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Introduction
Immune-checkpoint blockade (ICB) has transformed cancer treatment paradigms; however, the
majority of patients are either refractory to treatment or eventually acquire resistance. The understanding of ICB therapy resistance is progressing rapidly, with several emerging concepts shaping the directions of the ﬁeld. It is clear that many tumor-targeted drugs exert remarkably potent impacts on
immune cells that may be either beneﬁcial or detrimental. Moreover, the immune system exerts a signiﬁcant selective pressure on tumors that confers unique signaling pathway dependencies. Neither of
these concepts had been anticipated before the advent of immunotherapy because tumor cells were
generally studied in isolation, but they guide us towards the next frontier of therapeutic opportunities.
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Treatment of metastatic cancer relies on combination approaches to minimize resistance and enhance
the duration of response [1,2]. The integration of ICB with tumor-targeted therapies revealed
unanticipated cross-talk between oncogenic and immunological signaling networks. For example, ICB
combination with Mitogen-activated protein kinase (MAPK) pathway inhibitors was beneﬁcial in preclinical models [3]. This ﬁnding was unexpected because MAPK signaling is important for T-cell
development and effector activation [4]. Detailed mechanistic experiments revealed that
MHC-I-dependent antigen presentation is suppressed by MAPK or upstream KRAS driven oncogenic
signaling, whereas immunosuppressive PDL-1 and CD73 proteins are induced [5–7]. Thus, KRAS/
MAPK pathway inhibition seems to exert an overall net beneﬁt on tumor cell intrinsic
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Immune-checkpoint blockade (ICB) has transformed the landscape of cancer treatment.
However, there is much to understand around refractory or acquired resistance in patients
in order to utilize ICB therapy to its full potential. In this perspective article, we discuss
the opportunities and challenges that are emerging as our understanding of immunooncology resistance matures. Firstly, there has been remarkable progress made to understand the exquisite overlap between oncogenic and immune signaling pathways. Several
cancer-signaling pathways are constitutively active in oncogenic settings and also play
physiological roles in immune cell function. A growing number of precision oncology
tumor-targeted drugs show remarkable immunogenic properties that might be harnessed
with rational combination strategies. Secondly, we now understand that the immune
system confers a strong selective pressure on tumors. Whilst this pressure can lead to
novel tumor evolution and immune escape, there is a growing recognition of tumor-intrinsic dependencies that arise in immune pressured environments. Such dependencies
provide a roadmap for novel tumor-intrinsic drug targets to alleviate ICB resistance. We
anticipate that rational combinations with existing oncology drugs and a next wave of
tumor-intrinsic drugs that speciﬁcally target immunological resistance will represent the
next frontier of therapeutic opportunity.
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Table 1. The immunological effects of immune-checkpoint blockade in combination with small molecule tumor-targeted drugs
Exemplar combination partners and
furthest clinical development status of
combination

Proposed immunological mechanisms and key references

KRAS/MAPK
pathway

RAF/MEK (Ph3 — NCT02967692)
Sotorasib (Ph2 — NCT04185883)

Enhancement of MHC-I antigen presentation.
Suppression of CD73 and PDL-1 expression.

MTOR/PI3K pathway

Everolimus (MTOR allosteric) (Ph1b —
NCT03095274; NCT02890069)
Vistusertib (preclinical)
Idelalisib, AZD8835 (preclinical)

Promote antigen-presenting cell immunometabolism.
Enhance T-effector/memory survival.

EGFR

Erlotinib, Gefitinib Osimertinib (Ph1/2 —
NCT02039674; NCT02454933)

Preclinical combinatorial synergy with anti-PD1, direct mechanistic
link unclear [31].
Resulted in potentially elevated interstitial lung disease [15].

ALK

Crizotinib (Ph1/2 — NCT02393625)

Crizotinib promotes immunogenic cell death of cancer cells [32].
Severe hepatic toxicities reported in early phase clinical trials [33].

FGFR

Erdafitinib (Preclinical)

FGFR pathway inhibition showed combination benefit with anti-PD1
in a preclinical mFGFR2 driven autochthonous lung cancer model,
associated with increased T-cell infiltration [34].
Precise mechanistic links with the immune system are unknown.

CDK4/6

Abemaciclib (Preclinical)

Activation of endogenous retrovirus enhances immunogenicity, and
suppression of Treg proliferaton [35].

IGF1R

PQ401 and genetic knockout - Preclinical

IGF/IGF1R pathway antagonists show combination benefit with
anti-PD1. Mechanistic links to ICB are unknown [36].

Poly-specific tyrosine
kinase (TKI)

Axitinib, Cabozantinib, Lenvatinib (approved —
NCT02853331, NCT03141177,
NCT02501096)

Modulation of the tumor microenvironment and enhancement of
immunogenic cell death (increased interferon signaling, promote NK
cell killing and reduced suppressive macrophage activity) [37–39].

DNA-damage
response

PARP inhibitors; Olaparib, Rucaparib (Ph3 —
NCT03737643, NCT01968213)

Immunogenic cell killing releases innate-immune agonists (e.g.
STING) [40].

Epigenetic

BET (Ph2 — NCT04471974)
HDACi (Ph1/2 — NCT02805660)
EZH2 (Ph1/2 — NCT03854474)

Suppression of PDL-1 [41].
Modulation of transcriptome changes the peptide repertoire to
enhance tumor immunogenicity [42].

iAP antagonists

Xevinapant (Ph1/2 — NCT04122625)

Lowering apoptotic threshold and sensitization to immune-mediated
killing [43]

immunogenicity, a hypothesis that is currently under clinical evaluation (NCT02967692). These data nevertheless imply that tumor-selective MAPK inhibition would be advantageous, to eliminate potentially negative
effects on T-cells. Notably, oncogene-mutant-selective KRAS G12Ci showed excellent preclinical combination
beneﬁt with ICB in preclinical models where MAPK activation is driven by KRAS G12C mutation [8], and this
combination is currently under clinical evaluation (NCT04185883).
Inhibitors of phosphoinositide 3-kinase (PI3K) and downstream AKT/Target of Rapamycin (MTOR) signaling pathways also represent another prominent class of oncogene targeted therapies being investigated in combination with ICB. PI3K/AKT/MTORi were developed as tumour-targeted agents, given pathway alterations are
reported in 38% of solid tumors [9]. However, PI3K/MTOR pathway inhibitors show remarkable immunomodulatory properties. Ali et al. showed that inhibition of the PI3Kδ isoform could acutely deplete immunosuppressive regulatory T-cells from the tumor microenvironment [10]. We extended these ﬁndings, showing the
clinical PI3Kα/δ inhibitor AZD8835 enhances cytotoxic effector functions of conventional T-cells [11].
Inhibitors of MTOR also combine well in ICB combination, but subtleties are revealed when comparing the
associated immune effects. For example, dose-dependent inhibition of T-cell proliferation is observed with
MTOR but not PI3K inhibition, and MTORi additionally promotes innate-immune inﬂammatory cytokine
proﬁles [11–13]. PI3Ki/MTORi combinations with ICB have not been widely explored in the clinic, and further
evaluation is warranted.
Whilst we highlight MAPK and PI3K/mTOR examples, many analogous ﬁndings reinforce a continuum of
shared signaling between tumor cells and the immune system that extends to additional oncogenic pathways
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Key mechanisms involved in immune evasion or resistance are shown, in addition to clinical inhibitors that can modulate the pathways (depicted in
red or teal text). A common involvement of antigen presentation, immune-checkpoint, IFNγ, TNF, cytolytic and autophagy pathways has been
observed in functional genomics screens, which are typically associated with cell-mediated immunity. Not all pathways or targets are druggable
with available inhibitors, which provides a roadmap for future drug discovery efforts.

(Table 1). Synergies between ICB and broadly active tumor targeting agents such as poly-speciﬁc tyrosine
kinase inhibitors and DNA-damage pathway inhibitors are of signiﬁcant interest due to their wide-clinical relevance [14]. Notably, not all combinations will be clinically feasible, exempliﬁed by challenges in combining
ICB with EGFR inhibitors that led to potentially increased incidence of interstitial lung disease [15]. Careful
consideration of combinatorial mechanisms, overlapping biomarkers, and optimization of dose/scheduling
should be prioritized to maximize the probability for these combinations to translate clinically. Given that
oncogenic signaling can directly control the immunogenicity of a tumor, combination studies in the relevant
genetic context represents a focused patient selection paradigm, as exempliﬁed by KRAS/MAPK. In contrast, it
is notable that direct immune-intrinsic potentiation would not preclude the extension of a novel combination
beyond conventional oncogene-dependent patient populations, as may be the case for PI3K/MTOR inhibitors.
Deep understanding of the cellular and molecular combinatorial mechanisms is critical before patient selection
can be considered.
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Figure 1. Mechanisms of immune-evasion by tumors and opportunities for novel therapeutic development with tumor-targeted therapies.
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Tumor-intrinsic resistance to immune-mediated killing

Conclusions

Since the ﬁrst approvals of ICB, remarkable progress has been made to understand immune-resistance mechanisms. A unifying theme has emerged whereby classical oncogenic driver genes or pathways exhibit unexpected
roles to promote immunosuppressive proﬁles. With hindsight, this may seem intuitive, given that
immune-evasion is a central hallmark of oncogenesis [29]. Nonetheless, these ﬁndings are conceptually discrete
from a purely immune-editing paradigm, where immune escape by tumors is driven solely by passive selective
pressures conferred by immune cells [30]. Leveraging existing tumor-targeted therapies dosed and scheduled in
a way to mitigate for deleterious effects on immune cells will maximize the therapeutic potential for such combinations in the near-term.
A second major theme is that whilst immune-evasion might be driven by core oncogenic signaling, the
downstream functional dependencies and resistance pathways diverge. Tumor-intrinsic evasion mechanisms are
best revealed under conditions that mimic immunological pressure, which is an area that has only recently
received attention by the research community. Many of the emergent immunological resistance pathways are
classically involved in cell-mediated immunity, however, with the newfound power of functional genomics, key
signaling nodes are being deciphered. These efforts reveal a deep array of novel drug targets that will drive a
subsequent wave of innovation to tackle ICB resistance.
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Complimentary to harnessing tumor-targeted therapies to augment immunity, studies are uncovering the signaling pathways contributing to immune-evasion in tumors.
Mutation of the interferon gamma (IFNγ) signaling pathway represents a major mechanism of clinical ICB
resistance [16,17]. IFNγ is a T-cell-derived cytokine that signals through the JAK/STAT pathway to directly
restrict tumor growth, and indirectly promote upregulation of MHC-I-dependent antigen presentation. The
important role for IFNγ is recapitulated in preclinical CRISPR screens performed with both human and mouse
melanoma cells co-cultured with antigen speciﬁc T-cells, where IFNγ pathway attenuation promoted tumor
persistence [18,19]. Similarly, an in vivo CRISPR screen using the B16 mouse model revealed IFNγ pathway
enriched hits in tumors resistant to anti-PD-1 [20]. These studies identiﬁed well-known IFNγ pathway
members including Jak1/2, Stat1 and Ifngr1/Ifngr2 as resistance hits, in addition to newly identiﬁed negative
regulators such as PTPN2 and APLNR which might represent novel therapeutic targets [18–20].
Systematic exploration of IFNγ-independent mechanisms of immune-evasion revealed an important role for
the proinﬂammatory/cytotoxic cytokine TNF, which promotes bystander killing of tumors by T and NK-cells
[21]. The TNF pathway exhibits complex feedback dynamics, and the ablation of negative pathway regulators
Traf2 and Birc2 lowered the threshold of tumor cell apoptosis by TNF [22]. Historically, TNF administration
resulted in unacceptable toxicities when delivered systemically in the clinic, despite exhibiting broad efﬁcacy in
preclinical tumor models [23]. An ability to selectively sensitize tumors to TNF-mediated killing would open
up intriguing possibilities to widen the therapeutic index for TNF agonist therapies.
Beyond conventional cytotoxic effector signaling, perhaps a more unexpected role for autophagy has emerged.
CRISPR-mediated knockout of autophagy pathway genes including Atg12 enhanced cytotoxic killing of a broad
panel of syngeneic mouse tumors [24]. Two additional studies corroborate these ﬁndings, implicating additional
autophagy pathway members Atg5 and Rb1cc1 in immune resistance [25,26]. Autophagy is a cellular recycling
process, which physiologically dampens intracellular damage to mitigate cell stress [27]. The exact mechanism
through which autophagy promotes immune-evasion remains to be elucidated, however, autophagic ﬂux reportedly
limits TNF-mediated tumor cell apoptosis through regulation of the FADD/caspase-8 complex [26], and reduces
antigen presentation via NBR1-mediated lysosomal degradation of MHC-I in pancreatic cancer [28]. Autophagy
may, therefore, represent an emergent point of integration between tumor cell stress and immune cross-talk.
Collectively, it is becoming clear that the immune system exerts strong selective pressures on tumor cells and
immune resistance is associated with a novel spectrum of cancer dependencies (Figure 1). Whilst functional genomics screens have started to reveal common immunomodulatory nodes that are broadly important in cancer, we must
still consider that the oncogenic context is key. There remains an opportunity for functional genomics screening to
better inform on diverse resistance mechanisms in systems harboring discrete, clinically relevant oncogenic drivers.
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References
1
2
3

4
5
6

7
8
9
10
11

12
13
14
15

16
17
18
19
20
21

Yap, T.A., Omlin, A. and de Bono, J.S. (2013) Development of therapeutic combinations targeting major cancer signaling pathways. J. Clin. Oncol. 31,
1592–1605 https://doi.org/10.1200/JCO.2011.37.6418
Mokhtari R, B., Homayouni, T.S., Baluch, N., Morgatskaya, E., Kumar, S., Das, B. et al. (2017) Combination therapy in combating cancer. Oncotarget 8,
38022–38043 https://doi.org/10.18632/oncotarget.16723
Liu, L., Mayes, P.A., Eastman, S., Shi, H., Yadavilli, S., Zhang, T. et al. (2015) The BRAF and MEK inhibitors dabrafenib and trametinib: effects on
immune function and in combination with immunomodulatory antibodies targeting PD-1, PD-L1, and CTLA-4. Clin Cancer Res. 21, 1639–1651
https://doi.org/10.1158/1078-0432.CCR-14-2339
Fischer, A.M., Katayama, C.D., Pages, G., Pouyssegur, J. and Hedrick, S.M. (2005) The role of erk1 and erk2 in multiple stages of T cell development.
Immunity 23, 431–443 https://doi.org/10.1016/j.immuni.2005.08.013
Coelho, M.A., de Carne Trecesson, S., Rana, S., Zecchin, D., Moore, C., Molina-Arcas, M. et al. (2017) Oncogenic RAS signaling promotes tumor
immunoresistance by stabilizing PD-L1 mRNA. Immunity 47, 1083–99.e6 https://doi.org/10.1016/j.immuni.2017.11.016
Sunaga, N., Shames, D.S., Girard, L., Peyton, M., Larsen, J.E., Imai, H. et al. (2011) Knockdown of oncogenic KRAS in non-small cell lung cancers
suppresses tumor growth and sensitizes tumor cells to targeted therapy. Mol Cancer Ther. 10, 336–346 https://doi.org/10.1158/1535-7163.
MCT-10-0750
Ebert, P.J.R., Cheung, J., Yang, Y., McNamara, E., Hong, R., Moskalenko, M. et al. (2016) MAP kinase inhibition promotes T cell and anti-tumor activity
in combination with PD-L1 checkpoint blockade. Immunity 44, 609–621 https://doi.org/10.1016/j.immuni.2016.01.024
Canon, J., Rex, K., Saiki, A.Y., Mohr, C., Cooke, K., Bagal, D. et al. (2019) The clinical KRAS(G12C) inhibitor AMG 510 drives anti-tumour immunity.
Nature 575, 217–223 https://doi.org/10.1038/s41586-019-1694-1
Millis, S.Z., Ikeda, S., Reddy, S., Gatalica, Z. and Kurzrock, R. (2016) Landscape of phosphatidylinositol-3-kinase pathway alterations across 19784
diverse solid tumors. JAMA Oncol. 2, 1565–1573 https://doi.org/10.1001/jamaoncol.2016.0891
Ali, K., Soond, D.R., Pineiro, R., Hagemann, T., Pearce, W., Lim, E.L. et al. (2014) Inactivation of PI(3)K p110delta breaks regulatory T-cell-mediated
immune tolerance to cancer. Nature 510, 407–411 https://doi.org/10.1038/nature13444
Carnevalli, L.S., Sinclair, C., Taylor, M.A., Gutierrez, P.M., Langdon, S., Coenen-Stass, A.M.L. et al. (2018) PI3Kalpha/delta inhibition promotes
anti-tumor immunity through direct enhancement of effector CD8(+) T-cell activity. J. Immunother. Cancer 6, 158 https://doi.org/10.1186/
s40425-018-0457-0
Langdon, S., Hughes, A., Taylor, M.A., Kuczynski, E.A., Mele, D.A., Delpuech, O. et al. (2018) Combination of dual mTORC1/2 inhibition and
immune-checkpoint blockade potentiates anti-tumour immunity. Oncoimmunology 7, e1458810 https://doi.org/10.1080/2162402X.2018.1458810
Sinclair, C., Bommakanti, G., Gardinassi, L., Loebbermann, J., Johnson, M.J., Hakimpour, P. et al. (2017) mTOR regulates metabolic adaptation of
APCs in the lung and controls the outcome of allergic inﬂammation. Science 357, 1014–1021 https://doi.org/10.1126/science.aaj2155
Pilie, P.G., Tang, C., Mills, G.B. and Yap, T.A. (2019) State-of-the-art strategies for targeting the DNA damage response in cancer. Nat. Rev. Clin.
Oncol. 16, 81–104 https://doi.org/10.1038/s41571-018-0114-z
Yang, J.C., Shepherd, F.A., Kim, D.W., Lee, G.W., Lee, J.S., Chang, G.C. et al. (2019) Osimertinib plus durvalumab versus osimertinib monotherapy in
EGFR T790M-positive NSCLC following previous EGFR TKI therapy: CAURAL brief report. J. Thorac. Oncol. 14, 933–939 https://doi.org/10.1016/j.jtho.
2019.02.001
Zaretsky, J.M., Garcia-Diaz, A., Shin, D.S., Escuin-Ordinas, H., Hugo, W., Hu-Lieskovan, S. et al. (2016) Mutations associated with acquired resistance
to PD-1 blockade in melanoma. N. Engl. J. Med. 375, 819–829 https://doi.org/10.1056/NEJMoa1604958
Gao, J., Shi, L.Z., Zhao, H., Chen, J., Xiong, L., He, Q. et al. (2016) Loss of IFN-gamma pathway genes in tumor cells as a mechanism of resistance to
anti-CTLA-4 therapy. Cell 167, 397–404.e9 https://doi.org/10.1016/j.cell.2016.08.069
Patel, S.J., Sanjana, N.E., Kishton, R.J., Eidizadeh, A., Vodnala, S.K., Cam, M. et al. (2017) Identiﬁcation of essential genes for cancer immunotherapy.
Nature 548, 537–542 https://doi.org/10.1038/nature23477
Pan, D., Kobayashi, A., Jiang, P., de Andrade L, F., Tay, R.E., Luoma, A.M. et al. (2018) A major chromatin regulator determines resistance of tumor
cells to T cell-mediated killing. Science 359, 770–775 https://doi.org/10.1126/science.aao1710
Manguso, R.T., Pope, H.W., Zimmer, M.D., Brown, F.D., Yates, K.B., Miller, B.C. et al. (2017) In vivo CRISPR screening identiﬁes Ptpn2 as a cancer
immunotherapy target. Nature 547, 413–418 https://doi.org/10.1038/nature23270
Kearney, C.J., Vervoort, S.J., Hogg, S.J., Ramsbottom, K.M., Freeman, A.J., Lalaoui, N. et al. (2018) Tumor immune evasion arises through loss of TNF
sensitivity. Sci. Immunol. 3, eaar3451 https://doi.org/10.1126/sciimmunol.aar3451

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and the Royal Society of Biology and distributed under the Creative Commons
Attribution License 4.0 (CC BY-NC-ND).

679

Emerging Topics in Life Sciences (2021) 5 675–680
https://doi.org/10.1042/ETLS20210064

22
23
24
25
26
27
28

31
32
33

34

35
36
37

38

39
40

41
42
43

680

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and the Royal Society of Biology and distributed under the Creative Commons
Attribution License 4.0 (CC BY-NC-ND).

Downloaded from http://portlandpress.com/emergtoplifesci/article-pdf/5/5/675/924325/etls-2021-0064c.pdf by guest on 05 December 2021

29
30

Vredevoogd, D.W., Kuilman, T., Ligtenberg, M.A., Boshuizen, J., Stecker, K.E., de Bruijn, B. et al. (2019) Augmenting immunotherapy impact by
lowering tumor TNF cytotoxicity threshold. Cell 178, 585–99.e15 https://doi.org/10.1016/j.cell.2019.06.014
Josephs, S.F., Ichim, T.E., Prince, S.M., Kesari, S., Marincola, F.M., Escobedo, A.R. et al. (2018) Unleashing endogenous TNF-alpha as a cancer
immunotherapeutic. J. Transl. Med. 16, 242 https://doi.org/10.1186/s12967-018-1611-7
Lawson, K.A., Sousa, C.M., Zhang, X., Kim, E., Akthar, R., Caumanns, J.J. et al. (2020) Functional genomic landscape of cancer-intrinsic evasion of
killing by T cells. Nature 586, 120–126 https://doi.org/10.1038/s41586-020-2746-2
Dubrot, J., Lane-Reticker, S.K., Kessler, E.A., Ayer, A., Mishra, G., Wolfe, C.H. et al. (2021) In vivo screens using a selective CRISPR antigen removal
lentiviral vector system reveal immune dependencies in renal cell carcinoma. Immunity 54, 571–585.e6 https://doi.org/10.1016/j.immuni.2021.01.001
Young, T.M., Reyes, C., Pasnikowski, E., Castanaro, C., Wong, C., Decker, C.E. et al. (2020) Autophagy protects tumors from T cell-mediated
cytotoxicity via inhibition of TNFalpha-induced apoptosis. Sci. Immunol. 5, eabb9561 https://doi.org/10.1126/sciimmunol.abb9561
Deretic, V. (2021) Autophagy in inﬂammation, infection, and immunometabolism. Immunity 54, 437–453 https://doi.org/10.1016/j.immuni.2021.01.018
Yamamoto, K., Venida, A., Yano, J., Biancur, D.E., Kakiuchi, M., Gupta, S. et al. (2020) Autophagy promotes immune evasion of pancreatic cancer by
degrading MHC-I. Nature 581, 100–105 https://doi.org/10.1038/s41586-020-2229-5
Hanahan, D. and Weinberg, R.A. (2011) Hallmarks of cancer: the next generation. Cell 144, 646–674 https://doi.org/10.1016/j.cell.2011.02.013
Dunn, G.P., Bruce, A.T., Ikeda, H., Old, L.J. and Schreiber, R.D. (2002) Cancer immunoediting: from immunosurveillance to tumor escape. Nat.
Immunol. 3, 991–998 https://doi.org/10.1038/ni1102-991
Sugiyama, E., Togashi, Y., Takeuchi, Y., Shinya, S., Tada, Y., Kataoka, K. et al. (2020) Blockade of EGFR improves responsiveness to PD-1 blockade in
EGFR-mutated non-small cell lung cancer. Sci. Immunol. 5, eaav3937 https://doi.org/10.1126/sciimmunol.aav3937
Liu, P., Zhao, L., Pol, J., Levesque, S., Petrazzuolo, A., Pﬁrschke, C. et al. (2019) Crizotinib-induced immunogenic cell death in non-small cell lung
cancer. Nat. Commun. 10, 1486 https://doi.org/10.1038/s41467-019-09415-3
Spigel, D.R., Reynolds, C., Waterhouse, D., Garon, E.B., Chandler, J., Babu, S. et al. (2018) Phase 1/2 study of the safety and tolerability of nivolumab
plus crizotinib for the ﬁrst-line treatment of anaplastic lymphoma kinase translocation - positive advanced non-small cell lung cancer (CheckMate 370).
J. Thorac. Oncol. 13, 682–688 https://doi.org/10.1016/j.jtho.2018.02.022
Palakurthi, S., Kuraguchi, M., Zacharek, S.J., Zudaire, E., Huang, W., Bonal, D.M. et al. (2019) The combined effect of FGFR inhibition and PD-1
blockade promotes tumor-intrinsic induction of antitumor immunity. Cancer Immunol. Res. 7, 1457–1471 https://doi.org/10.1158/2326-6066.
CIR-18-0595
Goel, S., DeCristo, M.J., Watt, A.C., BrinJones, H., Sceneay, J., Li, B.B. et al. (2017) CDK4/6 inhibition triggers anti-tumour immunity. Nature 548,
471–475 https://doi.org/10.1038/nature23465
Ajona, D., Ortiz-Espinosa, S., Lozano, T., Exposito, F., Calvo, A., Valencia, K. et al. (2020) Short-term starvation reduces IGF-1 levels to sensitize lung
tumors to PD-1 immune checkpoint blockade. Nat. Cancer, 75–85 https://doi.org/10.1038/s43018-019-0007-9
Kwilas, A.R., Ardiani, A., Donahue, R.N., Aftab, D.T. and Hodge, J.W. (2014) Dual effects of a targeted small-molecule inhibitor (cabozantinib) on
immune-mediated killing of tumor cells and immune tumor microenvironment permissiveness when combined with a cancer vaccine. J. Transl. Med. 12,
294 https://doi.org/10.1186/s12967-014-0294-y
Kato, Y., Tabata, K., Kimura, T., Yachie-Kinoshita, A., Ozawa, Y., Yamada, K. et al. (2019) Lenvatinib plus anti-PD-1 antibody combination treatment
activates CD8+ T cells through reduction of tumor-associated macrophage and activation of the interferon pathway. PLoS One 14, e0212513
https://doi.org/10.1371/journal.pone.0212513
Zhang, Q., Liu, H., Wang, H., Lu, M., Miao, Y., Ding, J. et al. (2019) Lenvatinib promotes antitumor immunity by enhancing the tumor inﬁltration and
activation of NK cells. Am. J. Cancer Res. 9, 1382–1395 PMID: 31392076
Pantelidou, C., Sonzogni, O., De Oliveria Taveira, M., Mehta, A.K., Kothari, A., Wang, D. et al. (2019) PARP inhibitor efﬁcacy depends on CD8(+) T-cell
recruitment via intratumoral STING pathway activation in BRCA-deﬁcient models of triple-negative breast cancer. Cancer Discov. 9, 722–737 https://doi.
org/10.1158/2159-8290.CD-18-1218
Zhu, H., Bengsch, F., Svoronos, N., Rutkowski, M.R., Bitler, B.G., Allegrezza, M.J. et al. (2016) BET bromodomain inhibition promotes anti-tumor
immunity by suppressing PD-L1 expression. Cell Rep. 16, 2829–2837 https://doi.org/10.1016/j.celrep.2016.08.032
Doroshow, D.B., Eder, J.P. and LoRusso, P.M. (2017) BET inhibitors: a novel epigenetic approach. Ann. Oncol. 28, 1776–1787 https://doi.org/10.1093/
annonc/mdx157
Mo, X., Tang, C., Niu, Q., Ma, T., Du, Y. and Fu, H. (2019) HTip: high-throughput immunomodulator phenotypic screening platform to reveal IAP
antagonists as anti-cancer immune enhancers. Cell Chem. Biol. 26, 331–9.e3 https://doi.org/10.1016/j.chembiol.2018.11.011

