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Abstract:

Cancer cells commonly devel op resistance to immunotherapy by loss of antigen expression.
Combinatorial treatments that increase levels of the target antigen on the surface of cancer cells
have the potential to restore efficacy to immunotherapy. Here, we use our CRISPR interference
and CRISPR activation-based functional genomics platform to systematically identify pathways
controlling cell-surface expression of the multiple myeloma immunotherapy antigen - B cell
maturation antigen, BCMA. We discovered that pharmacological inhibition of HDAC7 and the
Sec61 complex increased cell-surface BCMA, including in primary patient cells. Importantly,
pharmacological Sec61 inhibition enhanced the anti-myeloma efficacy of a BCM A-targeted
antibody-drug conjugate. A CRISPR interference CAR-T coculture screen enabled usto identify
both antigen-dependent and -independent mechanisms controlling response of myeloma cellsto
BCMA-targeted CAR-T cells. Thus, our study demonstrates the potential of CRISPR screensto
uncover mechanisms controlling response of cancer cells to immunotherapy and to suggest
potential combination therapies.

Key Points:
1. Using CRISPR screens, we systematically identify mechanismsincreasing expression of
the immunotherapy target BCMA and ADC efficacy.
2. We also identify antigen-independent mechanisms regulating response of cancer cellsto
BCMA-CAR-T cells.

I ntroduction:

Immunotherapy has transformed the treatment of many types of cancer including
multiple myeloma (MM). B-cell maturation antigen (BCMA) is currently being evaluated in
numerous clinical trials as an immunotherapy target in MM*. BCMA-targeted immunotherapy
agents have shown improved responses in relapsed and refractory patients®®. However, as with
other MM therapies, resistance and relapse to BCM A-targeted therapies has emerged as a
significant challenge and presents an unmet need*®.

An important mechanism by which cancer cells can become resistant to different
forms of immunotherapy in the clinic is the downregulation or loss of the targeted antigen® ”,
also termed “antigen escape” ®#°. Ongoing clinical trials using BCMA-targeted chimeric antigen
receptor T cells (CAR-T cells) have reported antigen loss in some patients undergoing relapse™>,
indicating that reduced cell-surface levels of BCMA may be an important mechanism of therapy
resistance. However, the underlying cellular mechanisms remain to be understood. CRISPR-
based genetic screens are a powerful research tool to define mechanisms of treatment resistance
in cancer cells to different immunotherapies'®*?, to design strategies to overcome resistance™ *,
identify novel immunotherapy target antigens™ and better understand immune checkpoint
regulation®.

In this study we used our CRISPR-interference/ CRISPR-activation (CRISPRI/CRISPRa)
functional genomics platform™® to systematically elucidate the mechanisms by which the cell-
surface expression of BCMA is controlled in MM cells, and to test whether some of these
mechanisms would be potential targets for combination therapy to enhance BCMA-directed
immunotherapy. Furthermore, we conducted a CRISPRi screen for genes controlling sensitivity
of MM cellsto BCMA-directed CAR-T cells. To our knowledge, thisisthe first genetic screen
for genes in multiple myeloma controlling response to CAR-T cells directed against aclinically
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relevant target. Our results demonstrate the potential of CRISPR screensto elucidate
mechanisms controlling the response of cancer cells to immunotherapy and the identification of
potential pharmacological strategies to enhance immunotherapy.

M aterialsand Methods:

CRISPRIi and CRI SPRa flow cytometry screen

CRISPRI and CRISPRa cell lines were generated as detailed in the supplemental
materials and methods. For transduction of each sublibrary, AMOL cells expressing the CRISPRI
or CRISPRa machinery were spin-infected with the virusat 700 g for 2 hrsat 32°C. 48 hrslater
the cells were analyzed for percentage of infection by flow cytometry and treated with 1 ug/ml
of puromycin to obtain a pure population of SgRNA expressing cells. On day 12 and day 5 post
infection with the CRISPRIi and CRISPRa sublibraries, cells were stained for cell surface BCMA
and flow sorted to enrich for populations of cells expressing low or high cell surface levels of
BCMA. Briefly, for each sublibrary, cells were resuspended in FACS buffer (PBS containing
0.5% FBS) at a concentration of 10* 10° cells/ml. The cells were blocked using Human BD Fc
Block (#564220; BD Biosciences); stained with PE/CY7-BCMA (19F2) (#357508, Biolegend)
antibody and resuspended in FACS buffer for flow sorting. Top and bottom 30% of cells
expressing BCMA as determined from PE/Cy7-BCMA histogram were flow sorted using BD
FACS Ariall. Thedifferent cell populations were then processed for next-generation sequencing
as described previously *** and sequenced on an Illumina HiSeq-4000. To identify significant
hit genes, sequencing reads were analyzed using the MAGeCK-iNC pipeline as described
previously™.

CRISPRI validation screen

sgRNAs targeting the selected 41 top hitsidentified from the primary CRISPRI screen were
cloned into a custom library of 90 sgRNAS, including two sgRNAS per gene and 8 non-targeting
control sgRNAs. The sgRNAs were transduced into a panel of CRISPRi-MM cell lines (KM S11,
AMOL1, RPM18226, OPM2 and KM S12-PE). The validation screen was carried out similar to the
primary screen where cells were stained using PE/Cy7-BCMA or FITC-CD38 (#303504,
Biolegend). Knockdown phenotypes for both BCMA and CD38 were hierarchically clustered
based on Pearson correlation using Cluster 3.0"° and Java TreeView 3.0
(http://jtreeview.sourceforge.net/) .

Antibody drug conjugate dose response assays

BCMA-targeted antibody drug conjugate (ADC), HDP-101 was produced as described
previously??. For drug combination studies, cells were treated with either DM SO or indicated
concentration of drugs prior to seeding. Increasing concentrations of the HDP-101 were then
added to cells to obtain a dose response curve. 96 hrs post treatment, cell viability was measured
using CellTiter-Glo 2.0 reagent (#G9241, Promega) following manufacturer’s protocol. Raw
luminescence signals were collected using a SpectraMax M5 plate reader (Molecular Devices).
All measurements were taken in triplicates and raw counts were normalized as the percent of
signal relative to untreated cells or percent maximum signal when comparing more than one
drug. Sigmoidal dose-response curve fitting for ICsq calculation was performed using Prism V7
package (GraphPad software Inc.).
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CAR-T cdll cytotoxicity assay

Generation of CAR-T cellsis detailed in the supplemental materials and methods. For T cdll
cytotoxicity assays, GFP-CAR-T cells® were co-cultured in the presence of BFP-CRISPRi MM
cells stained with eFluor-670 (#65-0840-85, Thermo Fisher) at aratio of 1:1 for 24 hrs. Baseline
target cell death was measured by incubating CRISPRi MM cells without any CAR-T cells over
the same time period. Cells were then stained with BV 786-CD69 (FN50) (#310932, Biolegend)
to determine T cell activation status and propidium iodide to assess overall cell death.

CRISPRIi-CAR survival screen

AMOL CRISPRI cells expressing an sgRNA library targeting 12,838 genes (including kinases,
phosphatases, cancer drug targets, apoptosis genes, proteostasi s genes and mitochondrial genes)
were co-cultured in the presence or absence of GFP-BCMA CAR-T cellsat aratio of 1:1 for 24
hrs. Surviving cells were then harvested and the different cell populations were processed for
next generation sequencing as described previously™*’. Sequencing reads were analyzed using
MAGeCK-iNC pipeline developed in our lab to identify significant hit genes as described™.

Results:

Genome-wide CRISPR screensto identify genes controlling cell surface BCMA expression
To identify novel genes or pathways regulating cell surface expression of BCMA in MM cell
line, we performed genome-wide CRISPRI and CRISPRa screensin aMM cell line (Fig 1A).
Performing parallel CRISPRi knockdown and CRISPRa overexpression screens can yield
complementary insights™?*. Knockdown of individual genes by CRISPRi can inhibit the
function or activity of an entire pathway or protein complexes for which the individual geneis
required — whereas overexpression of an individual gene does not in general enhance the
function of an entire pathway or protein complex. However, CRISPRI screens can only
interrogate the function of genes expressed in the cell line used in the screen, whereas CRISPRa
can uncover consequences of inducing a gene that is not normally expressed.

To select asuitable cell line for these primary screens, we compared levels of BCMA
expression on the RNA (www.keatslab.org) and cell surface protein levels for a panel of MM
cdl lines (Fig. 1B). We found that AMOL1 cells expressed moderate levels of cell surface BCMA.
We therefore selected this line for our primary screen as we reasoned it would enable us to
identify modifiers that either increase or decrease BCMA surface levels (Fig 1B).

AMOL cdlswere lentivirally transduced to express the CRISPRiI and CRISPRa
machinery and CRISPR functionality was tested using sgRNA targeted towards CD38 and
CXCRA4 respectively (Supplemental Fig. 1). The genome-wide screen was conducted as shown in
Fig 1A. Briefly, AMOL cells expressing the CRISPRI and CRISPRa machinery were transduced
with pooled genome-wide sgRNA library. The cells were then stained for cell surface BCMA
using fluorescent tagged antibody and subjected to flow sorting into BCMA-low and BCMA-
high populations. Frequencies of cells expressing each sgRNA were identified by next-
generation sequencing. The genome-wide CRISPRI screen identified several genes regulating
cell surface expression of BCMA (Fig. 1C and Supplemental Table 1). Knocking down BCMA
itself or its transcription factor POU2AF1? both resulted in significant downregulation of cell
surface BCMA expression, thus validating the screen (Fig 1C). Furthermore, all of the subunits
of the gamma secretase complex were among the top hits, and their knockdown resulted in a
significant increase in cell surface BCMA (Fig 1C). Thiswas consistent with previous reports
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showing that gamma secretase complex cleaves membrane-bound BCMA (MBCMA) to a
soluble form (SBCMA)®%. Moreover, we identified several functional categories of genes
regulating expression levels of BCMA including subunits of the Sec61 translocon complex,
peroxisome biogenesis, proteasome subunits, and regulators of transcription (Fig 1C).

Our CRISPRa genome-wide screen (Fig. 1D and Supplemental Table 2) identified genes
in the Mucin family (MUC1, MUC21) and several genesinvolved in transcriptional regulation
(POU2AF1, CBFA2T3, MAML2, RUNX3) that regulated surface BCMA. Systematic comparison
of the parallel CRISPRI and CRISPRa screens (Fig. 1E) revealed that overexpression and
knockdown of some genes had opposing effects on BCMA surface levels —including BCMA
itself and POU2AF1. However, other genes were hitsin only the CRISPRi or CRISPRa screens,
notably the subunits of the gamma secretase complex and the Sec61 complex; highlighting the
fact that CRISPRIi and CRISPRa screens can uncover complementary results, as we previously
described™>*,

Validation of hit genesin a panel of multiple myeloma cell lines

To test the generality of our findings, we decided to validate hit genes from the primary screen
performed on the AMOL1 cellsin apanel of CRISPRi-MM lines, in which we confirmed
CRISPRI activity (Supplemental Fig. 1). We chose 41 hits both based on strength of the
phenotype from the CRISPRi screen, and based on their potential as therapeutic targets. The
secondary screen was performed similarly to the genome-wide screen to validate changes in
BCMA. The screen was carried out in parallel for a different cell surface protein expressed in all
MM lines, CD38, to investigate whether hit genes selectively affected BCMA expression.

As observed in the primary CRISPRi screen, knockdown of the subunits of gamma
secretase subunits significantly increased cell surface BCMA (Fig. 2A). We found this effect to
be selective for BCMA, since gamma secretase knockdown had no effect on CD38 expression in
apane of MM cdll lines (Fig 2A). This was further validated using a pharmacological inhibitor
of gamma secretase complex, RO4929097%". MM cell lines treated with the indicated
concentration of RO4929097 showed an increase in both BCMA cell surface expression by flow
cytometry (Fig 2B) and in total protein levels of BCMA by immunablotting (Fig 2C). Thus, we
were able to successfully validate genes from our primary screen in apanel of MM cell lines,
using both genetic and pharmacological perturbations.

Several of the novel factors from our primary screen also validated in the larger panel of
MM cells (Fig. 2A and Supplemental Tables 3,4), most notably the transcriptional regulator
HDAC7 and SEC61A1, a subunit of the SEC61 translocon. Knockdown of both factors increased
cell-surface levels of BCMA, but not CD38 (Fig 2A).

Class|la HDAC inhibition upregulatesBCMA transcription

Our primary CRISPRi screen showed that knockdown of HDAC7, but not any other HDAC
gene, upregulates BCMA expression (Fig. 3A). HDACY7 isamember of the histone deacetylase
(HDAC) family, which have emerged as crucial transcriptional co-repressors®. HDAC7 belongs
to the Class || family of HDACs, which are subdivided into Class Ilaincluding HDAC4,5,7,9
and Class I1b including HDAC6 and HDAC10%. We validated our screen findings using a
pharmacological inhibitor targeting Class IlaHDACs, TMP269%. Treatment of RPM18226 cells
with increasing concentrations of TMP269 showed a two-fold increase in BCMA protein levels
(Fig 3B-D). Because HDACs have been established to regulate transcription of several genes, we
performed gPCR to analyze for changes in transcript levels of BCMA. Our results showed a two-


https://doi.org/10.1101/833707

bioRxiv preprint doi: https://doi.org/10.1101/833707; this version posted April 14, 2020. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

fold increase in BCMA transcript levels (Fig 3E), indicating that Class || HDAC inhibition
regulates transcription of BCMA. No significant change was observed in the CD38 protein or
transcript levels (Fig 3B, 3E). Furthermore, treatment of RPM 18226 cells with a combination of
TMP269 and gamma-secretase inhibitor, RO4929097 showed a further increasein BCMA
surface expression levels, supporting the notion that they act through different mechanisms (Fig

3F).

To investigate whether this change in BCMA levelsis specific to HDACY inhibition, we
treated cells with a pan-HDAC inhibitor, panobinostat™, and a HDACB-specific inhibitor,
ricolinostat™ Our results showed no increase in BCMA transcript levels with these agents
(Fig.3B,E). In fact, these compounds resulted in a decrease in BCMA cdll surface levels, which
can be rationalized by three facts. First, while panobinostat is a pan-HDAC inhibitor, it is not
very potent for HDAC7, and we are using it at nanomolar concentrations well below the 1Cs, for
HDAC7 (1.378 pM®?), since we are limited by toxicity. Second, panobinostat inhibits several
different HDACs with arange of different cellular functions, and will therefore cause pleiotropic
effects. Second, Both panobinostat and ricolinostat are very toxic to MM cells, resulting likely in
arange of cdlular changes due to toxicity, whereas we found no toxicity in MM cells with
TMP269 treatment (Supplemental Fig. 2A).

Furthermore, treatment with TMP269 in K562 cells, which do not express BCMA, did
not lead to an increase in BCMA expression (Supplemental Fig. 2B,C). These results indicate the
potential for using Class IlaHDAC inhibition to increase expression of BCMA in plasmacellsin
the context of BCM A-targeted immunotherapy.

The Sec61 translocon regulatesBCMA protein levels

Most integral plasma membrane proteins are inserted into membranes via the Sec61 translocon,
located in the endoplasmic reticulum. It has been shown that inhibition of Sec61 affects correct
localization of a subset of membrane proteins®**. Surprisingly, our CRISPRi screen identified
that knockdown of genes in the SEC61 pathway, such asthe SEC61A1, SEC61G, SSR1 and
OSTC, resulted in an increase — rather than a decrease - in BCMA cdll surface levels (Fig. 1C).
This unexpected finding was confirmed in our validation screensin the panel of MM cell lines
(Fig. 2A). Conversely, SEC61A1 knockdown resulted in adecrease in CD38 cell surface levels
(Fig. 2A), as would be expected for most membrane proteins.

To test whether pharmacological inhibition of the Sec61 transocon complex phenocopies
the genetic knockdown, we treated cells with SEC61 inhibitors, CT8* and PS3061%°. We
observed that treatment of MM cell lines with increasing concentrations of these compounds
resultsin an up to five-fold dose-dependent increase in cell-surface BCMA levels and a decrease
in CD38 levels with minimal cytotoxicity, as evidenced by flow cytometry (Figs. 4A, 4D,
Supplemental Fig. 3). Moreover, immunoblotting also showed a dose-dependent increase in total
BCMA protein levels (Fig. 4B, 4E, Supplemental Fig 3) and up to two-fold increasein BCMA
transcript levels (Fig. 4C, 4F). Furthermore, treatment of cells with SEC61 inhibitors resulted in
adecrease in TACI, which, like BCMA, belongs to the TNFRSF family of proteins
(Supplemental Fig 3), indicating that the SEC61 inhibition selectively upregulates BCMA levels.
Combinatorial treatment with both gamma-secretase and SEC61 inhibitors had cell-line specific
outcomes, highlighting the heterogeneity of MM cell lines. We observed an increase in BCMA
expression when both gamma-secretase and SEC61 inhibitors were combined in AMOL cells
(Fig. 4G), but not in KMS11 cells (Fig. 6D).
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To uncover the mechanism by which SEC61 inhibition increases BCMA levels, we first
tested the possibility that a reduction in gamma-secretase levels at the plasma membrane would
reduce shedding of BCMA from the cell surface. Pharmacological inhibition of either the
gamma-secretase or Sec61 resulted in increased MBCMA as evidenced by flow cytometry (Fig.
4H). To determine levels of SBCMA generated by gamma-secretase processing, we performed
sandwich ELISA assay on cdlls treated with PS3061 or RO4929097. Our results show that
inhibition of gamma-secretase activity significantly reduced SBCMA levels, whereas we did not
observe significant changesin SBCMA levels with SEC61 inhibition (Fig 4l). Thisfinding
indicated that the increase in cell-surface BCMA is not driven by reduced shedding of BCMA.

To validate our findings in primary patient cells, we treated bone marrow mono-nuclear
cells derived from different MM patients (Supplemental Table 5) with increasing concentrations
of TMP269 and RO4929097 for 24 hrs and analyzed the expression of BCMA on plasmacells
by flow cytometry. We observed an up to 2.5-fold increase in cell-surface BCMA with class I1a
HDAC inhibition and an up to 8-fold increase with gamma-secretase inhibition (Fig. 5).
Similarly, treatment with the Sec61 inhibitor PS3061 increased cell-surface levels of BCMA in
primary patient cells approximately two-fold, while not affecting cell-surface levels of CD38
(Fig. 5). Furthermore, moderate effects on BCMA expression was observed on non-plasma cells
in the patient samples (Supplemental Fig. 4).

Increased efficacy of BCMA-ADC when combined with Sec61 inhibitor
Immunotherapy agents such as ADC are sensitive to changes in expression of target antigen *.
We obtained an ADC targeting BCMA, HDP101?+%*" devel oped by Heidelberg Pharmathat has
proven efficacy in MM cell lines at sub-nanomolar concentrations (unpublished data). Here, we
knocked down BCMA using two independent sgRNAs in CRISPRI expressing KM S11 cells
(Supplemental Fig. 5) and performed a dose-response assay using increasing concentrations of
BCMA-ADC. Our resultsindicate that cell linesin which BCMA is knocked down no longer
respond to the ADC, thus establishing that the therapy is dependent on expression levels of
BCMA on the cdll surface (Fig 6A). Moreover, when cells were treated with either the gamma
secretase inhibitor RO4929097 or the Sec61 inhibitor PS3061 at concentrations increasing cell
surface levels of BCMA (Fig. 6B) in combination with HDP101, we observed increased efficacy
of the BCMA-ADC on the MM cdll lines (Fig 6C). Furthermore, we tested the effects of
combining gamma-secretase and Sec61 inhibition on sensitivity to HDP101 in KM S11 cells. We
did not observe a further sensitization of the cells to the ADC when the inhibitors are combined
(Fig. 6E), consistent with our observation that there was no further increasein BCMA expression
(Fig 6D). We were not able to test the effect of compound combinations on HDP101 sensitivity
in AMO1 and RPMI-8226 cell lines, since these lines are not sensitive to HDP101.

Taken together, these findings demonstrate that our CRISPR screen was able to identify
druggable targets that enhance the efficacy of immunotherapy agents.

BCMA CAR-T cell co-culture screen reveals myeloma cell-intrinsic proteinsthat affect
CAR-T efficacy

A systematic understanding of mechanisms causing resistanceto CAR-T cedll therapy will enable
us to design potential combination therapies pre-empting resistance. Here, we used our CRISPR
screening platform to identify genes or pathways that control sensitivity and resistance of MM
cellsto BCMA-targeted CAR-T célls.
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First, we generated BCMA CAR-T cells by transducing CD8+ T cellswith alentiviral
vector encoding a second generation CAR incorporating an anti-BCMA single chain variable
fragment, 4-1BB costimulatory domain and CD3-zeta signaling domain (see Methods). We
validated the activation of BCMA CAR-T cellsin the presence of AMOL1 cdls (Fig. 7A), and
their cytotoxicity against AMOL cdlls (Fig. 7B). Knockdown of BCMA in AMOL1 cells using
two independent sgRNAS (Supplemental Fig. 5) reduced both activation and cytotoxicity of
BCMA-targeted CAR-T cells (Fig. 7A-B). Thisfinding indicated that the efficacy of the CAR-T
cells depends on the cell-surface levels of BCMA in MM cells (Fig. 7A-B).

While the expression level of the target antigen is a major determinant of response to
CAR-T cdlls, there are likely also antigen-independent determinants. To systematically identify
such determinants, we conducted a CRISPRI screen to identify genes or pathwaysin MM cells
determining response to BCMA CAR-T cdlls (Fig. 7C). AMOL cells expressing the CRISPRI
machinery and an sgRNA library targeting 12,838 genes (including kinases, phosphatases,
cancer drug targets, apoptosis genes, mitochondrial genes and transcription factors) were grown
as mono-culture or co-cultured with BCMA CAR-T cells. 24 hours later, the surviving cells were
harvested and processed for next-generation sequencing.

This CRISPRI screen identified a substantial number of genes regulating sensitivity to
CAR-T cdls (Fig. 7E and Supplemental Table 6). Comparing BCMA cell-surface levels to
CAR-T sengitivity for different sgRNAs targeting BCMA, we observed that surface levels
correlated with sensitivity to BCMA CAR-T cells (Fig. 7D). For example, knockdown of
subunits of the gamma secretase complex and genes involved in siaic acid biosynthesis
pathways GALE and GNE, which change BCMA cell surface expression, also concordantly
affected sensitivity to BCMA CAR-T célls (Fig. 7E-F).

Furthermore, the screen identified a different category of genes, knockdown of which
affected sensitivity of AMOL cellsto BCMA CAR-T cells without affecting cell-surface levels
of BCMA. These genes included intercellular adhesion molecule 1 (ICAM1), which functionsin
T cell activation®, and DNA fragmentation factor subunit alpha (DFFA), which is required for
caspase activation to trigger apoptosis®. Knockdown of ICAM1 or DFFA resulted in decreased
CAR-T cdll sensitivity. Conversely, knockdown of genes belonging to the family of diacyl
glycerol kinases (DGK) caused increased sensitivity to BCMA CAR-T cdls (Fig. 7F). Using two
individual sgRNAs targeting ICAM1, we were able to validate that knockdown of ICAM1 results
in reduced sengtivity to BCMA CAR-induced cytotoxicity (Fig. 7G).

This screen thus identified potential pathways that can regulate sensitivity to CAR-T cells
either through changing cell surface expression of the antigen, or through an antigen-independent
mechanism.

Discussion

Our study establishes that CRISPR-based screens enable a systematic and scalable approach to
identifying mechanisms of antigen expression. Uncovering pathways that regulate BCMA
transcription, translation and trafficking to the cell surface enables usto propose effective
treatment strategies in patients with low basal expression of BCMA or following relapse due to
antigen-loss. Clinical trials are currently ongoing to investigate the combination of gamma-
secretase inhibitor with BCMA CAR-T cell therapy (NCT03502577). However, it is likely that
not all patients would respond similarly to gamma secretase inhibition, or resistance may also
develop to this combination strategy. Therefore, identifying alternative ways to modul ate
BCMA, as we discover here, retains high clinical relevance. Our results also support the concept
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that strategies to upregulate antigen expression on cancer cells can enhance efficacy of antigen-
targeted immunotherapy agents.

Our findings also raise several mechanistic questions, which will be subject of future
studies. In particular, it is not clear how SEC61 inhibition resultsin increased cell-surface levels
of BCMA. SEC61 knockdown was previously shown to upregul ate a subset of proteins®. This
effect on BCMA could be due to direct effects on the interaction of BCMA with the SEC61
complex, or dueto indirect effects mediated by changes in other SEC61 clients.

Furthermore, our results indicate HDAC7 as a potential combination target for BCMA-
targeted immunotherapy. This highlights the importance of inhibiting specific HDACs, and
provides a potential therapeutic use case for an HDAC7-specific inhibitor to enhance BCMA-
targeted immunotherapy.

Using a complementary strategy, our CRISPRi-CAR-T coculture screen uncovered both
antigen-dependent and independent mechanismsin MM cells that control the response to
BCMA-targeted CAR-T cells. Recent screens for pathways controlling cytotoxicity of CAR-T
cellsin leukemia and lymphoma cells showed death receptor signaling to play an important
role*?, whereas our screens did not find the same pathway. This could be due to differencesin
methodology, CAR target antigens (BCMA versus CD19), or the biology of the different cancer
types. Our screen showed that knockdown of DGK family of genes resulted in increased
sensitivity to CAR-T cells. Previous groups have shown that inhibition of DGK-a activity in T
cells using pharmacol ogi cal inhibitorsinduced T cell activation, thusimproving its cytotoxic
activity on cancer cells™*. Our study indicates that knockdown of DGK kinasesin MM cells
increases sengitivity to T cells. Thisindicates that inhibitors against this family of kinases may be
beneficial in CAR-T cell therapy of MM through a dual mechanism, acting by both increasing T
cell activity but also sensitizing MM cellsto CAR-T cells

Our study also identified genesin the sialic acid biosynthesis pathways, GALE and GNE,
knockdown of which sensitized MM cellsto CAR-T cells. Although our BCM A-expression
screen identified these genes to upregulate BCMA, the effect size of sensitizing the cellsto
CAR-T cells was much higher than the change in BCMA expression, indicating that there could
be additional mechanisms by which this pathway modulates response to CAR-T cells. Sialic acid
blockade in cancer cells has been shown to create an immune-permissive tumor
microenvironment increasing CD8+ T cell activity™. Therefore, inhibition of GALE and/or GNE
could modulate the tumor microenvironment and increase sensitivity to CAR-T cellsin an
antigen-independent mechanism.

In summary, we present two complementary screening approaches to identify potential
combinatorial treatments that can enhance the efficacy of immunotherapy through antigen-
dependent and -independent mechanisms. These strategies should be readily adaptable to a broad
range of cancer cell types, antigens, and immunotherapy modalities.
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Fig 1. Genome-wide CRI SPRi/a screensto identify genesregulating cell-surface expression
of BCMA

A, Schematic representation of our genome-wide CRISPRI and CRISPRa screens to identify
modulators of BCMA expression. AMOL cells constitutively expressing the CRISPRI or
CRISPRa machinery were transduced with genome-wide lentiviral SgRNA library. Following
transduction, cells were stained for cell surface levels of BCMA and sorted by fluorescence-
activated cell sorting (FACY) to enrich for populations with low or high levels of cell surface
BCMA.. Frequencies of cells expressing a given sgRNA were determined in each population by
next generation sequencing. B, BCMA expression levelsin apanel of MM cell lines. BCMA
transcript FPKM levels obtained from the Keats lab database: https.//www.keatslab.org were
plotted against cell surface expression levels of BCMA quantified by flow cytometry. The flow
cytometry data are means of three biological replicates, error bars denote SD. Note that some
error bars are not visible because values are small. C and D, Volcano plots indicating the BCMA
expression phenotype and statistical significance for knockdown (CRISPRI, C) or
overexpression (CRISPRa, D) of human genes (orange dots) and quasi-genes generated from
negative control sgRNA (grey dots). Hits genes corresponding to functional categories are color-
coded as labeled in the panel. E, Comparison of phenotypes from the CRISPRi and CRISPRa
screens. Selected hit genes are color-coded.
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Fig 2: Validation of hit genesfrom the primary screen.

A, Heat map representation of knockdown phenotype scores from CRISPRI validation screensin
apane of MM cell lines, for cell-surface levels of BCMA and CD38. Both genes and screens
were hierarchically clustered based on Pearson correlation. B and C, AMO1 and RPM 18226
cells treated with indicated concentrations of the gamma-secretase inhibitor RO4929097 or

DM SO for 48 hrs were analyzed by flow cytometry (B) and immunoblotting (C) for changesin
BCMA levels. (B) Fold changesin BCMA cell surface levels were determined by normalizing to
DM SO-treated cells. Data points are means of three biological replicates; error bars denote SD.
(C) Western blot of endogenous BCMA. GAPDH was used as aloading control.

15


https://doi.org/10.1101/833707

bioRxiv preprint doi: https://doi.org/10.1101/833707; this version posted April 14, 2020. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

B8 Panobinostat: Pan-HOAG inhibitor
controls Ricolinostat: HDACE inhibitor
TMP269: Class lla HDAC inhibitor

‘ositive hits

F
]
LT
3%
o2
a8
o
n

B
o
Fold change in
BCMA coll surface protein
a a2 4 0w
m o w o

o
o

O ol ol ot el el
[ gPanu Rico TMP268 E Pano Rico TMP269

] 4 4
+—— BCMAcell suface ——*
Decrease expression Increase

BCMA cp3a
c TMP289

:
25

s

B proten £

———— 5P OH

[
o

Fold change in mANA levels

nomalzed 1o Actin

o
d chang
tal prot
o
S o
a @ o -
w o w
DMSO '
oMso }l
ano |,E|_|

Fold change in
BCMA call suface protein
- m

RO4829087 - S5uM - - S5uM 5pM
TMP28G - - SEuM 10uM  SuM 10 uM

Fig 3: Classlla-HDAC inhibition increasestranscription of BCMA.

A, Volcano plot indicating the BCMA expression phenotype and statistical significance for
knockdown (CRISPRi) of human genes (orange dots) and quasi-genes generated from negative
control sgRNA (grey dots). Genes in the HDAC family are shown as green dots and labeled with
the HDAC number. B, RPM18226 cells were treated with increasing concentrations of the pan
HDAC inhibitor panobinostat (10 nM, 25 nM); the HDAC6-specific inhibitor ricolinostat (0.5
uM, 1 uM); the class II-HDAC inhibitor TMP269 (5 uM, 10 uM), or DM SO for 48 hrsand
analyzed by flow cytometry for cell surface expression of BCMA and CD38. Fold changesin
protein levels were determined by normalizing to the DM SO-treated cells. Data points are means
of three biological replicates; error bars denote SD. C and D, Total protein extracts from

RPM 18226 cells treated with 2.5 uM, 5 uM and 10 uM of TMP269 for 48 hrs were analyzed by
immunoblotting for expression levels of BCMA. GAPDH was used to normalize differencesin
loading amounts. Dataiis represented as fold change relative to the total protein expression level
after normalization with GAPDH. Data points are means of two technical replicates, error bars
denote SD. E, RPM18226 cells treated with 10 nM panobinostat, 0.5 uM ricolinostat and 5 uM
and 10 uM of TMP269 for 48 hrs were processed for quantitative PCR (QPCR) to determine
transcript levels of BCMA and CD38. Fold changes in transcript levels with different drug
treatments were determined after normalizing to beta-actin gene. Data are means of two
biological replicates, error bars denote SD. F, RPM18226 cells were treated with DM SO; 5 uM
and 10 uM of TMP269; 5 uM of gamma-secretase inhibitor RO4929097 as single agents or in
combination for 48 hrs and analyzed by flow cytometry for cell surface expression of BCMA.
Fold changes in protein levels were determined by normalizing to the DM SO-treated cells. Data
points are means of three biological replicates; error bars denote SD.
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Fig 4: Sec61 inhibitor sincrease cell-surface expression of BCMA in KM S11

(A-C) and AMOL1 (D-F) céllsA and D, KMS11 and AMOL1 cells were treated with increasing
concentrations of Sec61 inhibitors, CT8 and PS3061 (100, 200, 400, 800 nM) or DMSO asa
control for 24 hrs. Cells were stained for cell surface expression of BCMA and CD38 and
analyzed by flow cytometry. Data are means of three biological replicates; error bars denote SD.
B and E, Total protein lysates from cells treated with increasing concentration of CT8 and
PS3061 (200, 400, 800 nM) for 24 hrs were processed for western blotting. GAPDH was used to
normalize for differencesin loading amounts. Data is represented as fold change relative to the
normal protein expression level after normalization with GAPDH. Data points are means of two
technical replicates, error bars denote SD. C and F, cells treated with increasing concentrations
of PS3061 and CT8 (200, 400, 800 nM) for 24 hrs were processed for gPCR to determine
transcript levels of BCMA and CD38. Fold change in transcript levels were determined after
normalizing to beta-actin. Data are means of two biological replicates, error bars denote SD. G,
AMOL cells were treated for 24 h with the Sec61 inhibitor, PS3061 (100, 200 nM) and the
gamma-secretase inhibitor RO4929097 (5 uM) as single agents or in combination using DM SO
as acontrol. Cells were stained for cell surface expression of BCMA and CD38 and analyzed by
flow cytometry. Data are means of three biological replicates; error bars denote SD. H and I,
KMS11 cells were treated with 800 nM PS3061, 5 uM R0O4929097 and DM SO for 24 hrs. G,
Drug-treated cells were analyzed by flow cytometry for cell surface expression of BCMA.
Histograms indicate distribution of PE/CY7 BCMA in the drug-treated cells. Dataisa
representation of two biological replicates. H, Soluble BCMA (sBCMA) concentration in the cell
culture supernatant post drug treatment was measured using ELISA. Data are means of two
biological replicates, error bars denote SD. *P < 0.005, n.s. - not significant, two-tailed unpaired
t test.
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upregulate cell-surface BCMA levels. Bone marrow-mononuclear cells (BM-MNCs) isolated
from bone marrow aspirates from different MM patients were treated with indicated
concentration of Class [I-HDAC inhibitor, TMP269; gamma-secretase inhibitor, RO4929097;
and Sec61 inhibitor, PS3061 for 24 hrs. Cells were stained for cell-surface CD138, BCMA and
CD38 and analyzed by flow cytometry. Fold changein BCMA and CD38 levels were
determined in CD138+ live cell populations. Data are means of three technical replicates, error
bars denote SD.
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Fig 6: Increased efficacy of BCM A-ADC when combined with Sec61 inhibitor

A, BCMA-ADC cytotoxicity dose-response assay of CRISPRi KM S11 cells expressing two
independent sgRNA targeted towards BCMA and a non-targeting control sgRNA. B, KMS11
cells treated with indicated concentrations of PS3061 and RO4929097 were stained for BCMA
and analyzed by flow cytometry. Histograms indicate the distribution of BCMA. Dataisa
representation of two biological replicates. C, BCMA-ADC cytotoxicity dose-response assay
was performed in combination with indicated concentrations of drugs. Data points are means of
two biological replicates; error bars denote SD. D, KM S11 cells treated with indicated
concentrations of PS3061 and 2.5 uM R04929097 were stained for BCMA and analyzed by
flow cytometry. Datais a representation of two biological replicates; error bars denote SD. E,
BCMA-ADC cytotoxicity dose-response assay was performed in combination with indicated
concentrations of drugs. Data points are means of two biological replicates; error bars denote SD.
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Fig 7: CRISPRI-CAR-T screen identifies genes modulating responseto BCMA CAR-T cells
A and B, CRISPRi AMOL cdlls expressing BFP-sgRNA targeted towards BCMA or non-
targeting control syRNA were co-cultured at a1:1 ratio with BCMA- or CD19- GFP CAR-T
cells. Fold changesin T cell activation was determined by analyzing for cell surface expression
of CD69 on T cells normalized to CD69 expression on resting T cells. Myeloma cell viability
was determined by propidium iodide staining of BFP-positive myeloma cells. C, Schematic
representation of the CRISPRI-CAR-T cell co-culture screen. D, Comparison of BCMA
expression phenotype to sensitivity towards BCMA-CAR indicating different syRNAs targeted
towards BCMA.. E, Volcano plot indicating CAR-T sensitivity phenotypes and statistical
significance of knockdown of human genes (orange dots) and quasi-genes from negative control
sgRNAs (grey dots) in multiple myeloma cells. Hits genes corresponding to functional categories
are color-coded as labeled in the panel. F, Comparison of BCMA expression phenotype from the
CRISPRI primary screen (Fig. 1) to sensitivity towards BCMA-CAR. Hits genes corresponding
to functional categories are color-coded as labeled in the pandl. G, CRISPRi AMOL1 cells
expressing two independent sgRNAS targeting ICAM1 or non-targeting control sgRNA were co-
cultured overnight at a1:1 ratio with BCMA-CAR-T cells. Frequency of viable myeloma cells
was determined by flow cytometry.
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