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Functional genetic screens by CRISPR-Cas9 allow for the unbiased discovery of proteins causally involved in complex
biological processes. In recent years, this approach has been used by multiple laboratories to uncover a range of
tumor cell regulators determining immune sensitivity. In this review, we provide an overview of genetic screens
carried out both in vitro and in vivo. By comparative analysis we highlight commonly identified proteins and
pathways that are key in establishing tumor-intrinsic immune susceptibility. Together, these screens demonstrated
the importance of the antigen presentation, interferon-y, tumor necrosis factor and autophagy pathways in
governing sensitivity of tumor cells to immune attack. Moreover, they underline the complex interplay between
tumor cells and their microenvironment, providing both fundamental and clinically relevant insights into the

mechanisms of tumor immune resistance.
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INTRODUCTION

The advent of CRISPR-Cas9 technology has revolutionized
daily laboratory practice by allowing for the targeted inac-
tivation of genes of interest.” This technology is also of use
in pooled genetic screens. There, instead of knocking out
single genes, cells are transduced with a single guide RNA
(sgRNA) library, targeting many different genes. This trans-
duction is carried out at a low multiplicity of infection to
generate a large pool of cells, each of which harbors a single
and distinct genetic perturbation. Empowering subsequent
analyses, screens are commonly designed such that at least
hundreds of cells carry the same sgRNA, also called library
coverage. The next step in the screen is to apply a specific
biological or pharmacological pressure and determine the
relative fitness (or any other trait of interest) of each of the
perturbed cells in response to this treatment. For quanti-
fication of the phenotype, an inventory is made of the
frequency of each sgRNA in the pool of cells before and
after selection. Since every sgRNA represents a specific DNA
sequence, it can serve as a cellular barcode. By deep
sequencing the sgRNA sequences present in each cell, the
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effect of a particular genetic inactivation on the phenotype
of interest can be assessed.”

In recent years, we and others have used this powerful
functional genetic screening approach to understand the
process of tumor cell-intrinsic immune resistance.>” This
tool has proven its merit for the current challenges of
immunotherapy, in particular that of immune checkpoint
blockade (ICB). By antibody blockade of the inhibitory T-cell
checkpoints programmed cell death protein 1 (PD-1) and
cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), ICB
can cause durable clinical responses for cancer patients
with various tumor indications.’®"” Despite this success,
however, the majority of patients still fail to respond
durably to ICB treatment, commonly owing to intrinsic or
acquired resistance.’**>*’'% What has become clear is the
contribution of CD8+ T cells to the clinical efficacy of ICB
therapies (Table 1). Resistance to ICB correlates with a lack
of CD8+ T-cell infiltration in the tumor, both in preclinical
models and in clinical samples.’?* When present within
the tumor, CD8+ T cells can recognize and attack only cells
that present cognate, and sufficiently foreign, antigenic
peptides within the context of major histocompatibility
complex (MHC) class I. In line with this, both the absence of
(clonal) (neo)antigens and the loss of the cellular machinery
required for proper antigen presentation (AP) are associ-
ated with reduced T-cell reactivity and lack of response to
ICB therapy.'”**3? But even tumors with actionable muta-
tions and intact AP can resist attack by infiltrated CD8+ T
cells and ICB therapy, by avoiding T-cell effector molecules
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Table 1. Common T-cell resistance mechanisms

Type of resistance Example

Lack of T-cell infiltration T

Lack of actionable
antigens

Defects in antigen
presentation
Insensitivity to T cell
effector molecules

Genetically driven, active T-cell exclusion
. . . . 26,27,29
Low expression of antigenic transcripts™“"

Loss of B2M heterozygosity>’
B2M mutations”®**%°
IFN-Y pathway mutations
Caspase 8 mutations®>

32,36,39

IFN-7, interferon-vy.

such as interferon-y (IFN-Yy), tumor necrosis factor (TNF)
and granzymes.*?%323°

By using genetic screens in the context of immuno-
therapy resistance, investigators can forward our under-
standing of immune-oncology in two distinct ways. Firstly,
these screens can, in an unbiased and comparative way,
confirm and rank the importance of already established,
immunologically relevant pathways. Secondly, they can
reveal novel immunotherapeutic targets within established
or novel pathways. Here, we will first provide a summarized
overview of the genetic screens that aimed to identify
factors determining tumor-intrinsic resistance and sensi-
tivity to CD8+ T-cell attack. We will subsequently discuss in
detail their reproducibility by overlapping the hits between
the different genetic screens, highlighting common tumor-
intrinsic pathways of resistance and vulnerability. We then
continue by placing these findings in a broader context by
discussing the biological roles of some of the key tumor cell
regulators of immune sensitivity that have been identified
in these screens, the complexity of the communication
between tumor cells and their microenvironment, as well
as limitations and potential opportunities for clinical
applications.

FUNCTIONAL SCREENS TO IDENTIFY REGULATORS OF
IMMUNE SENSITIVITY

To identify tumor cell regulators of immune sensitivity,
some research groups chose to carry out in vitro screens,
whereas others aimed to identify immune modulators by
carrying out screens in vivo. Each approach has its own
merit, as we will discuss (Figure 1 and Table 2).

In vitro screens

One of the biggest advantages of carrying out screens
in vitro is that they enable the investigator to engineer a
highly defined experimental setting. This reductionist
approach allows for homogeneous genetic and cellular
conditions. For example, many cell types are known to
contribute to the response to ICB, including CD8+ T cells,
regulatory T cells, B cells, dendritic cells and natural killer
(NK) cells.*®** It is nearly impossible to recapitulate the
effects of this complex mixture of cells in vitro, and there-
fore most laboratories carried out their screens using only
(homogeneous) CD8+ T cells as a way of treating their
mutagenized pool of tumor cells. At first sight this may
seem like a limiting approach, but CD8+ T cells are key
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determinants of ICB efficacy.">*® This approach may
therefore be key in uncovering new, important mechanisms
of immune sensitivity. Furthermore, an in vitro setting
makes it relatively straightforward to scale up, thereby
allowing the use of whole-genome sgRNA libraries (called
library complexity). Lastly, an in vitro screening setup usu-
ally allows for a more exhaustive identification of hits, as
one can carefully define and optimize the experimental
conditions. This permits a deep, unbiased cataloguing of key
tumor-intrinsic determinants in a relatively simple and
agnostic manner. Below, we will discuss some of these
in vitro screens, labeled by the first author of the corre-
sponding publications (Table 3).

Patel. Patel and colleagues® exposed Mel624 human mel-
anoma cells transduced with a whole-genome CRISPR-Cas9
library to NY-ESO-1-specific CD8+ T cells. With this screen,
they found that, primarily, the loss of APLNR caused resis-
tance. lllustrating the robustness of the screen, they also
identified sgRNAs targeting B2M, TAP1, TAPBP (all AP pro-
teins), STAT1 and JAK1 (both IFN-y-signaling proteins) to
have the same (expected) effect. Through immunoprecipi-
tation experiments, the authors found that APLNR binds to
JAK1. Using recombinant IFN-7y, they showed that normally,
APLNR promotes the IFN-y-dependent signal transduction
of JAK1. The decrease in tumor-intrinsic IFN-y signaling
upon APLNR inactivation in turn resulted in the reduced
expression of the above-mentioned proteins involved in AP
to CD8+4 T cells, rendering tumor cells functionally resistant
to immune pressure, both in vitro and in vivo. The authors
also identified a number of mutations in APLNR in ICB-
treated patient tumors which, when reconstituted in their
in vitro tumor model, resulted in resistance to T-cell-medi-
ated killing.

Pan. Pan and colleagues’ put CRISPR-Cas9-mutagenized
B16F10 murine melanoma cells under selection of Pmel-
reactive CD8+ T cells. In doing so, they found not only
that, expectedly, the ablation of Jak1, Stat1, Ifngr1 (all IFN-
Y-signaling proteins), B2m, Tap1 and Tap2 (all AP proteins)
caused resistance. They also discovered that, conversely, the
loss of Arid2, Pbrm1 and Brd7 sensitized tumors to T-cell
attack. These findings were validated in a second genome-
wide screen in which B16F10 cells expressing the model
(high affinity) antigen ovalbumin (OVA) were challenged
with OT-1 CD8+ T cells. This demonstrated that these genes
operate independently of the relative affinity of the tumor
antigen targeted by the CD8+ T cells.***> ARID2, PB1
(encoded by Pbrm1) and BRD7 are all part of PBAF, a SWI/
SNF family chromatin remodeling complex.*® Pan and col-
leagues’ showed that PBAF complex component-deficient
tumor cells have reduced expression of MTORC1 target
genes and an altered metabolic state. Furthermore, these
cells displayed a stronger response to IFN-y through the
enhanced chromatin accessibility of IFN-y-stimulated
genes. As a result, PBAF-deficient tumor cells were more
sensitive to T-cell attack both in vitro and in vivo. Impor-
tantly, it was also shown that patients whose tumors
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Figure 1. General setup of CRISPR/Cas9 screens to uncover regulators of immune sensitivity in tumor cells.

sgRNA, single guide RNA; TME, tumor microenvironment.

express low levels of ARID2 had a survival benefit, though
only in the context of an inflammatory tumor microenvi-
ronment (TME), again implying an immune response-
modulating function of the PBAF complex.

Kearney. Kearney and colleagues® carried out a large
number of screens using two murine tumor cell lines and

distinct CD8+ T-cell populations to identify factors that,
when knocked out, cause resistance to CD8+ T-cell attack.
Library-transduced MC38-OVA colon carcinoma cells were
initially treated with OT-I CD8+ T cells and, through this
approach, it was found that they became resistant to CD8+
T-cell killing by avoiding IFN-y signaling (ablation of Jak1
and Ifngr1), TNF signaling (ablation of Casp8 and Tnfrsfla)

Table 2. Strengths and weaknesses of in vitro and in vivo screening systems

In vitro screens

In vivo screens

Whole-genome scale sgRNA libraries

Limited number of cell types involved in immune selection
Easily scalable, allows for high-quality, high-coverage screens
Allows only for the addition of locally acting (immuno)therapies
Reductionistic

Flexible; enables highly defined (genetic) screening setting

Focused sgRNA libraries

Complex and rich mixture of cell types that drive the immune selection
Poorly scalable, generally poor(er) sensitivity

Allows for the addition of locally and systemically acting (immuno)therapies
Holistic, allows for the discovery of emergent traits

More difficult to establish highly defined (genetic) screening setting

sgRNA, single guide RNA.
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Table 3. Screens used for in vitro overlap analyses.

Cell line Tumor type Immune Attack Library Sensitivity/ Publication Organism
resistance
B16F10-OVA Melanoma OT-1 CD8+ T cells Brie Resistance Kearney et al.* Mus musculus
Renca-HA Renal adenocarcinoma CL4 CD8+ T cells Mouse Toronto Knockout Both Lawson et al.” Mus musculus
EMT6-HA Mammary carcinoma CL4 CD8+ T cells Mouse Toronto Knockout Both Lawson et al.” Mus musculus
CT26-HA Colon carcinoma CL4 CD8+ T cells Mouse Toronto Knockout Both Lawson et al.” Mus musculus
4T1-HA Mammary carcinoma CL4 CD8+ T cells Mouse Toronto Knockout Both Lawson et al.” Mus musculus
MC38-OVA Melanoma OT-1 CD8+ T cells Mouse Toronto Knockout Both Lawson et al.” Mus musculus
B16F10-OVA Melanoma OT-1 CD8+ T cells Mouse Toronto Knockout Both Lawson et al.” Mus musculus
B16F10-OVA Melanoma OT-1 CD8+ T cells Brie Both Pan et al.” Mus musculus
Mel624-NY-ESO™ Melanoma ESO CD8+ T cells GeCKOv2 Resistance Patel et al.® Homo sapiens
D10-MART-1"IFNGR1X° Melanoma MART-1 CD8+ T cells GeCKOv2 Both Vredegvoogd Homo sapiens
et al.

OVA, ovalbumin.

or by preventing AP (B2m or Tap1 inactivation). The authors
continued by carrying out a similar genetic screen but
treated the MC38-0OVA cells with perforin 1 (Prf1) knockout
OT-l CD8+ T cells, allowing for the assessment of the
relative dependency of these evasion pathways on perforin-
mediated killing. In the absence of perforin, tumor cells
could still avoid CD8+ T-cell killing by limiting intrinsic TNF
and IFN-y signaling, but the protective effect of perturbed
AP was lost when the tumor cells were treated with Prf1”"
OT-1 CD8+ T cells. Similar findings were made when MC38-
OVA cells were replaced by B16F10-OVA melanoma cells for
the genetic screens. From these data, the authors gathered,
and later confirmed both in vitro and in vivo, that TNF and
IFN-Yy from T cells can not only affect tumor cells directly
under attack, but also those that are not directly attacked
by CD8+ T cells (also known as bystander killing*’°). In a
later publication, the authors also showed that their screen
identified depletion hits in the TNF pathway; Rnf31 and
Rbck.>"

Vredevoogd. Having observed that many IFN-Y signaling
components were identified in these in vitro genetic
screens, we chose to specifically interrogate the IFN-y-in-
dependent tumor signaling networks for modulators of
immune sensitivity. We challenged whole-genome library-
perturbed, IFNGR1”" D10 human melanoma cells with
MART-1-specific CD8+ T cells.? The loss of a number of TNF
pathway proteins, particularly those residing in the pro-
survival arm acting downstream of the TNF receptor,
sensitized tumors to MART-1 CD8+ T-cell killing, including
TRAF2, BIRC2, MAP3K7, CFLAR, IKBKG and TBK1. We
showed that TRAF2 inactivation lowered the tumor TNF
cytotoxicity threshold by promoting the onset of RIPK1-
dependent apoptosis, thereby sensitizing tumor cells both
in vitro and in vivo to immune attack. Supporting these
preclinical findings, in patient tumors we found that there is
an immune selection against loss of functional TRAF2. This
finding was recently validated and expanded in a meta-
analysis of several patient cohorts’® and suggests that tu-
mors carrying TRAF2 mutations undergo immune editing to
avoid T-cell killing. Extending our initial findings regarding
TRAF2, we also demonstrated that the combined inhibition
of two hits from the screen, TRAF2 and BIRC2 (which form a

4 https://doi.org/10.1016/j.iotech.2021.100043

complex), cooperated with ICB in eliminating melanoma
upon adoptive T-cell transfer in mice.

Lawson. Lawson and colleagues’ carried out parallel whole-
genome CRISPR-Cas9 screens in a number of murine tumor
cell lines, to systematically catalogue immune sensitivity
modifiers. Aside from identifying known resistance mecha-
nisms including loss of the AP machinery or IFN-7Y signaling,
they found that perturbations in autophagy, in particular
the loss of Atgl2, sensitized tumor cells to CD8+ T-cell
challenge. They continued by showing that this sensitization
was dependent on TNF, since neutralizing TNF antibodies
reverted the Atg12 knockout (KO) phenotype. In a reverse
genetic screen in Atg12 KO cells, the authors observed that
the knockout of Tnfrsfla mediates resistance in Atg12 KO
cells, but not in parental cells, again providing evidence that
the lack of Atg12 sensitizes to TNF. This finding could also
be validated pharmacologically, as an inhibitor of auto-
phagy, autophinib, sensitized 41 different tumor cell lines to
the cytotoxic activities of IFN-y and TNF.

In vivo screens

The advantages of in vivo screens are almost entirely
opposite to those of in vitro screens: they allow for the
assessment of immune resistance mechanisms in model
systems that better resemble the patient situation, since the
TME, with its complex components and dynamics, is an in-
tegral part of the screening system. In contrast to in vitro
systems, the use of animal models in genetic screening also
enables the administration of immunotherapies, whether or
not acting systemically, including GVAX and anti-CTLA-4.%2>%
Contrary to in vitro screens, however, maintaining sufficient
complexity of the pool of perturbed cells for reliably calling
hits is more challenging in vivo. Therefore, more focused
libraries, based on prior information on the pathways or
gene sets likely involved in the phenotype of interest, are
commonly used instead of whole-genome libraries
(Tables 2 and 4).

Manguso. Manguso and colleagues® carried out an in vivo
immune modulator screen, using a focused library
comprising sgRNAs targeting 2368 genes including kinases,
cell surface proteins and immune factors.’” They compared

Volume 11 m Issue C m 2021


https://doi.org/10.1016/j.iotech.2021.100043
https://doi.org/10.1016/j.iotech.2021.100043
https://doi.org/10.1016/j.iotech.2021.100043
https://doi.org/10.1016/j.iotech.2021.100043
https://doi.org/10.1016/j.iotech.2021.100043
https://doi.org/10.1016/j.iotech.2021.100043
https://doi.org/10.1016/j.iotech.2021.100043
https://doi.org/10.1016/j.iotech.2021.100043
https://doi.org/10.1016/j.iotech.2021.100043

D. W. Vredevoogd et al.

Table 4. Screens used for in vivo overlap analyses
Cell line Tumor type Immune attack Library Sensitivity/ Publication Organism
resistance
B16F10 Melanoma GVAX + anti-PD-1 + anti-CTLA-4 Custom (based on in Both Manguso et al.® Mus musculus
+ spontaneous immunity vitro pathways)

EMT6 Mammary Spontaneous immunity Custom (targeting Both Lawson et al.” Mus musculus
carcinoma immune-relevant genes)

Renca Renal anti-PD-1 + anti-CTLA-4 + Custom (Manguso library®) Both Dubrot et al.’ Mus musculus
adenocarcinoma spontaneous immunity

CTLA-4, cytotoxic T-lymphocyte-associated antigen 4; PD-1, programmed cell death protein 1.

the relative sgRNA distribution of this CRISPR library in
B16F10-Cas9 cells injected into Tera”” mice (animals lacking
the TCR alpha chain and therefore unable to apply CD4
and CD8 T-cell-directed pressure) to those injected into
normal, C57BL/6 mice treated with GVAX (a granulocyte—
macrophage colony-stimulating factor-enriched tumor vac-
cine), anti-CTLA-4 therapy and anti-PD-1 therapy. They ob-
tained multiple hits, some of which expectedly caused
resistance, such as the loss of IFN-y signaling (Stat1, Jak1,
Ifngrl, Ifngr2 and Jak2). In addition, they identified a
number of TNF pathway hits that, instead, sensitized tumors
to immune attack (including Birc2 and Ripk1). The authors
chose to focus on Ptpn2, loss of which boosted IFN-vy, and
to some extent IFN-¢/8, signaling in response to immune
challenge. Another hit originating from this screen, Adar1,
was found to limit the IFN-dependent activity of two
separate antitumor pathways in response to double-
stranded RNA sensing: PKR-induced growth arrest and
MDAG5-induced immune infiltration.””

Lawson. Having carried out their systematic in vitro screens
in multiple cell types, Lawson and colleagues’ established a
focused library based on the hits from those screens to
perturb EMT6 mammary carcinoma cells. They injected this
cell pool into either immunodeficient NCG mice (lacking T, B
and NK cells) or immunocompetent BALB/c mice and
compared the relative frequency of perturbed cells. The
authors observed, similar to their in vitro screens, that de-
fects in autophagy sensitized tumor cells to immune
challenge, including the loss of Atgl2. Contrary to the
expectation and their own in vitro screens, they also found
the loss of IFN signal transducer Jak1 to render tumors in
BALB/c mice highly sensitive to immune pressure, although
this finding was not investigated further.

Dubrot. Dubrot and colleagues® carried out an in vivo ge-
netic screen using the Manguso library® in renal carcinoma
Renca cells. They compared the relative sensitization of
perturbed cells injected into immunodeficient NSG mice
with that in wildtype BALB/c mice treated with a combi-
nation of anti-CTLA-4 and anti-PD-1 therapy. The authors
found the loss of Atg5 to sensitize tumors to immune
pressure, in agreement with the work by Lawson and col-
leagues.” Dubrot observed that ablation of several
genes involved in AP (Tapl, Tap2 and B2m) sensitized tu-
mors in immunocompetent mice. These AP components,
responsible for loading and presenting antigens by MHC-I,

Volume 11 m Issue C m 2021

are required for CD8+ T cells to recognize and kill tumor
cells.”®>” The authors, expectedly, found that NK cells are
required for the disposal of AP-deficient tumors. NK cells do
not rely on MHC-I to recognize tumors, but are regulated by
several inhibitory and activating cell surface receptors,
including NKG2D.”®°° The investigators found that Renca
tumors, in contrast to the B16F10 cells used in the original
Manguso screen,’® express high levels of activating NK cell
ligands which, in an NKG2D-dependent fashion, sensitized
AP-deficient tumors to NK cell attack.

Common hits between the different screens

After highlighting some of the key genes and mechanisms
determining immune response uncovered in these screens,
we next assessed the findings at a more global level. Spe-
cifically, we catalogued the results of the majority of the
in vitro and in vivo screens (Tables 3 and 4, respectively), in
order to find commonalities and potential discrepancies
between them.

The different in vitro screens show many overlapping hits
illustrating their robustness and reproducibility among
different laboratories, sgRNA libraries and biological systems.
The screens together identified a number of TNF, IFN-Y and
autophagy pathway genes that, upon genetic ablation,
sensitize tumor cells to CD8+ T-cell killing. A number of these
hits were already discussed in detail in some of the screening
papers, for example PTPN2 and TRAF2%° (Figure 2A and B).
Other genes, such as STUB1 and CHIC2, have only more
recently been characterized in detail, also by us.®"®?
Intriguingly, the loss of a cluster of previously undescribed
genes, EMC3, EMC6 and EMC(S, also seems to sensitize to
CD8+ T-cell challenge. When looking at genes whose
knockout drives immune resistance, again many genes show
up as common hits. This brings a high confidence level to the
observations that the loss of AP components, IFN-7 signaling,
TNF receptors and TNF-dependent caspase pathways cause
resistance to CD8+ T-cell killing (Figure 2C and D).

Analysis of the in vivo screens revealed, at times unex-
pectedly, an incomplete match with the findings made in
the in vitro screens. Autophagy-related and TNF signaling
hits were found to sensitize tumors to immune challenge,
similar to what was observed in vitro. The loss of antigen-
presentation machinery (e.g. TAP1, TAP2 and B2M), how-
ever, seemed to render tumors more sensitive to immune-
mediated clearance in vivo, which is in contrast to what was
seen in vitro with CD8+ T-cell screens. Additionally,
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inactivation of genes positively regulating IFN signaling
sensitized in vivo tumors to immune attack, again in
contrast to the in vitro findings. This included STAT1, which
is required to successfully relay IFN-y and IFN-a,/3 signals®*
(Figure 3A and B). Puzzlingly, the loss of receptors for IFN-v,
IFNGR1 and IFNGR2 were found to reduce immune sensi-
tivity of the queried tumors in vivo in the Manguso and
Dubrot screens, whereas they enhanced sensitivity in the
screen of Lawson and colleagues®>® (Figure 3C and D).
Below, we will discuss for each of the major pathways
identified, translational implications of the findings made in
the genetic screens, while also offering a biological context
(Figure 4).

BIOLOGICAL AND TRANSLATIONAL IMPLICATIONS

Antigen presentation

The finding that the loss of AP causes resistance in in vitro
screens is expected, because it constitutes a strict require-
ment for CD8+ T cells to recognize foreign, in this case
malignant, cells.”®>’ The finding that loss of the same
proteins can also cause sensitivity in vivo can be readily
explained: in vivo, cells lacking productive AP can also be
attacked by NK cells, as the loss of AP relieves their inhi-
bition by MHC-I molecules.>*>*> Tumors lacking AP ma-
chinery, however, can become resistant to ICB,>%®%®” which
raises the question why, in human tumors, NK cells appar-
ently fail to eradicate AP-deficient tumors. One possibility is
that despite the loss of AP, NK cells receive too few acti-
vating signals, such as MICA (an MHC homolog not pre-
senting antigens), or are still inhibited by other proteins,
such as HLA-E (a non-classical MHC-I molecule). Intriguingly,
the expression of these ligands differs per tumor (cell line),
and may therefore serve as tumor-intrinsic NK cell sensi-
tivity modulators®>®®*7* (Figure 5). Another mechanism by
which AP-deficient tumors may survive is NK cell exhaus-
tion. Much like CD8+ T cells’?, NK cells, too, lose func-
tionality upon chronic stimulation, which may in part be PD-
1-dependent.”*”’® Lastly, CD8+ T cells and NK cells provide
reciprocal stimulation, and the lack of CD8+ T-cell activity
could negatively affect NK cell function and vice versa.”””®
Future investigations will have to shed light on the relative
contributions of these mechanisms to ICB resistance of AP-
deficient human tumors.

IFN-y signaling

In vitro, inactivation of essential genes for IFN-y signal
transduction, such as IFNGR1, IFNGR2, JAK1, JAK2 and

STAT1, were recurrently identified as screen hits causing
resistance to CD8+ T-cell pressure.*>”® In fact, IFNGR1 was
identified as a resistance hit in all screens but our own,
which was carried out in IFNGR1”" cells.” This finding
highlights the common and homogeneous engagement of,
and reliance on, IFN-y to establishing immune sensitivity
in vitro. Consistent with this, the loss of negative regulators
of IFN-y signal transduction, such as SOCS1 and PTPN2,
were often found as sensitizing hits in vitro.”® When mov-
ing into an in vivo context, however, it becomes less pre-
dictable how perturbations of the IFN-y pathway affect
tumor immune sensitivity. Probably the most striking
example of this is the loss of IFNGR1/2, which causes
sensitivity in some in vivo screens,” but resistance in
others.>®

To understand these seemingly paradoxical findings, it is
important to distinguish antitumor effects elicited by IFN-y
from those which, in certain conditions, may benefit the
tumor. IFN-7y signaling has several direct antitumor effects,
such as the induction of both cell cycle arrest®**°** and
apoptosis.®**>%¢ Additionally, IFN-y signaling increases tu-
mor susceptibility to other T cell effector molecules like FasL
and TNF-related apoptosis-inducing ligand (TRAIL).2”% At
the same time, IFN-Y negatively affects the tumor indirectly.
These activities include enhanced expression of multiple
components of the AP pathway, including the increased
expression of MHC-1,2°° while simultaneously inducing the
expression of lymphocyte-attracting chemokines like CXCL9,
CXCL10 and CXCL11.°*°® Further underpinning the anti-
tumor role of IFN-Y are clinical studies showing that a high
transcriptional signature for IFN-y signaling is associated
with response to ICB,?*°® while loss of core components of
the signaling pathway, like JAK1, can cause resistance to ICB
both in preclinical models and patient tumors.®3%2>2%°7

In contrast, another important facet of IFN-Y signaling is
exploited by tumor cells to evade immune surveillance.
Firstly, IFN-y-induced programmed death-ligand 1 (PD-L1),
arguably the most prominent IFN-y-mediated immune
evasion mechanism and well-established therapeutic
target,”>?'% binds to its receptor PD-1 on multiple im-
mune cells and inhibits their activities.”*?*°%'%" As dis-
cussed above, IFN-Y also elevates the levels of MHC-I
expression, which, while essential for CD8+ T-cell-mediated
tumor control, simultaneously acts as an inhibitory signal
for NK cells.®® Lastly, its secreted nature allows IFN-y to
reach far beyond the immediate cell-cell interaction inter-
face to mediate more global immune-suppressive ef-
fects.*®* One example is the induced expression of the
enzyme indoleamine 2,3-dioxygenase 1 (IDO1), which

Figure 2. In vitro screens identify common sensitivity and resistance hits.

(A) STRING™*® clustering of significant hits determining tumor sensitivity to immune pressure in vitro, from at least four screens. Significance was determined by the
original authors as P < 0.05 or FDR < 0.05. Murine gene symbols were translated to their human paralogs by SynGO.'*? (B) Gene ontology enrichment scores of the
eight top Reactome gene sets by Panther,"*" based on in vitro sensitivity hits identified in at least three screens. Gene sets larger than 500 genes were excluded. (C)
STRING™*® clustering of significant hits determining tumor resistance to immune pressure in vitro, from at least four screens. Significance was determined by the original
authors as P < 0.05 or FDR < 0.05. Murine gene symbols were translated to their human paralogs by SynGO."* (D) Gene ontology enrichment scores of the eight top
Reactome gene sets by Panther,"”” based on in vitro sensitivity hits identified in at least three screens. Gene sets larger than 500 genes were excluded.

CASP8, caspase 8; ER, endoplasmic reticulum; FDR, false discovery rate; MHC, major histocompatibility complex; NFKB, nuclear factor-kappa B; NLR, NOD-like receptor;

TNF, tumor necrosis factor; TNFR1, tumor necrosis factor receptor 1.
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sensitivity hits identified in at least two screens. Gene sets larger than 500 genes
were excluded. (C) Clustering analysis of significant in vivo resistance hits
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metabolizes and degrades the essential amino acid trypto-
phan, thus limiting T-cell function.®®*%* The loss of trypto-
phan from the TME can also result in altered peptide
presentation, potentially allowing tumors to escape im-
mune surveillance.’®® Together, these protumor effects of
IFN-y fuel the potential of tumors to escape immune con-
trol. In support of this, there are documented examples of
preclinical models and patient tumors with deleterious
mutations in the IFN-y pathway that have a better response
to ICB than matched controls.>*%* '’

To reconcile these opposing effects of IFN-v signaling and
ultimately aid clinical practice, it is important to better
understand the context in which IFN-y signaling shows a
beneficial or detrimental effect on immune responses,
whether or not in the context of ICB. In a highly CD8+ T
cell-dependent model (B16F10 melanoma expressing the
model antigen SIY), Williams and colleagues®’ found that
the loss of IFN-y pathway components JAK1 and IFN-y-R2
sensitized tumors to immune attack in vivo. The authors
found that the absence of IFN-y-induced PD-L1 was the
cause for the sensitivity; restoration of PD-L1 expression by
overexpression reverted the sensitive phenotype.’®’

These findings would predict that in a similarly CD8+ T
cell-dependent model, but in the context of immuno-
therapy, the loss of tumor-intrinsic IFN-y signaling would
shift the balance towards resistance, since that should
cancel the protective effect of IFN-y-induced PD-L1.
This prediction is supported by independent preclinical
studies.®*% It raises the question why this type of resis-
tance is not universal."*"% One potential explanation is
the relative activity of NK cells within different tumors (or
tumor models). In models in which NK cells are more active
than they are in B16F10-SIY, such as the Renca tumor,” loss
of IFN-y pathway activity would sensitize to NK cell killing
by preventing IFN-y-induced MHC class | induction.>>*"%’
This is in line with findings from genetic screens for NK
cell-specific immune dependencies, where loss of tumor-
intrinsic IFN-y pathway components sensitized to NK cell
killing." %% ICB in these NK cell-dependent models should,
if anything, only increase the activity of NK cells towards the
tumor and thus further sensitize IFN-y-insensitive tumors to
NK cell attack.> From these relatively reductionist models,
one could argue that IFN-y-insensitive tumors are generally
more sensitive to immune attack, except in CD8+ T cell-
dependent models treated with ICB (Figure 6).

This is, however, an incomplete picture in clinical prac-
tice, as patient tumors are unlikely to be exclusively CD8+ T
cell- or NK cell-dependent. Additionally, what is currently
poorly understood is how these situations change as a
function of the dynamics of an immune attack on the tumor.

identified in at least two screens. Significance was determined by the original
authors as P < 0.05 or FDR < 0.05. Murine gene symbols were translated to
their human paralog by SynGO.""° Clustering was carried out by STRING.'*® (D)
Gene ontology enrichment scores of the only significant Reactome gene sets by
Panther,**” based on in vivo sensitivity hits identified in at least two screens.
Gene sets larger than 500 genes were excluded.

ER, endoplasmic reticulum; FDR, false discovery rate; IFN, interferon; IFNG,
interferon-y; MHC, major histocompatibility complex; TNF, tumor necrosis factor.
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For the antigen presentation and IFN-y pathways, the environmental (specific effects on specific cell types) and cellular (heterogeneity in expression of key signaling
proteins) contexts are important. For the autophagy and the TNF pathways, this is mostly the cellular context.
IFN- vy, interferon-vy; irAE, immune-related adverse events; MHC, major histocompatibility complex; NK, natural killer cells; PD-L1, programmed death-ligand 1; TNF,

tumor necrosis factor.

While IFN-Y-insensitive tumors are perhaps more sensitive
to NK cells due to their lower MHC class | levels, IFN-v is
known to induce many NK ligands, both inhibitory and
activating, and may alter NK activity after an initial chal-
lenge.**° In addition, the tumor may also undergo immune
editing which may again alter cellular dependencies in a
dynamic process.>’ For example, tumor cells expressing
productive CD8+ T cell antigens come under selective
pressure to lose either their antigen(s) or MHC-I expression
(or other factors sensitizing to immune attack), changing
the relative engagement of the tumor from mainly CD8+ T
cells to mainly NK cells.”®*%3°

Another important aspect to understand the conse-
quences of IFN-y signaling is that of tumor heterogeneity.
Aside from the intertumor heterogeneity in NK ligand
expression that may determine whether IFN-y pathway
mutant tumors are able to recruit and activate NK cells,>®%7*
mutational analyses of patient tumors show a diverse range
of mutations in downstream components of the IFN-y
pathway that may (subtly) affect signaling in heterogeneous
ways.*??%39 Intratumoral heterogeneity is important as well.
In an elegant study, Williams and colleagues'®’

Volume 11 m Issue C m 2021

demonstrated that while IFN-y pathway mutant tumors
are in principle more sensitive to immune pressure in vivo,
they can be protected by PD-L1 expressed on the surface of
neighboring wildtype cells when intermixed. Further
complicating this matter is the fact that IFN-Y not only tar-
gets the tumor, but also immune cells. For example, IFN-y
promotes both CD8+ T-cell expansion, by skewing T-cell
memory development, and contraction, by directly killing
targeted T cells.”* '3 At the same time, this cytokine also
contributes to CD8+ T-cell exhaustion.'***° Furthermore,
IFN-y can both limit and promote the attraction of CD8+ T
cells to the tumor.”**%’

Taken together, these findings paint a nuanced and
complex picture of IFN-y signaling: it can simultaneously
provide stimulatory and inhibitory signals to different
effector cell types driving antitumor immunity. At the same
time, IFN-y creates a selective environment for tumor-
intrinsic resistance mechanisms to emerge.'®® Thus, deep-
ening our understanding of the context-dependent and cell
type-specific effects of IFN-y signaling will be required to
provide a more granular view on the question why a strong
IFN-Y response on the one hand is associated with ICB

https://doi.org/10.1016/].iotech.2021.100043 9
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response,>***9%% and with a lack of response in other

cases.'%*1% Ultimately, this may enable us to more suc-
cessfully exploit modulation of IFN-y signaling to aid ther-
apeutic outcome.

TNF signaling

The TNF signaling pathway is highly structured and com-
partmentalized; it bifurcates early after receptor engage-
ment into pro-survival and pro-death arms.*'* In the
screens we analyzed, the loss of one of the receptors of
TNF, TNFRSF1A, and the inactivation of the initiator of TNF-
dependent apoptosis, caspase 8, were commonly shown to
cause resistance to immune attack,”>° in line with our
knowledge regarding the pro-death arm of the TNF
pathway."*>**” Conversely, loss of key components of the
pro-survival arm of the TNF signaling pathway, including
TRAF2, TNFAIP3 and IKBKG, resulted in enhanced sensitivity
to T-cell attack, again in line with our understanding of TNF
signal relay.**114118

This bifurcation and compartmentalization of the TNF
signaling pathway may constitute an interesting trans-
lational opportunity, in that it allows for the precise tar-
geting of its pro-survival arm. Additionally, perturbations in
the TNF pathway seem to behave consistently with this
bifurcated model, and our general understanding (whether
causing resistance or sensitivity), in both in vitro and in vivo
settings,””? unlike the IFN-y pathway. This implies that the
major effects of tumor-intrinsic TNF perturbation are

10 https://doi.org/10.1016/j.iotech.2021.100043
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In NK cell-dependent tumor models, IFN-yY was shown to cause resistance
through the up-regulation of MHC class |, irrespective of ICB treatment.
Conversely, in highly CD8+ T cell-dependent models, IFN-y has more disparate
effects depending on ICB treatment. In particular, in the absence of ICB, IFN-y
causes PD-L1-mediated immune resistance. PD-L1 blocking antibodies break this
resistance, leaving largely antitumor effects of IFN-y.

ICB, immune checkpoint blockade; IFN-Y, interferon-y; MHC, major histocom-
patibility complex; NK, natural killer; PD-L1, programmed death-ligand 1.

limited to the cell that is actually perturbed, again, unlike
IFN-7y.

Despite consistently matching our understanding of the
protumor and antitumor effects of TNF signaling, what is
currently unclear is whether the TNF pathway has one
general signaling node that can be broadly used as a ther-
apeutic target. To illustrate this point, in the parallel screens
carried out by Lawson and colleagues,” TRAF2 KO was found
to sensitize all six cell lines tested, except B16F10, while the
loss of CFLAR sensitized all but MC38 cells and, differently
still, BIRC2 inactivation sensitized none of the cell
lines tested, except for EMT6.° We and others have also
observed such cell line-dependent sensitivity mechanisms:
some cell lines depend heavily on TRAF2 to become resis-
tant to TNF, while others rely more on, or even require, the
activity of clAP1/2.%23° Although these proteins are
thought to signal linearly, and in fact interact, these findings
suggest that TRAF2 and clAP1/2 incorporate and transmit
TNF input signals not always through canonical signaling."**
Another example is the role of caspase 8: while this protein
is thought to be required for canonical TNF-mediated
apoptosis, its loss has also been shown to predispose leu-
kemia cells to TNF-mediated necroptosis, further illustrating
differential TNF signaling in different cell types.*%*** This
heterogeneity in TNF signal relay, that is the differential
dependence on different proteins for eventual TNF signal
output, may at least in part be due to the differential
expression of TNF pathway components, as can be observed
from the Cancer Cell Line Encyclopedia (CCLE) (Figure 7),
and/or by other (epi)genetic mechanisms. Nonetheless,
these findings suggest that the TNF pathway, specifically its
pro-survival arm, may be an attractive target for therapeutic
translation. Further studies should aid in determining at
which level in the pathway pharmacologic intervention
provides the most effective and common clinical benefit.
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Figure 7. TNF signaling pathway heterogeneity in the CCLE database.

UMAP analysis of RNA expression of TNF pathway components in the Cancer Cell
Line Encyclopedia (CCLE) database.”* Example expression values are given for
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cell line analyzed.

TNF, tumor necrosis factor.

The use of TNF-neutralizing antibodies for patients
experiencing ICB-induced immune-related adverse events
(irAE) provides us with real-world clinical data and inter-
esting insights into the clinical relevance of TNF in patient
tumors. Multiple groups have reported that TNF neutrali-
zation administered after irAE onset did not affect or only
marginally affected immunotherapy response.lzz’126 Sup-
porting these clinical data, in murine models, prophylactic
blockade of TNF ameliorated irAE, while preserving immu-
notherapy response.™*”?° In contrast, Verheijden et al.**°
found an association between anti-TNF treatment and
decreased survival of melanoma patients receiving ICB.
Most clinical data would be consistent with the idea that
TNF alone is insufficient to mount a meaningful antitumor
effect in tumors. We showed that the relatively low levels of
TNF in untreated tumors and tumors not responding to ICB
may contribute to this.” Additionally, the relatively low
antitumor activity of TNF may be due to genetic alterations:
we found that in ICB-treated tumors where TNF levels are
high, an accumulation of non-synonymous TNF pathway
mutations correlated with a lack of response to treatment.’

Another relevant facet of TNF signaling in patient tu-
mors is how it affects other cells in the TME and
throughout the body. As we discussed above, from anti-
body neutralization studies it appeared that TNF can
mediate severe irAEs.*?> 25130 A phase | clinical trial with
the second mitochondrial-derived activator of caspase
(SMAC)-mimetic birinapant (targeting clAP1 in the pro-
survival TNF pathway) suggested that it is well toler-
able, ! although it remains to be determined how this will
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develop in conjunction with ICB. Additionally, Bertrand and
colleagues™*’**® demonstrated in murine models that TNF
can limit both CD4+ T cell and CD8+ T cell accumulation
in the tumor, in part by directly driving activation-induced
cell death in the affected cells, thereby limiting ICB
effectivity. This notwithstanding, we conclude that the
screening data align generally well with observations from
the clinic, indicating the requirement, and opportunity, for
specific tumor-intrinsic perturbations of the pro-survival
arm of the TNF signaling pathway to unleash its tumor-
icidal potential.

Autophagy

Perturbation of autophagy was commonly observed to in-
crease sensitivity to immune attack, both in vitro and
in vivo.>>7%'32 \While the mechanism by which this occurs
was not entirely elucidated, it was shown that this was at
least in part due to enhanced sensitivity to TNF, under-
scoring its role in determining tumor susceptibility to im-
mune killing. This finding supports an earlier report showing
that inhibition of autophagy enhanced TNF-dependent liver
injury, by promoting the activity of caspase 8.3 This finding
may also be therapeutically exploited, given the fact that
inhibitors of the autophagic machinery are available and
seem to have some in vivo activity in murine models.****3°
One complicating matter of using inhibitors of autophagy,
however, is the dependency of other cell types on this
process. For example, CD8+ T cells deficient in autophagy
seem to have enhanced effector function, but are less
capable of forming long-term memory, thus potentially
limiting this pharmaceutical approach.”*”**° Additionally,
Lawson and colleagues® demonstrated that the loss of a
single autophagy gene results in enhanced sensitivity to T-
cell attack, but that the loss of multiple genes in fact re-
duces sensitivity to T-cell attack.” Why and how this sup-
pression and masking, as termed by Lawson and
colleagues,” of some autophagy components by others oc-
curs, is unknown. Pharmaceutical intervention in the
autophagic activity, through this suppression, could there-
fore also result in resistance to immune attack, as was seen
in some cell lines.” This differential effect of autophinib in
different cell lines may also be indicative of cellular het-
erogeneity, and the reliance of cell lines on different com-
ponents of the autophagic machinery, as was observed in
the genetic screens (Figure 2). It is clear then, that more
research is necessary to fully comprehend the translational
value of these findings.

CONCLUSIONS AND FUTURE OUTLOOK

The genetic screens above highlight the power and rele-
vance of genetic screens both for increasing our under-
standing of tumor-intrinsic immune resistance mechanisms
and for identifying new immunotherapeutic targets. What
has also become apparent, however, is that both the
cellular (the heterogeneity of TNF signal relay, NK cell ligand
expression and different effects of autophagy perturbation
in tumor and T cells) and environmental contexts (the
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differential effects of IFN-y and AP in vitro and in vivo) in
which these screens were carried out influence the screen
outcomes. A major step forward would be the development
of a large-scale, standardized screening approach and
database for immune dependencies, much like what has
been done previously for genetic fitness dependencies in
tumor cells.**%**! Extending beyond that, the CRISPR-Cas9
technology has fueled the generation of new in vivo
models that enable carrying out screens in immune cells to
understand their limitations and unravel mechanisms for
potential clinical exploitation, like multiple groups have
started doing.*****” These efforts complement the tumor-
centric approaches discussed here. Together, these
screening strategies will conceivably contribute to more
effective and rational ICB (combination) treatments, allow-
ing more patients to durably respond.
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