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A need to update paradigms for
myeloid cells within the tumor
microenvironment to advance
Immunotherapy

Michelle Kinder, PhD

There are controversies and conflicting hypotheses about myeloid cells within the tumor
microenvironment. On one hand is the theory that macrophages need to be depleted; on
the other, the idea that macrophages need to be re-programmed from M2 to M1 phenotype.
There is a lot of discussion surrounding myeloid derived suppressor cells within the tumor
microenvironment but the frequency, phenotype, and functional role of these cells are not
well defined. Herein, we will review the current understanding of the myeloid cells within
the human tumor microenvironment and their possible function with a focus on myeloid
derived suppressor cells, granulocytes and macrophages. We will also explore different im-
munotherapeutic approaches to engage these immune cells within the tumor microenvi-
ronment. Furthermore, approaches on how we can characterize the role and function of
myeloid cells within the solid tumors are described.
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Immunotherapy was first conceived using bacteria to treat cancer after a patient with a
“Coley’s toxin” which was a mix of heat- skin infection resulted in regression of his tu-
killed bacteria administered into patients. mor. During his time no one could explain
William Coley first hypothesized that using how Coley’s toxin worked. We now know
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that this bacterial mixture worked to invigo-
rate the immune response to cancer through
stimulation of Toll-Like Receptors (TLRs)
expressed primarily on myeloid cells. Today
a weakened form of Mycobacterium bovis in
Bacillus Calmette—Guérin (BCGQG) is used to
treat bladder cancer since the 1970s and can
be considered a derivative of the treatment
paradigm from Coley’s time.

Targeting and stimulating myeloid cells
within the tumor microenvironment has po-
tential promise for immunotherapy due to
these early observations. Myeloid cells com-
pose a large portion of the tumor and include
cell types such as macrophages, monocytes,
myeloid-derived suppressive cells (MDSC),
neutrophils, basophils, eosinophils, mast cells
and dendritic cells. Many assumptions about
the human tumor microenvironment were

made from mouse models. Definitions and
phenotypic characterization of cells within
the tumor microenvironment differ between
human and mice, and thus while learning
from mice studies are helpful, one cannot di-
rectly translate mice data to human data. In
this review article, we will focus on defining
the myeloid cells within the human solid tu-
mor microenvironment (Figure 1).

MYELOID-DERIVED
SUPPRESSOR CELLS

Mpyeloid-derived suppressor cells are gen-
erally defined as immature myeloid cells
with the ability to suppress T cell function.
MDSCs increase in the blood during early
pre-malignancy and in cancer [1]. MDSC

—» FIGURE 1
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from the blood of in premalignant and ma-
lignant cancers can suppress T cell function
in ex vivo assays. Studies have suggested that
the prevalence and frequency of MDSC are
associated with poor prognosis in multiple
tumor types

There are three types of MDSCs including
monocytic MDSCs (M-MDSC) which are
defined as Lin-HLA-DR-/low, CD11b+C-
D33+CD14+CD15-, Polymorphonucler
myeloid-derived suppressor cells (PMN-MD-
SCs) defined as Lin-HLA-DR-/low, CD-
11b+,CD33+CD14-CD15+, and early MD-
SCs which are Lin-HLA-DR-/low, CD11b+,
CD33+CD14-CD15-

Monocytic MDSCs are monocyte precur-
sors/immature monocytes. Within peripher-
al blood mononuclear cells, they compose a
relatively low compared to monocyte pop-
ulation. Nevertheless, there is correlation of
M-MSDC in the blood with the develop-
ment of cancer and with prognosis in some
tumor types including prostate cancer and
. M-MD-
SC inhibit T cell function through multiple

colorectal cancer among others

mechanisms including arginase, nitric oxide,
VEGF and PGE2. M-MDSC can also pro-
duce IL-10 and TGEF-$

Within the tumor, the number and differen-
tiation state of M-MDSC is less defined. There
is a challenge to discriminate between the var-
ious myeloid subsets and define their immu-
no-suppressive function within solid tumors.
Because of the plasticity of both monocytes
and M-MDSC, local environments promote
differentiation and changes in in protein ex-
. While mono-
cytes rapidly differentiate into macrophages
in the tumor, the fate of M-MDSC is less
known Within the tumor the majority of CD-
11b+CD14+ cells generally display high HLA-
which would identify
these cells as macrophages. There is also a per-
centage of cells CD11b+CD14+ cells that are
with HLA-DR intermediate with monocyte

pression impacting function

DR+ expression

morphology [8]. The percentages of M-MDSC
as defined by Lin-HLA-DR-/low, CD11b+C-
D33+CD14+CD15 is low and outnumbered
by macrophages and granulocytes
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Another population of MDSCs are early
type. These cells express neither CD14 nor
CD15. They are a very small population, and
their function is not yet clear. They do not
exhibit suppressive activity and are not cor-
related with disease patient outcome

PMN-MDSCs are immature neutrophils.
They have an increased suppressive activity
on a per cell basis compared to M-MDSC

. They suppress T cells in ex vivo assays
using reactive oxygen species, nitric oxide and
arginase. Similarly with M-MSDC, the levels
of PMN-MDSC in the blood are associated

with poor patient outcome

PMN-MDSC VS NEUTROPHILS

Neutrophils may also play a role in tumor
progression. A higher neutrophil to lympho-
cyte ratio in the blood is a negative predictor
of outcome across multiple cancer types and
in response to immunotherapy . Neutro-
phil counts are a general marker of inflamma-
tion in the body and numbers of neutrophils
may be related to the levels of PMN-MDSC
and/or intratumoral neutrophils

What is the difference between PMN-MD-
SCs and neutrophils? There is no marker
alone that can differentiate between the two,
particularly in the tumor microenvironment.
This leads to many investigators labelling neu-
trophils within the tumor as PMN-MDSCs
without performing any ex vivo assays to un-
derstand their suppressive or immune-stimu-
latory function.

In the blood, when PBMC:s are isolated us-
ing a Ficoll gradient, mature neutrophils are
high density and will move through the gra-
dient and be removed whereas PMN-MDSC
are low density would be isolated with the
PBMC layer
vated neutrophils may also be isolated in the
PBMC layer [12]. It has been proposed that
LOXI1 may be a specific marker of PMN-MD-
SCs since it is increased on PMN-MDSC
compared to neutrophils

. Additional low density acti-

. However,

LOXI is expressed on both neutrophils and
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PMN-MSDC albeit at different levels limit-
ing the utility of LOX1.

Because of the challenges defining neutro-
phils from PMN-MDSC in the blood, there
is even more difficulty classifying these pop-
ulations within a tumor where density gradi-
ents are not feasible to use. Perhaps, the more
relevant question in this setting should be
the function of these cells within the tumor.
Functional studies are rarely done to define if
these cells in the tumor are pro-tumorigenic
or anti-tumorigenic. In fact, neutrophils iso-
lated from tumors have immuno-stimulatory
properties when cultured with human T cells
ex vitro

To add layer of complexity, studies have
suggested that there are both pro-tumorigen-
ic (N2) tumor associated neutrophil (TAN)
and anti-tumorigenic (N1) TANs. N2 TANs
are induced by TGF-f and are characterized
by lower levels of ICAM-1, decreased forma-
tion of neutrophil extracellular traps (NETs)
and decreased tumor cell-killing capacity

. N2 TANs can express [L-23, IL-6 and
TGEF-b which can potentially lead to Th17
skewing in the tumor microenvironment and
thus a less robust anti-tumor T cell immune
response [18]. Others have suggested the N2
designation is similar to PMN-MDSC cells

. N1 TANs are induced by type 1 IFNs and
have increased ICAM-1 expression, increased
formation of NETs and higher tumoricid-
al capacity. They express pro-inflammatory
cytokines IL-12 and TNF-a . Admin-
istration of high dose IFN therapy to mela-
noma patients, resulted in an increase of the
N1 phenotype [19]. The use of N1 and N2
nomenclature is an over-simplification and
likely TANs can be pro-tumorigenic or an-
ti-tumorigenic based on levels of cytokines
and activation states within the tumor micro-
environment. There may not be a defined di-
chotomy of function but rather a functional
plasticity based on context.

Tumors as well as other immune cells ex-
press IL-8 (CXCL8), a chemokine which
recruits neutrophils via CXCR1/2. IL-8 also
functions in neutrophil activation and con-
tributes to angiogenesis and EMT. High
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baseline levels of IL-8 in the blood in consis-
tently associated with poor prognosis across
multiple tumor types and poor response to
. Multiple CXCR1/2

inhibitors are currently in clinical trials in

immunotherapy

multiple disease settings. Of interest is an an-
ti-IL8 antibody, BMS-986253, being tested
in combination with nivolumab. These trials
will help to determine whether IL-8 and sub-
sequently neutrophils are a marker or a driver
of resistance to anti-PD1 therapies.

MACROPHAGES

Macrophages comprise a significant portion
of the tumor microenvironment [11]. Mono-
cytes and immature myeloid cells that are at-
tracted to the tumor microenvironment like-
ly rapidly differentiate to macrophages [8]. A
variety of tumors express chemokines includ-
ing M-CSF, GM-CSF MIP1la, MIP1p, and
MCP-1 to attract and differentiate myeloid
cells. Using flow cytometry, multiple groups
have shown that CD11b+CD14+ cells have
elevated HLA-DR within the tumor micro-

environment suggesting their maturation

The framework of M1 and M2 is difficult
to apply to tumor associated macrophages.
M1 macrophages are ‘classically activated’
macrophages that are pro-inflammatory.
vitro, they are differentiated with IFN-y and
LPS. They express high levels of IL-12 and low
levels of IL-10. Markers for M1 macrophages
have been reported to be CD64, CD80, and
CD86
ferent types of M2 macrophages such as M2a,
M2b, M2c and M2d
are “alternatively activated’ and differentiated
in vitro with IL4 and IL-13. They express high
levels of CD206. M2a cells are macrophages
thought to mediate responses to wound heal-

. Meanwhile there are multiple dif-

. M2a macrophages

ing. M2c cells likely more closely replicate
macrophages from the tumor microenviron-
ment. They are differentiated with IL-10 and
TFG-B which are abundant in the tumor mi-
croenvironment. They are characterized by

the expression of CD163




Characteristics of TAMs are beyond what
is developed in vitro with cytokine cocktails.
Tumors co-express M-CSE, GM-CSE, MIP-
la, MIP1B, MCP-1, IL-10, TGF-B, IL-8,
IL-6 etc. There are likely localized spatial gra-
dients to the levels of cytokines and differenc-
es based on the tumor type and location.

TAMs within the microenvironment tend
to have expression of BOTH M1 AND M2
receptors rather than a dichotomy of expres-
sion. TAMs can co-express CD206, CD163,
CD80, and CD86
of M1 and M2 within the tumor microenvi-

. Therefore, the use

ronment is limiting as tumor associated mac-
rophages can express properties of both.

Similarly with neutrophils, macrophages
within the tumor microenvironment can
simultaneously have anti-tumorigenic and
pro-tumorigenic properties. TAMs express
IDO, arginase, TGF-f and IL-10 which
can limit T cell proliferation. On the other
hand, activated macrophages have the ability
to phagocytose tumor cells and contribute to
expression of IL-12p40 and IFNG.

The overall depletion of macrophages by
inhibition of CSFI1R has not been fruitful
thus far. There is no single agent activity ex-
cept in tumors that are directly driven by the
ligand M-CSF such as tenosynovial giant cell
as seen with treatment with the CSFRI1 in-
hibitor PLX3397 in patients
PLX3397 is ineffective against recurrent glio-
, and a different CSF1R inhib-
itor, LY3022855, is ineffective against breast
. Merely depletion of

. However,
blastoma

or prostate cancer
macrophages and immature monocytes does
not result in effective immunotherapy.
Rather than deplete TAMs, another ap-
proach is to take advantage of their plasticity
and activate them via receptors such as CD40
or TLRs. This approach activates macro-
phages in the tumor microenvironment and
also re-invigorate a productive T cell response.
The role of anti-CD40 therapeutics in
solid tumors is still under investigation. Ad-
ministration of an anti-CD40, Selicrelumab,
in a neoadjuvant pancreatic tumors results
in macrophage activation resulting in de-
creased fibrosis, less M2 immune phenotype,
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dendritic cell maturation, and modulation
of pro-inflammatory cytokines . How-
ever, in a recent phase 2 randomized trial of
anti-PD1(Nivolumab), Gemcitabine plus
Nab-paclitaxel and a different anti-CD40
agonist, Sotigalimab, in previously untreat-
ed metastatic pancreatic cancer, the combi-
nation arm of Sotigalimab, Nivolumab and
Gemcitabine, Nab-paclitaxel did worse than
Nivolumab alone with Gemcitabine plus
. It is not clear why CD40

activation led to a decreased response rate in

Nab-paclitaxel

the combination. Thus far it is unclear how to
proceed with CD40 activation as therapy for
solid tumors. Timing and the number of dos-
es may play a role in maximizing the anti-tu-
mor activity from anti-CD40 therapeutics.

Another method of activating macro-
phages include the use of TLR agonists. There
are currently three approved TLR agonists on
the market including BCG for bladder can-
cer which is a TLR2/3 agonist. The other
approved TLR agonists are the TLR4 ligand
monophosphoryl lipid A for cervical cancer
and the TLR7 agonist imiquimod for basal
cell carcinoma . TLRs do not just acti-
vate macrophages, they also activate dendritic
cell types depending on the TLR expression.
TLRs serve as adjuvant for vaccines and can
bridge the adaptive and innate immune sys-
tems by increasing antigen presentation. Ad-
ditional TLR agonists are in clinical trials for
the treatment of various cancers.

Macrophages have a clear role in the tumor
to mediate antibody phagocytosis and killing
of tumors particularly in the context of ther-
apeutic antibodies. The presence of macro-
phages is positively associated with outcome
in the context of antibody mediated therapy

. It is likely that TAMs play an import-

ant role in mediating responses to therapeutic
antibodies in tumor patients

The variable regions of therapeutic an-
tibodies bind to a tumor antigen while the
constant portion of an antibody binds to Fc
receptors expressed on immune cells. Tumor
associated- macrophages express activating
Fc receptors CD64 (FcyR1), and CD32a
(FeyR2a) while a subset of TAMs also express
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Mass spectrometry
(Cytof)

Single cell RNA
sequencing

Up to 40 analytes per cell; Intracel-
lular and extracellular proteins

Characterization of individual cell
types and gene expression

—» TABLE 1
Techniques for assessing the tumor microenvironment in human solid tumors.
Sample Type Technique Pros Cons
FFPE block/ RNAseq, Relatively easy to obtain; explorato- Difficult to determine which cells are
Frozen targeted RNA seq ry analyses can be done present and which cells change their
expression
Immunohistochemistry Straightforward; Can analyze whole Limited to one marker of interest and
sections serial sections
Multiplex Spatial information; examine co-ex- Limited number of markers at once;
Immunofluorescence pression; multiple markers analyzed lower resolution due to nature of
fluorescence
Multiplex immunochemi- Spatial information; up to 14 mark- Limited availability
cal consecutive staining ers per panel
Imaging mass cytometry Spatial information; Up to 40 Time consuming to acquire; Limited
analytes per slide with single cell to validated metal tagged antibodies
resolution
Spatial multiomics (10x Spatial information+ RNA expres- A lot of data; Challenging to analyze
genomics, akoya, nanos- sion+/- protein expression
tring, etc)
Fresh Flow cytometry Singe cell resolution of cell popula- Need for fresh tumors;
dissociated tions; Up to ~18 protein markers per Limited data analysis; Difficult to as-
cells panel sess many intracellular proteins; Lack

of spatial information

Need for fresh tumors;

Time consuming; Lower sensitivity
for low expression; Lacks spatial
information

Need for fresh tumor cells; Lacks
spatial information

CD16 (FcyRIID). Engagement of an activat-
ing FcyR with antibody opsonized tumor
cells generally results in phagocytosis of the
tumor cell resulting in cytokine release and
tumor cell killing [9]. Macrophages can also
mediate trogocytosis which is the removal of
the engaged receptor from the surface of a tu-
mor cell. For example, Amivantamab which
is a bispecific EGFRx¢cMET antibody that is
Fc engineered for enhanced Fc receptor bind-
ing targets tumor cells through phagocytosis
and killing [31]. It also works in part by re-
ducing levels of EGFR and cMET receptors
resulting in decreased tumor cell prolifera-
tion [32]. Once can envision that antibody
mediated therapy for solid tumors, works in
part through arming and redirecting TAMs

against tumors.
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CHALLENGES & OPPORTUNITIES
FOR CHARACTERIZING THE
TUMOR MICROENVIRONMENT IN
PATIENTS

There is a need to better characterize the
human tumor microenvironment in pa-
tients using cutting age techniques to better
understand the myeloid cells and improve
therapeutics. There is a myriad of advanced
technologies available to resolve immune cells
within the tumor microenvironment on the
single cell level [33] (Table 1).

The traditional approach of single-color
immunohistochemistry is restrictive because
multiple markers are needed to define cell
types. Even using multi-color immunofluo-
rescence it is still challenging to define and
understand the cells within the tumor. For
example, monocytic MDSC are defined in
part by Lin-CD11b+HLA-DR-CD14+, 5+
markers are necessary to accurately define
these cells [4].




RNA sequencing has been widely used to
examine tumor tissues. In contrast to many
techniques, more exploratory analyses can be
done since it is not limited by pre-determined
markers of interest. However, it is difficult to
deduce which cells are present. Immune sig-
natures such as CIBERSORT are generated
based on in vitro or ex vivo immune cells and
may not reflect unique biology of the tumor
microenvironment Furthermore, it
is not possible to determine which cells are
changing their gene expression.

Single cell approaches have been utilized to
characterize immune cells but require the use
of fresh tissue. Fresh tissue is challenging to
collect and dissociate, in particular for met-
astatic lesions. Flow cytometry analysis pro-
vides information on the phenotypic charac-
terization of the cells at the single cell level.
It has been used to characterize the immune
microenvironment of breast cancer and

NSCLC cancer

cause of differences in dissociation protocols,

among others. Be-

antibody clones, panels, and gating analyses
there are some differences between group to
group. However, flow cytometry can reliably
determine multiple protein markers on a sin-
gle cell. Flow cytometry is limited by the need
for pre-determined antibody panels and the
number of antibodies per panel is relatively
limited.

Mass cytometry or cytometry by time of
flight (Cytof) can increase the number of
markers used compared to flow cytometry - up
to 40 analytes can be tested in a single panel.
Mass cytometry can be limited by sensitivity
for low expression markers. Mass cytome-
try is time-consuming for acquisition of the
samples and the availability of metal-tagged
antibodies are more limited compared to an-
tibodies available for flow cytometry.

Single cell RNA sequencing greatly ex-
pands the number of analytes tested per cell
with the ability of measuring whole transcrip-
tomes or selected genes. Single cell RNA se-
quencing techniques have also been expanded
such that there is the ability to include pro-
tein expression markers as well as RNA analy-
sis. Using higher content analyses one can use
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unsupervised clustering such as t-distributed
stochastic neighbor embedding (t-SNE) to
visualize and understand populations in the
tumor environment.

By leveraging both bulk sequencing and
single cell RNA sequencing approaches, in-
vestigators have determined a myeloid cell
resistance mechanism for anti-PD(L1) ther-
. Bulk RNA

sequencing data was available from two dif-

apies in urothelial cancer

ferent clinical trials using atezeoliumab or
nivolumab in metastatic urothelial cancer
that had outcome data associated with it. In-
vestigators used additional single cell RNA se-
quencing data from urothelial cancer patients
to resolve the RNA signatures associated with
poor prognosis. This study demonstrated that
there was heterogeneity of the myeloid pop-
ulations that were beyond classical M1 and
M2 polarization. In addition, poor response
to anti-PD(L1) was associated with myeloid
cells that had increased pro-inflammatory
cytokines/chemokines (IL1B, CXCLS8 (IL8),
SPP1, and CCL20 ), decreased antigen pre-
sentation genes and were unrelated to M1/
M2 polarization [36]. The use of combining
bulk sequencing with further refinement
from single cell sequencing could have addi-
tional implications for understanding respon-
siveness to therapeutics.

Single cell sequencing was also used to
profile NSCLC and corroborated the analy-
ses with CITE-seq which combines protein
markers with transcriptional information

. Investigators demonstrated there was a
large population of mononuclear phagocytic
cells within NSCLC. Intratumoral dendritic
cells were characterized by CD14+CD163+
DC3 cells. Tumors were found to be dom-
inated by monocyte-derived macrophages
that were distinct from alveolar macrophages.
Within this cluster of monocyte-derived mac-
rophages, four subtypes were determined. A
particular cluster which expressed high lev-
els of SPP1, glycolysis genes and lower levels
of HLA Class II tracked with responders to
anti-PD(L)1 therapy whereas populations of
DCI1, DC2, avelolar macrophages and Azu+
macrophages tracked with nonresponders
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[37]. Single cell sequencing allows to under-
stand the level of heterogeneity of myeloid
cells well beyond what can be done with
pre-determined panels of analytes.

The ability to obtain enough fresh tissue
for single cell analyses is often not possible,
especially in the case of analyzing metastatic
lesions. In addition, because the tumor mi-
croenvironment has cytokine gradients that
can influence cellular differentiation and gene
expression, the location of each cell within
the tumor may provide clues to its function.
High content imaging allows for spatial char-
acterization of immune infiltrates.

One example of enhanced spatial imaging
has been a technique using a multiplexed IHC
based on serial chromogenic staining (Multi-
plex Immunochemical Consecutive Staining)
which allows for up to 14 stains to be ana-
lyzed on a single slide. This information was
used to characterize the immune contexture
of pancreatic cancer [38] as well as character-
ize the impact of CD40 in a window of op-
portunity study in pancreatic cancer [26].

Another example of enhanced spatial im-
aging is imaging mass spectrometry such as
that offered by Fluidigm. This technique
combines the power of mass cytometry with
spatial awareness. It still has the limitations of
mass imaging but can have up to 40 protein
analytes on single cell resolution on a frozen
or FFPE slide [39]. This technique was used
on samples from the Keynote 177 and elu-
cidated that antigen presenting macrophages
(CD68+CD74+) interacting with CD8 T
cells were associated with response to an-
ti-PD1 [40].

Combined spatial imaging with large
numbers of proteins or transcriptomics have
become more accessible with vendors such as
10x Genomics, Nanostring and Akoya offer-
ing these services. High content spatial analy-
ses will likely lead to additional advancements
in the knowledge of myeloid cells within the
tumor microenvironment [41]. Cross-ref-
erencing data across different technology
platforms are needed to fully characterize
and validate findings. Hopefully, enhanced

characterization of the microenvironment,
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particularly in response to immunotherapy,
will enable the design of the next generation
of therapies and drug combinations.

HUMAN VS MOUSE
MICROENVIRONMENT

Many of the hypotheses for human tumor
microenvironment were developed in mice.
However, there are significant differences in
hematopoiesis in humans and mice. Mice are
very quick to have extra-medullary hemato-
poiesis in the spleen when under stress which
is why a significant portion of immature
myeloid cells are readily found in spleens of
tumor-bearing mice. Development of these
immature myeloid cells in the spleen in mice
are clearly associated with negative outcomes.
Removal of the spleens to reduce the ex-
tra-medullary myelopoiesis results in reduced
tumor burden in mice [42]. However, the role
of extra-medullary hematopoiesis in humans
is less clear. One study has shown increased
levels of splenic CD11b+ and CD133+ (a
marker for human stem cell progenitors) cells
by IHC in multiple tumor types [43] but the
level and contribution of splenic hematopoi-
esis in humans is not clear.

One major difference in tumor associated
macrophages between mice and humans are
the levels of expression of HLA-DR (MHC
class II). Within the murine tumor micro-
environment, a large portion of monocytic
cells are HLA-DR negative [44] whereas, in
humans the monocytic cells highly express
HLA-DR [9,10]. Therefore, mice have a high-
er portion of immature myeloid cells in the
tumor while humans have more mature my-
eloid phenotype. These differences can lead to
discrepancies between mechanisms of action
of therapeutics in mice versus humans. Addi-
tional models need to be developed to bridge
the understanding of myeloid cells in mice
versus humans.

There are also many other considerations
for differences in the immune systems be-
tween mouse models and human tumors in-
cluding aging of the immune system in older
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Q What are you working on right now?

PB: Right now, | am leading our relatlimab development team at Bristol-Myers
Squibb. We are working in the hope that we can bring the potential of LAG-3 targeted ther-

apies to appropriate patients.
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Can you firstly frame of us the rationale behind pursuing LAG-3
checkpoint inhibition in the immuno-oncology context, including in
the combination therapy setting?

PB: Lymphocyte activation gene (LAG)-3 is a cell surface molecule expressed on
immune cells, including T cells. It can negatively regulate proliferation and effector T cell
function. It was observed that LAG-3 has been upregulated in many tumor types.

Existing established immunotherapies such as PD-1 and CTLA-4 inhibitors have really
transformed patient care across multiple tumors, both as monotherapies and in combination.
However, we know that there are multiple other immune checkpoints identified, such as LAG-
3, that allow the possibility of novel combinations of new checkpoint inhibitors to be explored,
potentially improving outcomes for patients and optimizing benefit-risk profiles of treatments.

This is where we think LAG-3 can come into play.

Can you expand on key recent advances in our biological
understanding in this area - for instance, in terms of mechanism of
action?

P B: There have been many advances recently. We and others have reported prelim-
inary evidence of broad activity of LAG-3 targeting therapies in multiple tumor settings. This
activity has been seen in tumors that typically respond to immuno-oncology (I-O) treatments,
as well as in tumor types that are generally considered insensitive to I-O therapies.

We have even seen activity where checkpoint inhibitors have failed, such as in patients that
have previously been treated with I-O therapies and had disease progression. The broad range
of activity has been observed through various mechanisms for targeting LAG-3. There are
blocking antibodies and there is also soluble LAG-3 itself that is administered therapeutically.
However, there is still a lot to learn about how this pathway can be targeted through various

mechanisms, and across various disease settings.

Can you highlight the most pressing remaining shortfalls in our
understanding in this area?

/\ PB: As with many cancer therapeu-

(

~ tics, there is a major need to identify
patients who are most likely to benefit

“Lymphocyte activation gene from particular therapies through the

N use of selection markers. They can be ei-
(LAG) 3 54 CeH Surface ther clinical selection markers or translational
mO|eCU|e expressed on in nature. Selection markers can help us to

immune cells. includi ng T cells” identify the most appropriate patients to treat
\ ’ J
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with a particular drug that targets a mecha-

"y . .
nism of action (MOA) or a combination of ...there is a major need to

them. identify patients who are most

We have had much progress in terms of

understanding so far, but there is still a lot

likely to benefit from particular
more to be learned. We are actively working thera pieS th rough the use of

J

to understand what selection strategies can selection markers )
be applied to LAG-3 combinations, whether \_
those are already established ones in the field V

of immuno-oncology or novel ones more tai-

lored to LAG-3 itself.

Are there any other particular challenges to address in developing
a LAG-3 checkpoint inhibitor?

PB: One unique aspect is a general lack of monotherapy activity across the field
of LAG-3 blocking antibodies. This is a real challenge because in oncology, we often look to
where there is monotherapy activity of a drug to guide its future development. With LAG-3,
that does not appear to be the case. This was identified early, and so our developmental activi-
ties have taken that challenge into account.

Even more challenging, when thinking about combinations with established I-O therapies,
we naturally want to look where those I-O therapies are active, and we have seen promising
activity using various modalities that target LAG3 in these spaces. However, we have now
seen activity in places where I-O therapies do not have activity such as in the patients who
progressed after prior I-O treatment, as well as in areas where I-O therapies have not shown
activity to date. This presents real challenges in terms of prioritizing development, but there
are also opportunities. We can go very broadly and potentially bring more effective therapies in

areas we may not have otherwise considered previously.

Tell us more about Bristol-Myers Squibb’s R&D work in the space
to date, specifically - what studies have been/are being conducted?

PB: We have and are continuing to actively explore LAG-3 combinations across
a broad range of tumor types, including melanoma, non-small cell lung cancer, hepa-
tocellular carcinoma, colorectal cancer, and others. We are also further exploring novel
combinations of LAG-3, including with other established and emerging I-O checkpoint inhib-

itors, and also with non-I-O mechanisms.

Looking further ahead, what's your vision for the future impact of
LAG-3 checkpoint inhibition, both within and potentially beyond
-O7
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( “With the overall rapid A
pace of advancement in [-O
therapy ... you can really
start to imagine a future
where patients can receive
rationally selected regimens
based on their unique clinical
characteristics and/or tumor

\ biology.” )

N

PB: The future is really wide open
for LAG-3 checkpoint inhibition. As I
mentioned, we have seen promising results
in a spectrum of tumors and difficult-to-treat
settings with LAG-3 combinations.

With the overall rapid pace of advancement
in I-O therapy, both in terms of LAG-3 and
other MOAs, you can really start to imagine
a future where patients can receive rationally
selected regimens based on their unique clini-
cal characteristics and/or tumor biology.

You can envision these regimens potential-
ly including I-O and non-I-O combinations
in particular tumor settings. Overall, we are

only at the beginning of the story in immu-

no-oncology. Now that we have seen such promising activity with novel MOAs such as LAG-3,

we are understanding that it will have an important role to play in the next chapter.

over the next 12-24 months?

Finally, could you sum up some key goals & priorities for your work

PB: To put it simply, my goal is to ensure that we learn as much as possible about

what we can achieve with this newly validated I-O target, so that we can fully realize

its potential for as many patients as possible and hopefully improve their lives.
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Advancing engineered cell &
gene therapy with precision
gene editing

John Lambourne

The increased range and accessibility of gene modification technologies has had a great im-
pact on the cell and gene therapy field, with CRISPR-Cas9 in particular garnering increased at-
tention in the last decade. But is it always the best tool for the job? In this article, CRISPR and
base editing techniques will be compared - demonstrating the key advantages base editing
technology can offer to the field in terms of safety and efficiency, and how increasingly precise
gene editing approaches can help to deliver the next generation of advanced therapies.

Immuno-Oncology Insights 2022; 3(1), 37-49
DOI: 10.18609/i0i.2022.005

GENE MODIFICATION — ex vivo autologous cell therapy, ex vivo allo-
TECHNIQUES AT THE CENTER OF  geneic cell therapy, and in vivo gene therapy.
CELL & GENE THERAPIES Gene modification technologies have been

at the center of new therapies, and their evo-
There are a number of gene modification  |ycion is enabling the development of novel

technologies now available in the cell and therapeutics that are more precise, safer, and
gene therapy space, with a wide range of ther-  hrgader in application. Looking to the suc-
apeutic applications. As seen in Figure 1, there  cagses of the immuno-oncology field in par-
are three key areas currently seeing growth ticylar, advanced therapeutic approaches are
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—» FIGURE 1

Range and application of gene modification technologies.

Increased range & accessibility
of gene modification
technologies
RNAI (shRNA, siRNA),
TALEN, Zn Fingers,
CRISPR,
Base editing, prime editing

Wide range of therapeutic
applications
Oncology,
Heritable genetic diseases,
Neurology, infectious,
Cardiovascular disease
Autoimmune disease
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proving successful in treating many unmet
medical needs.

Engineered immune cell therapies have
revolutionized the field of cancer therapeutics
and are paving the way towards more per-
sonalized medicine. CAR-engineered T cells
have proven to be particularly impactful for
the treatment of hematological malignancies
and are used not only to manage symptoms
or delay relapse, but to cure disease. Examples
include pioneers like Yescarta and Kymriah,
and now include further therapies such as Te-
cartus, Breyanzi and Abecma.

However, these engineered immune cell
therapies are not yet perfect, and gaps remain
to be addressed, including:

> Side effects (cytokine release syndrome,
neurotoxicity)

» Long-term efficacy

> Treatment accessibility (especially for
autologous therapy)

» Deployment (cost, manufacturing logistics)

> Targeting solid  tumors  (delivery,
immunosuppressive environment, variable
antigens)

A dearth of safe target antigens has also
hampered the development of CAR-T cells

DOI: 10.18609/i0i.2022.005

for broader therapeutic indications beyond
CD19", leukemias, and lymphomas. Achiev-
ing durable response against solid tumors has
been met by the challenges of poor T cell
function in the immunosuppressive tumor
microenvironment (TME) and the hetero-
geneity of antigen expression. High cost and
poor scalability limit widespread access to
these potentially life-saving treatments.

However, gene editing technologies have
become increasingly accessible and have
seen expanded application in cell and gene
therapeutics. This will lead to a next gener-
ation of cellular products that harbor cre-
ative genetic manipulations to improve T
cell potency and safety, and mitigate immu-
nosuppressive triggers in the TME. Genetic
engineering approaches could also enable
the use of allogeneic cell sources, thereby
improving scalability and allowing more
complex fine-tuning and wider deployment
of therapies.

BREAKING AWAY FROM THE
DOUBLE STRAND BREAK

CRISPR-Cas9 has seen a great increase in
popularity in the last decade. However, in




some ways it is a relatively blunt tool — the
double strand DNA breaks it creates can
lead to a number of unintended conse-
quences, including an uncontrolled indel
profile, chromosomal rearrangements, trans-
locations, and chromothripsis. As a result of
these challenges, there has been a concerted
effort to move to next-generation tools, such
as base editing.

Base editing does not utilize double strand
break technology, but instead relies on en-
zymatic activity. This provides a number of
benefits, including an improved safety pro-
file and high editing efficacy in non-dividing
cells. As CRISPR works by indel formation,
the results may be unpredictable. Base edit-
ing is more precise — coming in like a scalpel
and removing just a few bases in a way that is
predictable and provides the same outcome
every time.

Some of the major advantages relate to base
editing techniques being highly multiplex-
able. Multiple genes can be targeted without
creating undesirable events in the cell, such as
creating a high number of breaks or causing
cell stress.

Therefore, although CRISPR and base
editing are broadly similar technologies,
these subtle next-generation changes make
all the difference in the way they can be
utilized.

INNOVATOR INSIGHT

EDITING WITH PINPOINT
PRECISION

Horizon offers a specific base editing technol-
ogy: Pin-point™ base editing (Figure 2).

Our approach to deaminase recruitment
shortens the proteins in order to make them
far more amenable to packaging and of-
fers a highly tunable locus-specific control.
This multifunctional approach allows you
to have different loci with different things
coming towards them. For example, aptam-
er A brings forward enzyme A, aptamer B
brings forward enzyme B, and so on. This
provides an element of control and optimi-
zation that other technologies do not have
available.

BASE EDITING: CASE STUDIES

A number of tests were carried out to evaluate
Horizon’s base editing technology for various
applications.

T cell engineering

At Horizon, we have directed a lot of focus
to T cell engineering and multiplex gene ed-
iting, as in the clinic we are seeing a num-
ber of therapies requiring highly multiplex

—» FIGURE 2

Benefits of base editing as a gene editing tool.
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Benefits of base editing

- Predictable, precise and efficient editing outcome

- Single- and multi-gene context
No DNA double-strand breaks
- Improved safety profile
- Improved cellular health & viability
No reliance on HDR repair
- No donor template for base conversion
- High editing efficacy in non-dividing cells

Horizon's Pin-point™ base editing
- Deaminase unit aptamer recruited
- Shorter enzyme units for amenable packaging

- Locus specific controls makes for multi-functional

technology
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Target base (%)

—» FIGURE 3

Multiplex gene editing in T cell engineering.
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situations — especially when considering the
solid tumor market, where there are many is-
sues in relation to checkpoint inhibitors. We
are very interested in how multiplex editing
can benefit the immuno-oncology space.

Testing was performed with four major
targets: one related to MHC 1, one related
to how you would apply the therapy in the
first place — i.e., TRAC, which is related to
the TCR receptor to stop graft-versus-host
disease — and checkpoint inhibitors.

We applied this in a multiplex setting
with four different targets. As can be seen
in Figure 3A, the target base responsible for
the phenotype change is highly edited. The
target base transition was also highly pure
and predictable — in this particular example
the transition is C to G (grey to maroon in
Figure 3A).

In all examples, 70-90% C to T conver-
sion was observed, which created a cascade
effect leading to 70-90% protein knockout
(Figure 3B). In the total population, around
50% of targets achieved quadruplex knock-
out, where all of the four targets are removed.
This was confirmed by flow cytometry.

Interesting results were also seen when
looking at the DNA (Figure 3C) to see how
many abnormal events were occurring at the
locus of each of the target sites. When base
editing technology was compared to Cas9
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wild-type first-generation CRISPR technolo-
gy, a stark difference is seen regarding indel
formation. This was an anticipated result, as
base editing does not rely on double strand
breaks as Cas9 does.

In summary, base editing was shown to be
highly efhcient, and readily amenable to ro-
bust multiplexing, with minimal evidence of

double strand breaks.

Chimeric antigen receptor (CAR) T
cell engineering

The next important question is: does this
technology work in a therapeutic setting? In
this study, base editing was applied in a len-
tiviral CAR method (Figure 4). An anti-CD9
CAR, similar to Yescarta and Keytruda, was
added and applied in an iz vitro tumor cell
killing setting. CARs were generated, and
CAR-positive T cells can be seen in Figure 4A.
This population was highly edited, as can be
seen in a pie chart representing flow cytom-
etry readouts in Figure 4B, which shows that
PC2M, TRAC, CD52 and PDCD1 are not
present on the surface for over 50% of the
population.

This population was then reviewed in a
tumor cell killing scenario (Figure 4C). It was

observed that the CAR population, whether
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CAR T-cell engineering.
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edited or unedited, had the same high efficacy
in terms of tumor cell killing.

These results demonstrate that this tech-
nology is highly amenable to multiplex ed-
iting and also maintains biological function,
which is a minimum requirement to apply it
in a therapeutic setting.

Multiplex gene editing effects on
T cell engineering

Another area Horizon is particularly inter-
ested in is how cells are affected by different
gene editing technologies. From our original
studies comparing base editing versus classic
CRISPR technologies, we found that Cas9
and base editing gave broadly similar results
regarding T cell viability when adding one
target (Figure 4A). When the number of tar-
gets is increase, it becomes evident that the
double strand breaks affect cell health.

This experiment was originally performed
in the quadruplex format discussed above,
then expanded into an increasing quantity of
targets (Figure 5B). When using base editing,
the structure stays relatively flac. With Cas9
a negative correlation is seen, representing a
damage response every time a target is added.
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When five targets is reached, as on the right
of Figure 5B, this corresponds to a minimum
of ten break site locations in the genome.

When comparing Cas9 and base editing,
the result is a twofold increase in the quanti-
ty of cells. For a complex allogeneic therapy
this is a pertinent result, as to reach the same
quantity of cells, the Cas9 T cells will need to
be expanded more and more in order to reach
the quantity required for an adequate thera-
py. Furthermore, five targets may only be the
tip of the iceberg when considering complex
therapies in the solid tumor space.

Ultimately, base editing provides higher
viability proliferation and yield when multi-
plexing. When considering singleplexing, the
main advantage is the lack of double strand
breaks — but for more complex therapies, base
editing provides further significant advantag-
es in T cell engineering.

Base editing versus double-break
technology: safety considerations

Gene editing is a rapidly evolving space, and
safety is another key consideration. As shown
in Figure 6, off-target site editing, target
site translocations in multiplex editing, and

CAR

Base-edited CAR T cells
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Utility of the base editing for functional in vitro tumour cell killing. (A) Percentage of CAR positive cells found in the transduced population, versus
the lentiviral (empty) control. (B) Multiplex base editing profile of the CAR positive T cells. (C) Functionality of the edited and unedited cells in
tumor cell killing; displaying non transduced, a lentiviral (empty) control, and the lentivirus containing the antiCD19 CAR.
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—» FIGURE 5

Multiplexing and cell health.
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iPSC health following multiplex base editing.
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the chart is looking at a ddPCR quantitative
readout from PCD1 to CD52, which are
found on completely different chromosomes.
Between these two particular examples an ex-
tremely large translocation event percentage
is seen — around 1 in 80 cells. When this is
considered in a multiplex format (with for ex-
ample four different targets) this will build up
to a slightly higher percentage across the pop-
ulation. This could cause problems for future
therapies that are using double strand break
technology in a multiplex format.

Perhaps the most interesting factor is that
the results shown in Figure 6B represent day 7
of the cell culture. This is not artificially in-
flated data from the first two hours post-de-
livery, or very soon after editing — this is what
has survived in the culture and it is proliferat-
ing quite readily; in other words, completely
surviving cells. For autologous or allogeneic
therapy, a common timeframe is 5 and 10
days after the initial draw, so this is within the
timeframe in which the therapy may be trans-
ferred to the patient. Whether these translo-
cations are drastic or problematic is still to be
seen, but importantly, this is not an area of
concern for base editing.

We also further investigated chromosom-
al genomic fusions, and generated capture
assays to see if they were being underesti-
mated (Figure 6C). All indications point
to the fact that this was underestimated.
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Again, similar results are not observed with
base editing.

iPSC health after multiplex base
editing

Another cell type generating interest in the
immuno-oncology space is induced pluripo-
tent stem cells (iPSCs). Potentially, iPSCs can
be turned into T cells, NK cells, or even ret-
inal neurons. As will be demonstrated, base
editing works well for this purpose.

Multiplex delivery with very similar effica-
cies to that observed in T cells can be achieved,
i.e., in the 70-90% range (Figure 7A). Howev-
er, conversely to what was observed in T cells,
iPSCs are not amenable to Cas9 wild type or
double-strand breaks.

Figure 7B shows total live cells from the
culture. On the left is the control, showing
results with no manipulation, followed by
an increasing quantity of guides with dou-
ble-strand break technology. Even adding a
single guide leads to a significant shift in the
quantity of cells that survive, and the results
quickly become more extreme when moving
into multiplex formats. For this particular de-
livery method, even a duplex edit was not tol-
erated in iPSCs. Conversely, using four tar-
gets did not result in similar problems when
base editing. A small drop was observed, but
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—» BOX 1

» Highly efficient multiplexing gene editing

vV v v Vv

In vivo gene therapies

Allogeneic iPSC-derived therapies

>
» Pluripotency is retained
4

a single step

Applications and benefits of base editing technology.

Ex vivo engineered immune cell therapies (i.e. CAR-T)

Complex solid tumor gene editing approaches possible and safe
Adaptive to autologous and allogeneic therapies
Safety: low incidence of chromosomal translocation

Simpler GE workflow: readily compatible to locus specific knockin gene delivery
» Monogenic diseases (base replacement and phenotype rescue (e.g. exon skipping)
» Polygenic diseases (multiplexing, simultaneous editing)

» Simpler delivery (‘one engine’ with multiple effectors)

» Safer more streamline universal cell line generation

Higher cell viability and chromosomal health compared to ds-DNA breaks

Complex gene editing strategies (locus specific insertion and editing) possible to generate in

this was not significant, and the cells were
healthy and functioning.

Another important factor to consider when
working with iPSCs is pluripotency (Figure
7C). The cells proved healthy, and ready to
differentiate into cell types, regardless of the
number of guides used. We have shown this
in several different models to date.

CONCLUSION

In summary, base editing has a wide range
of applications within the cell, gene, and
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immuno-oncology spaces, providing ef-
ficient gene editing with low incidence
of chromosomal translocation (Box 1). As
demonstrated above, it is a safe technology,
with no translocations or chromosomal ab-
normalities observed to date. The workflow
is simple and highly amenable to knock-in
gene delivery strategies. The benefits of base
editing are further enhanced by the modular
properties of Horizon’s Pin-point platform,
which offers an advanced modular all-in-one
gene editing and transfer platform, whilst
preserving the core biology and integrity of

the cell.
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John Lambourne Danilo Maddalo

Research and Group Leader,
Development Manager, Translational
Horizon Discovery Oncology, Genentech

Lots of work has been done on utilizing gene editing technologies
to tackle hematological cancers, but what are the complications in
relation to applying such technologies in solid tumors?

D M . That's a very good question. The solution is a little bit different in the case of the
solid tumors, simply because of the accessibility and the homogeneity of the therapy delivery.
Solid tumors are more resilient and heterogeneous to treat usually, so that makes things a bit

more complicated for us.

J L: With cancer tumors, you also must consider that they are quite good at resist-
ing penetration from T cells, sometimes referred to as being “hot” and “cold”. This is
another area where gene therapy applications do have a bit of an edge. It is definitely a difficulty

when compared to liquid or hematological cancers, which are far more accessible.

Utilization of CRISPR-Cas? technology has a very interesting role
within research. What kind of roles can gene editing technologies
play in drug discovery?

DM: Unlike any other technology, CRISPR-Cas9 has been adopted across the
board in terms of the drug discovery process. We saw a huge impact of the technology
for early target discovery. There are genetic screens which are not just limited to gene knockout,
but can be extended to analysis of genetic barriers, or CRISPRa and CRISPRi approaches.

It extends to mouse models, making them much easier to generate cheaper and faster. For

the first time, we can use the technology to apply functional genomics iz vivo.

Immuno-Oncology Insights - ISSN 2634-5099
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Last but not least, in the drug discovery process there is the aspect of the therapy itself.
CRISPR can be used as a therapy, extending all the way down to diagnostics. It has a very

broad application and impact on the drug discovery process from our point of view.

JL: Especially when you think about diagnostics; it has been a game changer in
many areas.

As well as drug discovery, what kind of roles can gene editing play in
relation to disease modeling, especially in relation to understanding
cancer biology?

J L: As Danilo mentioned, we can really start applying this in vivo. We are utilizing
certain double-strand break technologies to create in vivo models, which is something we could
only dream of ten years ago. When you are deliberately adding a translocation which you know
is deleterious, you can suddenly understand the cancer at another level. This is really interesting

when it comes to seed modelling.

DM: The impact was very significant. Not only in the speed, but now instead of
generating genetically engineered mouse models, we are switching to somatically engineered
mouse models. We somatically engineer cells in the adult animal to generate the disease, which
is actually what happens in many cases with cancer.

The quality of the impact of the editing is another aspect. For the first time, we can generate
chromosomal translocations for deletions or inversions, which were very, very challenging to gener-
ate before at the somatic level. These drivers in cancer are extremely frequent, but they're relatively
understudied because of the problem of generating a preclinical model. So this will help the field.

There is also the possibility of delivering a multiplex of guide RNAs. This comes with many,
many limitations, but this also opens the opportunity to interrogate multiple genes at the same

time in one mouse model.

To date, most gene editing therapies are expensive ex Vvivo
treatments. What are the reasons for this, and what could make
such therapies more accessible in future?

D M « Unfortunately, a limiting factor in the field is the accessibility of the thera-
py, although companies like Horizon are working towards making it more accessible.
It’s just the beginning of the CRISPR era, so we would expect a drop in the price due to increase
in the manufacturing, or novel delivery systems, which are the main bottlenecks at the moment.
Ex vivo engineering has to go through many steps of validation to make sure that no off-tar-
gets are affecting the fitness of the cells. This requires a lot of time, and is something that will

probably stay within the field, but will go down in terms of price.

JL: It's definitely an interesting problem. When we think about these sorts of treat-

ments, we skirt around the fact that these are million-dollar treatments. It is a very logistically
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tricky process to take cells out of someone, manipulate and put them back in. To make certain
therapies more accessible, we need to change the way we utilize or apply this technology.
A lot of people are interested in iPSCs because they are ideally manufactured outside of

someone, and this could potentially reduce such costs going forward.

[ ] . . . .
DM . John really covered the limitations. One has to also consider that these are
hopefully one-time therapies. They do not require pre-treatment or continuous treatment.
The price effectiveness becomes comparable if you measure them against therapies that would

require a lifetime treatment. It really depends on the type of diseases we are talking about.

Safety profiling is obviously a hot topic. Why is it so important, and
what is needed to demonstrate that such cell and gene therapies
are safe enough? What will it take to determine the technology is
safe enough for the lowest severity diseases or disorders?

DM: This is probably the most relevant question now in the field. As with any
new modality or therapy, the major concerns are usually safety. We cannot go with the multi-
plex of the guide RNAs and the Cas9 to fix many of these diseases, because that would generate
catastrophic events from the karyotype point of view. We would have a lot of uncontrollable
translocations or deletions that we could not even fully detect.

It will require a set of tools like base editors for example, that are proven to be a little bit safer
and more precise. It requires a set of experiments iz vitro to show that genetically we are not
significantly changing the carrier type of the cells that we are treating.

There is a whole part of safety that goes beyond this technology, which focuses on the vectors
that are used to deliver the therapy. Viral vectors, or any other type of delivery method, require
a separate safety package. These are normal steps that require some time, but they will pay off

in the long-term.

ls there any data available on base editing of hematopoietic stem
cells (HSCs)?

JL: We have not played too much in this lab, but there is plenty out there. There
are some INDs out there in relation to base editing in HSCs, so it has been quite well used.

It has not really been utilized for the more extravagant treatments so far. I think the most
obvious example is sickle cell anemia, where you have a point mutation in your /BB gene and

you are looking to upregulate fetal hemoglobin to help rescue the disease.

horizon
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COMMENTARY/OPINION

BCMA targeting CAR T cells
using a novel D-domain binder
for multiple myeloma: clinical
development update

Anand Rotte, Christopher Heery, Bradford Gliner, David Tice &
David M Hilbert

Relapsed and refractory multiple myeloma patients have poor prognoses and limited treat-
ment options even with the recent FDA approval of idecabtagene vicleucel. Idecabtagene
vicleucel joins four other US FDA approved chimeric antigen receptor T cell therapies each
with promising efficacy and response rates across various hematological malignancies.
Notwithstanding the early success of chimeric antigen receptor T therapies, there remain
many challenges that warrant further development of chimeric antigen receptor T structure
and function as they relate to durability of response, T cell exhaustion due to tonic signaling,
immunogenicity, manufacturing-related limitations, and incidence of serious adverse events
including cytokine release syndrome and immune effector cell associated neurotoxicity syn-
drome. D-domain based chimeric antigen receptor T cells are a new class of structurally and
functionally distinct cell therapies that represent an alternative to conventional single-chain
variable fragment based chimeric antigen receptor T cells. Preclinical studies of a D-domain
based targeting B cell maturation antigen (CART-ddBCMA) have demonstrated effective
anti-tumor response in both in vitro and tumor models. These studies currently support a
first-in-human clinical study of CART-ddBCMA in multiple myeloma patients. Interim Phase
1 data presented at American Society of Hematology 2021 Annual Meeting further demon-
strates the promising potential of CART-ddBCMA cells in the treatment of multiple myelo-
ma. Herein, we present an overview of chimeric antigen receptor T cell therapies including
challenges in chimeric antigen receptor T therapies, advances in CAR design, structural and
functional properties of novel D domain-based chimeric antigen receptor T cells, and an
update on the development of CART-ddBCMA in multiple myeloma patients.
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Multiple myeloma (MM) is the third most
common hematological malignancy in the
USA and the world [1,2] and ranks second in
the death rate for hematological malignancy
in the USA [1]. This heterogenous disease is
characterized by the proliferation of clonal
plasma cells that secrete a monoclonal anti-
body called an M protein [3]. MM patients
have a median age at diagnosis of 69 years and
one-third of patients diagnosed are 275 years
of age [4]. Approximately half of patients (all
ages) and only a quarter of patients above age
80 survive 5 years after being diagnosed with
MM [5,6].

MM is mainly treated with an induction
regimen comprising a proteasome inhibitor
(PIs; bortezomib), immunomodulatory drugs
(IMiDs; thalidomide, lenalidomide) and
dexamethasone often followed by autologous
stem cell transplantation [3]. More recently,
newer molecular entities including monoclo-
nal antibodies (daratumumab, elotuzumab),
second generation Pls (carfilzomib, ixazomib)
and IMiDs (pomalidomide) have demonstrat-
ed clinical efficacy in the treatment of MM
and have received FDA approval as combina-
tion therapy. However, despite the availability
of multiple new treatments, resistance devel-
ops in some patients resulting in the relapse
of the disease requiring administration of
next line of treatment. Interestingly, patients
who relapse quickly and need next line of
treatment were reported to have shorter sur-
vival [7]. Prognosis for relapsed and refractory
MM is very poor with median overall survival
shown to be two-fold lower in penta-refracto-
ry patients compared to patients who failed
fewer than 3 lines of treatment (5.6 months
vs 11.2 months respectively) [8]. Thus, there is
an unmet need to develop durable treatment
options for the treatment of relapsing and re-
fractory MM [9]. Chimeric antigen receptor
T (CART) cell therapies have demonstrated
promising clinical efficacy in hematological
cancers and to date, five therapies have been
approved for different types of hematological
cancers including multiple myeloma (Table 1).
The current article summarizes the advances

in CAR-T cells, challenges, the potential of
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d-domain based CARs and their application

in the treatment of multiple myeloma.

CAR-T CELLS

CAR T cells are engineered to eradicate tu-
mor cells and have proven effective in the
treatment of several hematological malignan-
cies [10-12]. The first step in generating CAR
T cells is to collect a patient’s or an allogene-
ic donor’s T cells using a process known as
apheresis. T-cells are then isolated from the
apheresis product, genetically modified to ex-
press a CAR via electroporation, viral trans-
duction, or CRISPR-CAS methods. CAR T
cells are then further expanded ex vivo before
returning the CAR T product to the patient.
Each CAR comprises an extracellular anti-
gen-binding domain fused to a hinge region
which in turn is fused to a transmembrane
domain, and one or more intracellular sig-
naling domain. Each structural component
has a distinct function, and the evolution of
these components has defined the progress of

CARs.

PROGRESS IN CAR-T CELL DESIGN

The first-generation CAR, which consist-
ed of an extracellular antigen-binding sin-
gle-chain variable fragment (scFv) fused to a
transmembrane region and the intracellular
signaling domain, CD3( was pioneered by
Zelig Eshhar and his colleagues [13-16]. The
second generation of CARs were developed
to address the issues of failed expansion and
persistence commonly associated with first
generation of CAR T cells, include a CD28
or 4-1BB co-stimulatory domain located
between the transmembrane and CD3 do-
mains. To improve the persistence and pro-
liferation, CARs were developed with both
co-stimulatory domains (CD28 and 4-1BB)
located between the transmembrane and
CD3 domains. Further advancement in CAR
T cells was the development of T cells redi-
rected for universal cytokine-mediated killing
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Relapsed and refractory B-cell lymphoma including DLBCL and follicular lymphoma

Relapsed and refractory B-cell lymphoma including DLBCL after 2 or more lines of

—» TABLE 1
Commercially available CAR-T cell therapies (current as of December 2021).
CAR-T therapy Target Indication
Axacabtagene CD19
ciloleucel after 2 or more lines of therapy
Brexucabtagene CD19 Relapsed and refractory mantle cell lymphoma
autoleucel
Tisagenlecleucel CD19
therapy
Lisocabtagene CD19
maraleucel therapy
Idecabtagene BCMA Multiple myeloma after 4 or more lines of therapy
vicleucel

Children and young adults (up to 25 years of age) with B-cell precursor acute lympho-
blastic leukemia (ALL) that is refractory or in second or later relapse
Adults with relapsed or refractory B-cell lymphoma after 2 or more lines of systemic

(TRUCKS), which include a transgene that is
designed to stimulate the secretion of a cyto-
kine such as interleukin-12 upon CAR acti-
vation. TRUCKSs were developed to improve
CAR T cell response in tumors with pheno-
typic diversity [17,18].

CLINICAL STUDIES

Early clinical trials demonstrated that ad-
ministration of CAR-expressing T cells can
lead to complete remission in certain hema-
tological malignancies including relapsed
or refractory B-cell lymphoma [19,20]. Tis-
agenlecleucel or tisa-cel, the first CAR T cell
therapy to be approved by FDA established
an overall response rate (ORR) of 83% and
complete response (CR) rate of 63% in pe-
diatric and young adults with relapsed or
refractory (r/r) B-cell acute lymphoblastic
leukemia (ALL) and an ORR of 50% and
CR of 32% in adults with relapsed or re-
fractory (r/r) Diffuse large B-cell lymphoma
(DLBCL) [21]. Axi-cel (axicabtagene ciloleu-
cel) treatment was shown to have an ORR
of 72% and CR rate of 51% in adults with
relapsed or refractory large B-cell lymphoma
and an ORR of 89% and CR rate of 62% in
adules with relapsed and refractory follicular
lymphoma [22]. In a similar patient cohort
(adults with relapsed and refractory large
B-cell non-Hodgkin’s lymphoma including
DLBCL), liso-cel (lisocabtagene maraleucel)
had an ORR of 73% and CR rate of 53%
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[23]. Efficacy of brexu-cel (brexucabtagene
autoleucel) was studied in adults with re-
lapsed and refractory mantle cell lympho-
ma and the ORR was 80% and CR rate was
55% [24].

Two CAR T therapies, ide-cel (idecabta-
gene vicleucel) and cilta-cel (ciltacabtagene
autoleucel) were studied in multiple myelo-
ma patients. Ide-cel is approved by US FDA
for the treatment of adult patients with re-
lapsed or refractory multiple myeloma after
four or more prior lines of therapy, including
an immunomodulatory agent, a proteasome
inhibitor, and an anti-CD38 monoclonal an-
tibody [25] whereas cilta-cel is awaiting the
decision on the Biologics License Application
(BLA). In the pivotal trials, ide-cel recorded
an ORR of 72% and CRR of 28% [25] and
cilta-cel had an ORR of 95% and CR rate of
60% [26].

However, currently available CAR T cell
therapies are limited by concerns of durabil-
ity of efficacy, safety, and production issues
(Box 1). Literature review of relapse rates seen
with CD19 targeting CAR T cell therapies
showed that nearly 30-80% of responding
patients had a relapse of the disease within
1 to 7 months [27], and nearly 20% of mul-
tiple myeloma patients treated with BCMA
targeting CAR T cell therapies were shown to
develop resistance [28-30]. Cytokine release
syndrome (CRS) and neurotoxicity, adverse
events known to be associated with therapies
activating effector immune cells are com-

monly reported with CAR T cell therapies.
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~BOX 1
Challenges to CAR-T cell therapy.
Anti-drug responses against CAR-T cells

Durability of efficacy

Low expression of CAR+

I T o A

Tonic signaling leading to early exhaustion of CAR-T cells

High inter-patient variation in CAR* cells in final product

Incidence of adverse events including CRS and ICANS

In the pivotal studies, the incidence of all
grade CRS events ranged from 42 to 95%
and grade >3 events ranged from 2 to 22%.
The incidence of all grade neurotoxicity
events ranged from 18 to 64% and grade >3
events ranged from 3 to 28% [26,31-34]. In
the real-world study, the incidence of CRS
and neurotoxicity events in patients treated
with axi-cel or tisa-cel was reported to be
85% (all grade) and 8% (grade 23) for CRS
and 28% (all grade) and 10% (grade >3) for
neurotoxicity [35].

The use of scFV in the CAR T cell has
been shown to be associated with anti-
gen-independent clustering of CAR-scFVs
resulting in early exhaustion and decreased
anti-tumor activity of CAR T cells [36-38].
Further, murine-derived scFVs can be im-
munogenic when used in humans and may
result in treatment failure and/or limit the
success of redosing the patients [39,40]. Fi-
nally, expression of CAR transgene in the fi-
nal product can be less than 50% and is also
known to have considerable inter-patient
variability (15-70%), which can affect the
efficacy and safety of the therapy [41-49].
Multiple approaches have been proposed to
address the challenges to CAR T cell ther-
apy including dose fractionation and use
of alternatives to scFVs such as ankyrin
repeats [50], adnectins [51], thermo-stable
DNA-binding proteins [52], affibodies [53]
and D-domain proteins [54]. Among the al-
ternatives to scFVs, D-domain proteins are
shown to have unique advantages and have
demonstrated efficacy in iz vivo tumor mod-
els [55].

DOI: 10.18609/i0i.2022.003

BCMAAS ATARGET FOR MM

While CD19 has proven to be an effective
target for a number of B cell lymphomas, the
malignant plasma cells in MM are known to
express little or no CD19 on their surface
thereby rendering CD19-specific CAR T
cells ineffective in the relapsed and refractory
multiple myeloma (RRMM) setting [56,57].
In contrast, the transmembrane receptor,
B-cell maturation antigen (BCMA, CD269),
is uniquely associated with normal plasma
cells and diseased cells within the plasma
cell lineage including monoclonal gammop-
athy of undetermined significance (MGUS),
smoldering myeloma, and MM [56,57]. The
importance of BCMA as a therapeutic target
is further supported by the presence of elevat-
ed soluble BCMA in serum of patients with
plasma cell diseases, the levels of which are a
surrogate biomarker that correlates with tu-
mor burden [57-61].

The association of BCMA with plasma
cell diseases has led to the development of
several classes of BCMA-targeting therapies.
Among the earliest therapies to advance were
antibody drug conjugates (ADC) and bi-spe-
cific engager proteins (bsAbs) [62]. To date,
the ADC belantamab mafodotin is the only
drug in this class to receive FDA approval in
RRMM with an overall response rate (ORR)
of 34%, a median PES of 3.9 months, and
a one-year overall survival (OS) probability
of 53% in the high dose (3.4 mg/kg every
three weeks) [62-64]. Although belantamab
mafodotin is clearly an important therapeu-
tic option for the treatment of RRMM, its
safety and efficacy profile does not compare




favorably with many of the BCMA CAR Ts
currently in development including the only
FDA approved BCMA targeting CAR T (Ide-
cel) with a 72% ORR and median duration
of response of 11.3 months [32].

It remains critical that emerging BCMA
CAR T therapies address the lingering safe-
ty and efficacy challenges seen among earlier
BCMA targeting therapies [25,65]. Towards
that end, the recent BLA submission for the
BCMA-targeting CAR T, cilta-cel included
encouraging data supporting an ORR of 95%
and CR rate of 60% in RRMM [26]. Future
CAR T cells therapies must continue to en-
hance their respective structural and functional
properties to further improve BCMA CAR T
safety and efficacy profiles. Successful develop-
ment of new CAR Ts may open such therapies
to patients who are not currently eligible for
cell therapy due to a poor clinical status that
can limit their ability to tolerate potential tox-
icities associated with CAR T therapies. In-
novative strategies are also needed to address
manufacturing limitations and minimize vari-
ability in CAR expression across patient popu-
lations. The novel BCMA-targeting D-domain
based CAR T therapy discussed in the follow-
ing sections was designed with an objective of
addressing the challenges of CAR T cell thera-
py and improve efhicacy while maintaining an

acceptable safety profile.

D-DOMAIN PROTEINS

D-domains are synthetic proteins (-8 kDa)
with approximately one-third the mass of the
scFvs typically found in conventional CARs.
D domains can be further distinguished
structurally as each forms a triple o-helical
bundle stabilized by a hydrophobic core with
no disulfide bonds or N-linked glycosylation
sites [54]. All target binding D-domains are
derived from a parental D domain referred to
as a3D [66,67] in which specific residues have
been randomized. The ability to generate,
deimmunize and functionally optimize the
biological properties of novel antigen-bind-
ing D-domains affords the opportunity to
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enhance and/or replace the binding specifici-
ties found in a broad spectrum of native solu-
ble proteins, antibodies and cellular receptors.

IDENTIFICATION OF DDBCMA
& CONSTRUCTION OF CAR
T-DDBCMA

A BCMA binding D-domain (ddBCMA)
was identified in a library of randomized
a3D sequences using standard phage-dis-
play technologies. Subsequent site-directed
mutagenesis to enhance target affinity and
minimize immunogenicity resulted in a 73
amino acid D domain with nanomolar affin-
ity for human BCMA. CAR was constructed
by fusing ddBCMA to a linker followed by
a CD8a transmembrane region, the 4-1-BB
and CD3-zeta intracellular signaling domains
(Figure 1). The resulting CAR construct was
cloned into a lentiviral vector for gene trans-

fer to T cells.

PRECLINICAL EXPERIENCE
The ability of CAR T-ddBCMA to activate

antigen-specific intracellular signaling and
cytolytic function was studied using in vitro
experiments and iz vivo tumor models [68].
Across a series of in vitro assays, CAR T-ddB-
CMA displayed reproducible BCMA-depen-
dent NFAT signaling, cytokine (IL-2, IFN-A)
secretion, and specific killing of BCMA-ex-
pressing tumor cell lines. 7z vivo, mouse-hu-
man xenograft models further demonstrated
BCMA-dependent activity as evidenced by
the ability of CAR T-ddBCMA to eradicate
BCMA-expressing tumors within 2 weeks
of single administration of CAR T-ddBC-
MA. Parallel safety assessments indicated
that CAR T-ddBCMA did not significantly
impact mouse body weights nor did CAR
T-ddBCMA produce any attributable histo-
pathological findings [68]. Taken together,
the preclinical safety and efhicacy profiles for
CAR T-ddBCMA supported early-stage clin-
ical development of this therapy in RRMM.
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—» FIGURE 1

MA CAR
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(A) CART-ddBCMA cells showing the antigen binding D-domain. (B) Vector construct for ddBC-
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CLINICAL EXPERIENCE

CAR T-ddBCMA cells are currently investi-
gated in a Phase 1, multi-center, open label,
dose escalation trial. The study is enrolling
subjects with relapsed and refractory MM
who have received at least three prior regi-
mens, including a proteasome inhibitor, an
immuno-modulatory agent, and a CD38
antibody or are triple refractory. In line with
previous anti-BCMA CAR T studies [26,32],
pre-specified BCMA expression level on tu-
mor cells is not a requirement for enrollment
in the study. The primary endpoint of the
study is incidence of adverse events (AEs),
including dose-limiting toxicities (DLTs). In
addition, quality and duration of clinical re-
sponse assessed according to the International
Myeloma Working Group (IMWG) uniform
response criteria, minimal residual disease
(MRD), and progression-free and overall sur-
vival are evaluated.

DOI: 10.18609/i0i.2022.003

Peripheral blood mononuclear cells are
collected from subjects meeting the study
inclusion criteria via leukapheresis and sent
to a central facility for the production and
cryopreservation of CAR T-ddBCMA cells.
Before treatment with CAR T cells, subjects
undergo lymphodepletion (fludarabine [30
mg/m?] and cyclophosphamide [300 mg/
m?] treatment daily for three days) followed
by CAR T-ddBCMA cells administration as a
single infusion at two dose levels, 100 million
(DL1) and 300 million (DL2) CAR* T cells.

Interim results of the study were presented
at American Society of Hematology Annual
Conference, 2021 [69]. At the time of last da-
ta-cut, 26 subjects (median age 66.0 [range:
44-76]) were enrolled and 24 received CAR
T-ddBCMA cell therapy (Table 2). Twen-
ty-two subjects were evaluable for initial safe-
ty and 19 subjects were evaluable for clinical
response analysis. Median follow-up time for
the subjects was 283 days (-9 months; range:




115-640 d). Median prior lines of therapy
in the subjects was five (range: 3-16); 20
subjects were “triple-refractory” and 17 sub-
jects were “penta-refractory”; 17 subjects had
high-risk cytogenetics. Tumor burden was
>50% bone marrow plasma cells in ten sub-
jects and nine subjects had extramedullary
disease at baseline.

Eighteen subjects received treatment at
DL1, and six subjects received at DL2. Medi-
an CAR" expression in total CD3* T cells was
74% and inter-patient variation in CAR+ ex-
pression was relatively low (range: 61-87%).
CAR" T cell expansion was observed in all
evaluable subjects by ddPCR and peak ex-
pansion was noted within 2 weeks. Safety was
evaluable in subjects with at least 1 month of
follow-up (N = 22). The treatment was well
tolerated by the subjects and majority (N =
21/22) of cytokine release syndrome (CRS)
events were grade 2 or less. One subject in the
DL2 cohort had grade 3 CRS. Median time
to onset of CRS was 1 day at both dose lev-
els, and median duration of the first CRS was
6.5 days in DL1 and 4.5 days in DL2. Four
subjects, three in DL1 (two, grade<2; one ,
grade>3) and one subject (grade=3) in DL2
cohort had immune effector cell associated

COMMENTARY/OPINION

neurotoxicity syndrome (ICANS). Median
time to onset of ICANS was 3 days in DL1
group and 6 days in DL2 group, and median
duration of ICANS was 8 days in DL1 and
17 days in DL2. CRS was managed with to-
cilizumab with or without dexamethasone
and ICANS were managed with anakinra
plus dexamethasone. At the time of presen-
tation, all CRS and ICANS events were re-
solved without sequalae.

Recently, BCMA expression was reported
in neurons and astrocytes in the basal ganglia
of a patient [70] and CAR T cell treatment
has been shown to be associated with delayed
onset (-3 months) of progressive movement
disorders with features of Parkinson’s disease,
an ‘on-target off-tumor’ effect. At the time of
last data-cut, no Parkinsonian symptoms or
delayed onset neurological events have been
observed in any patient after treatment with
CAR T-ddBCMA. However, subjects will
be monitored for delayed onset neurological
changes in the study and increased vigilance
will be implemented.

Efficacy was evaluable in subjects with at
least 3 months of follow up (N = 19). Clin-
ical response to CAR T-ddBCMA treatment
was very encouraging and all 19 evaluable

TABLE 2

Patient demographics*.

Characteristics

Age, median (min-max)
Gender

BMPC >50%
Extra-medullary disease

High-risk cytogenetics per IMWG
Prior Lines of Therapy, median (min-max)

Triple refractory
Penta refractory

IgG myeloma
IgA myeloma
Light chain only

Dose level 1 Dose level 2

100 million CAR-T 300 million CAR-T

(n=18) (n=6)

69 (44-76) 60 (52-65) 66 (44-76)

8 Male (44%) 5 Male (83%) 13 Male (54%)
10 Female 56%) 1 Female (17%) 11 Female (46%)
6/18 (33%) 4/6 (67%) 10/24 (42%)
6/18 (33%) 3/6 (50%) 9/24 (38%)
13/14 (93%)** 4/5 (80%)** 17/19 (89%)**
5(3-9) 4 (3-16) 5(3-16)
15/18 (83%) 5/6 (83%) 20/24 (83%)
13/18 (72%) 4/6 (67%) 17/24 (71%)
10 5 15

3 0 3

4 1 5

BMPC: Bone marrow plasma cell; HSCT: Hematopoietic stem cell transplant; IMWG: International Myeloma Working Group.

*Data presented at ASH2021 Annual Meeting [69]
tPenta-refractory patients are refractory to bortezomib, carfilzomib, daratumumab, lenalidomide, and pomalidomide.
**Some subjects were not evaluable or data were not available at time of data cut.
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—» TABLE 3

Objective response rate, n (%)
Stringent complete response, n (%)
Complete response, n (%)

Very good partial response

Partial response, n (%)

MRD" (15 evaluable subjects)
CAR* cells in product, median % (range)
CRS, n (%)

Grade 1-2, n (%)

Grade=3, n (%)

ICANS, n (%)

Grade 1-2, n (%)

Gradez3, n (%)

Latest clinical findings from CART-ddBCMA Phase 1 study*.

N=19 (efficacy evaluable subjects)**

19 (100%)

10 (63%)

3 (14%)

3 (14%)

3 (14%)

7 at 10, 5 at 10, and 2 at 10*
74% (61%-87%)

22 (100%)

21 (95%)

1 (5%); seen in DL2 cohort
4 (18%)

2 (9%)

2 (9%)

*Data presented at ASH2021 Annual Meeting [69]

**Efficacy was evaluable in subjects with at least 3 months of follow-up.

subjects (100%) demonstrated clinical re-
sponse per IMWG criteria (Table 3). Ten sub-
jects had stringent complete response (sCR),
three had CR, three had very good partial
response (VGPR) and three had PR. Of the
subjects (N = 15) with mean residual disease
(MRD) data, seven were MRD® at 10°°, five
at 10” and two at 10 Interestingly, MRD"
status was seen at month 6 or later in most
cases indicating the deepening of response
with time. More importantly, the respons-
es to CAR T-ddBCMA treatment deepened
over time. Of the eight subjects with fol-
low-up over 12 months, five continued to
have sCR after 12 months including three
subjects with follow-up over 20 months, sup-
porting the durability of CAR T-ddBCMA
efficacy.

—» TABLE 4

TRANSLATIONAL INSIGHTS

CAR T cells have enormous potential in the
treatment of cancer, especially hematological
cancers including multiple myeloma. How-
ever, there is scope for further improvement
in the design of CAR T cells to address ton-
ic signaling, antigenicity, low CAR" trans-
fection rate and inter-patient variations in
CAR" transfection rate. BCMA targeting
D-domain based CAR T cells (Figure 1) have
shown promising results in the preclinical
and clinical studies with >70% CAR+ trans-
fection rate, negligible inter-patient variation
in CAR" expression and high response rates
possibly due to lower tonic signaling and an-
tigenicity (Table 4). Further studies are cur-
rently planned to confirm the clinical benefits

CAR T-ddBCMA cells.

Features of CART-ddBCMA.

BCMA as the target
D-domains as target antigen-binding domain

Inclusion of 4-1-BB intracellular signaling
domains

Lentiviral construct

Feature Impact

» |deal target for multiple myeloma
Designed to have low immunogenicity

Low tonic signaling
Low inter-patient CAR* cell variation

Improved production efficiency
Durable efficacy

Vv V.V VY

v

Reliable gene transfer and transfection rate
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PLATFORM DEVELOPMENT TRENDS FOR 2022

INTERVIEW

Realizing the potential of NK
cell therapy

ALVIN SHIH joined Catamaran as President and CEO in
February 2021. He is an experienced physician and biopharma ex-
ecutive with a track record of building and leading companies that
develop therapeutics addressing significant unmet medical needs.
Most recently, Alvin was CEO of Disarm Therapeutics, a private
neuroscience company that was acquired by Eli Lilly in 2020. Prior
to Disarm, Alvin was CEO of Enzyvant Therapeutics, a company
developing cell/tissue-based regenerative medicines for rare dis-
eases. He previously held senior leadership roles at Retrophin and
Pfizer, where he was the Chief Operating Officer of the Pfizer Rare
Disease Research Unit. Alvin began his career as a strategy con-
sultant at McKinsey & Co. and LEK Consulting. He holds an MD
from the University of Alabama, an MBA from the Kellogg School
of Management, and a BA from Vanderbilt University. Alvin completed his residency training in
internal medicine at the Massachusetts General Hospital.

Immuno-Oncology Insights 2022; 3(1), 1-5
DOI: 10.18609/i0i.2022.001

Q What are you working on right now?

AS: We are working on building a company that is differentiated from the rest
of the field in cell therapy, and that has a real chance of providing a transformative
therapy for patients with solid tumors.
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How would you sum up the story of NK cell therapy development
to date?

AS: We know that cell therapy in general has come a long way in a short period
of time and has been quite transformative for patients with hematologic malignan-
cies in particular.

However, it’s been a difficult transition to apply the learnings from hematologic malignan-
cies to solid tumors. That is the next frontier that needs to be addressed for cell therapy to reach
its full potential in treating tumors.

The other attractive feature of our platform is that NK cells play into the movement from
autologous to allogeneic therapies. Autologous therapies (such as currently approved forms of
CAR-T) are very useful but have been limited in uptake because of the logistical and technical
challenges. If we can provide an allogeneic or off-the-shelf therapy, it will increase the reach of
cell therapy in general.

Our engineered CAR-NK cells are allogeneic and have potent anti-tumor activity. From
what we know about the biology and the early clinical experience, using NK cells may result
in a cell therapy with a better safety profile than autologous CAR-T, at least with regard
to severe outcomes like cytokine release syndrome (CRS), neurotoxicity, and graft vs. host
disease (GvHD). It is a great chassis to be building on for this next generation of allogeneic

therapies.

There are great expectations for further advancement in the field
as we enter a new year, particularly in terms of applications in the
solid tumor realm - what specifically is fuelling this optimism, for
you?

AS: | am optimistic because of the great progress we've seen at Catamaran over
a very short period of time, as well as progress in the cell therapy field overall. Cell
therapy in general has been a robust area for

/\ clinical exploration as well as investment, so

-

\ I am optimistic that the technologies being

developed right now are going to increase the

“We know that cell therapy in armamentarium of approaches that doctors
general has come a long way | hevetohand
In a short period of time
and has been quite data on CAR-NKs. The initial data com-
transformative for patients

One of the things that has been nice to

see is the early but growing body of clinical

ing out of the MD Anderson experience

has certainly fueled optimism around the

with hematOk)giC ma“gnanCieS potential for NKs to be transformative in

\

in particular.” ) cancer therapy
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Tell us more about Catamaran's /~

own platform & approach. “The initial data coming
What differentiates it in this out of the MD Anderson
experience has certainly fueled
optimism around the potential
which we differentiate — our strategy for NKs to be transformative

increasingly busy space?

AS: We have two dimensions on

~

J

and our technology. \ in cancer therapy.’
On the strategic side, we are targeting solid
tumors by first intent, which is different to [/

most companies out there who are looking to go first into hematologic malignancies and then
into solid tumors. We hope that the approaches targeting hematologic malignancies work, but
we think there is something to be said for aiming for solid tumors where the greatest degree
of unmet need lies. We know that about 80% of cancer diagnoses are in solid tumors, so it is
important that those patients have some therapeutic options.

On the technology side, our means of engineering is different to most others in the space.
Many companies use viral vectors to make genetic edits to their cells, whether they be autol-
ogous or allogeneic. Our approach is to use a transposon-based system to edit NK cells. This
allows us to insert larger payloads than a typical viral vector would allow, and also enables us
to design and manufacture these cells in a more efficient and scalable way. The larger payload
opportunity means we can get more creative in the way we think about editing these cells. For
instance, we are able to design in synthetic receptors that help our CAR-NK cells evade the
immunosuppressive tumor microenvironment. Being able to survive — or even thrive — in the

harsh tumor microenvironment will be an important strategy for addressing solid tumors.

What would you single out as they key challenges facing NK cell
therapy developers such as yourselves moving forward & can you
share some details of your plans to address them?

AS: One challenge that often gets raised is manufacturing. It does not matter how
elegant your cell construct is if you cannot make it and get it into the hands of doctors who
treat patients.

To manage this, we have invested very early on in building our own internal process devel-
opment and manufacturing group, so we have ownership of the process and can more effec-
tively manage the external vendors and collaborators we are working with. That is an important
piece.

Another potential challenge is on the regulatory front. Regulations are constantly chang-
ing and especially with some of the recent reports of cell and gene therapies being placed on
clinical hold by the FDA, it is quite possible that regulators will want tighter controls on cell
therapies in the early stages of development moving forward. The mitigation strategy there is

to have early and frequent engagement with regulators. We have certainly initiated that - we
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have a scheduled interaction with the FDA in the early part of 2022 that will help inform the

development pathway for our programs.

What are the likely next steps for the NK cell therapy field - for
instance, in the combination therapy setting?

AS: We always think about possible combination approaches, and where a ther-
apy like ours can be best applied. It’s unclear what combinations will make sense, but we
have the privilege of watching the rest of the field to see what sort of data emerges from ap-
proaches like antibodies, antibody drug conjugates, small molecules, and other cell therapies.
Each modality is going to play a role and add therapeutic options. I think combinations may
ultimately extend the magnitude and durability of the clinical effects of individual therapies. It
will be interesting to see if there is some combination of cell therapies that would make sense
with each other. This will be enabled by an allogeneic approach making cell therapies more

accessible and allowing a greater degree of experimentation with combination approaches.

Q Can you sum up some chief goals & priorities both for Catamaran
over the next few years?

AS: It is going to be a really busy time ahead of us as we try to move our pro-
grams closer to the clinic in the most efficient way. We are prosecuting two programs in
parallel. Our first program is targeting HER2 expressing solid tumors, specifically breast and
gastric cancer. Our second program is targeting CD70 expressing tumors, such as renal cell car-
cinoma. Our priority over the next few years will be trying to get those moved along as quickly
as possible so that we can get into the clinic and demonstrate that our platform has potential.

My own goal is to build the company to enable us to do that. Part of that is building the
organization and hiring the best people who will allow us to move these programs forward and

deliver therapies to patients.

AFFILIATION

Alvin Shih
President and CEO, Catamaran Bio

‘| think combinations may
ultimately extend the
magnitude and durability of
the clinical effects of individual
therapies.”
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