flow
cytometric detection of cytokines in supernataminfrco-cultures with SupTl targets
found comparable levels of IFNand TNF for CAR19+TCR+ and TT-CAR19+TCR-

effectors. Error bars represent SEM of technigalicates (n=3).

Figure 4. Off-target analysis by FISH, Digenome-seq and WGSA) TRAD FISH
probe (Cytocell) — red centromeric end - greennmeoc end to the TCR gene. Two
fusions (green/red) present showed no rearrangerokrthe TRAD locus in TT-
CAR19+TCR-(+Cas9) treated samplé3) Digenome-seq captured on-target cleavage of
the TRAC locus, chrl4. Straight alignment in TRAGRSIA SpCas9 digested DNA
indicated on-target cleavage of the TRAC locus camag to staggered alignment of
untreated DNA.(C) On- and off-target capture by Digenome-seq in TREGRNA
SpCas9 treated DNA displaying on-target cleavapel@ and off-target events in chr7
and chrl5(D) Cleavage scores in 12 chromosomal locations captayeDigenome-seq
as off-targets in TRAC sgRNA SpCas9 treated DNAgHHiesolution NGS-based
validation of captured off-target sites in TT-CARTCR- DNA shows absence of off-
target Indels(E) Genomic variants (SNVs, deletions and insertiodsjtified by 30X
WGS and classed as significant by frequency ofatiete showed comparable counts in
both CAR19+TCR+(-Cas9) treated and TT-CAR19+TCR4g3%@ treated samplefr)
“CRISPR-specific” Indels identified to be uniquedach sample exhibit higher frequency
in edited TT-CAR19+TCR-(+Cas9) samplg) Comparative frequency of structural

variant (translocations) counts considered to peifscant (at least 2 supporting reads)
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after 30X WGS analysis in CAR19+TCR+(-Cas9) treatad TT-CAR19+TCR-(+Cas9)
samples(H) Translocations unique to each sample as partalfteads (F) reveals minor

increase in TT-CAR19+TCR-(+Cas9) treated sample.

-30 -



Figure 5. Human:murine leukemia responses by TT-CAR9+ effector T cells against
CD19+GFP/Luciferase Daudi targets.(A) Serial bioluminescence imaging (BLI) of
NSG mice following intraperitoneal administratioh®@-luciferin substrate(B) Timeline
of tumor and effector cell injection, BLI and orgaarvest time points over the 5wk
period.(C) Progressive increases in radiance [p/&fsrhin non-treated (n=3) or control
CAR19-TCR+ (n=8) effector groups indicated leukemiogression within 2 weeks (wk)
and resulted in death by 4wk of the three animaltgested to extended monitoring. Mice
injected with CAR19+TCR+ (n=8) or TT-CAR19+TCR- @ effectors exhibited
significantly delayed leukemic progression by 2wkmpared to CAR19-TCR+
(P=0.0002), as tracked for 5wks in in three animaith WWAR19+TCR+ and four with
TT-CAR19+TCR- cells. The latter exhibited the lowessease radiance at termination
P<0.0001, error bars represent SEM. Linear regrassaioalysis showed significance
amongst all groups: CAR19+TCR+ vs. CAR19-TCR+ (F#29 DFn=1, DFd=87,
P<0.0001), TT-CAR19+TCR- vs. CAR19-TCR+ (F=53.7FnB1, DFd=92, P<0.0001),
TT-CAR19+TCR- vs. CAR19+TCR+ (F=8.93577, DFn=1, BB, P=0.0036). Dotted
lines represent Mann-Whitney U tesP€£0.0499,***P=0.0002).(D) Representative flow
cytometry plots gated on human CD45+ populationsane marrow (BM) demonstrating
a greatly reduced, but well demarcated populatioGEP+ leukemia in CAR19+TCR+
treated mice [n=5 (2wk)/n=3 (5wk)] compared to UTTAR19-TCR+ cohort [n=5
(2wk)/n=3 (4wk)]. In contrast leukemia was barelgtettable in TT-CAR19+TCR-
treated animals [n=4 (2wk)/n=4 (5wk)]. Human T sellere detected as CD2+ cells in all
groups.(E) Disease burden after 2wk and at termination in Bl highest in control
CAR19-TCR+ (blue circles) treated animals [(n=5 kKXw=3 (4wk)]. Disease was barely
detected in TT-CAR19+TCR- (red triangles) animés=f (2wk)/n=4 (5wk)), and found

to be significantly reduced compared to CAR19+TCreen squares) effector group
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[(n=5 (2wk)/n=3 (5wk)) at termination when compared CAR19-TCR+ 2wk values
(P=0.0357 vs.P=0.0159), error bars represent SEKF) Phenotypic assessment of
leukemia in BM at termination uncovered the emecgemf CD19-CD20+ Daudi
populations in animals treated with CAR19+TCR+ £€h=3), whereas the leukemia
detected in control animals CAR19-TCR+ (n=3) was18BCD20 and the paucity of
leukemia cells in TT-CAR19+TCR- animals (n=4) ptetgd further characterisatioft)
Representative flow cytometric data from CAR19-TCRHR=5 (2wk)/n=3 (5wk)),
CAR19+TCR+ [(n=5 (2wk)/n=3 (4wk)) or TT-CAR19+TCR{=4 (2wk)/n=4 (5wk))
treated animals showing PD1 expression on T cklEkedly increased expression in
CAR19-TCR+ and CAR19+TCR+ T cell injected groupsaswed at 2wk and at
termination compared to initial expression leveiscells measured in vitro (CAR19-
TCR+: 20.4%; CAR19+TCR+: 20.5%; TT-CAR19+TCR-: 9)/%#efore infusion into
mice. CAR19+TCR+ cells showed the highest incremsd’D1 at termination over

CAR19-TCR+ and TT-CAR19+TCR- groups.
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eTOC Synopsis for MTJ-17-1909R 1

Long Terminal Repeat CRISPR-CAR coupled ‘universal’T cells mediate potent
anti-leukemic effects

Christos Georgiadfs, Roland Preede Lauren Nickolay, Aniekan Etuk, Anastasia
Petrovd, Dariusz Ladofy Alexandra Danyj Neil Humphryes-Kirilo¥, Ayokunmi
Ajetunmobf, Daesik Kinf, Jin-Soo Kinf, Waseem Qasiftf

Georgiadist al. combine a lentiviral chimeric antigen receptor Arector with
CRISPR guides incorporated into the 3'LTR with si@mt Cas9 mRNA delivery for
coupled gene modification effects. Processing tincan automated platform to
remove residual TCé#B-cells was scalable and yielded highly enrichedversal’ T-
cells, with potent anti-leukemic effects.
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CAR1)Y9 expression with coupled TCR knockout using
TT-CAR19 + Cas9 mRNA
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Digenome-seq TT-CAR19+TCR-

Chr DNA sequence at cleavage site  DNA cleavage NGS Indel
score frequency (%)
TRAC chrl4 TCTCTCAGCTGGTACACGGCAGG 82.9 92.37
OT1 chr7 TCTCagAGCTGGTACACaGCAGG 15.5 0.01
=
ol AN OT2 chrl5 TCTCatAGCTGGTACA(GGCGGG 6.9 0.02
/(_) SpCaS9\’ } . OT3 chr8§ TCTCaCAGCTGGaACACaGCAGG 3.6 0.00
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OT8 chrl2 g2aCTCAGaTGGeACACGGCAGG 0.5 0.01
OT9 chrl  T{TCTCAGCTGGTACAIGGaGGG 0.4 0.02
OT10 chrl0 cCTCTCAGaTGGcACACGaCTGG 0.2 0.01
OTI11 chrl6 gegCaCAGCTGGTACACaGCAGG 0.1 0.00
OT12 chrll gCTCTCAGCaGGTACACGGtCCAG 0.1 0.05
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