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Abstract: The emergence of PARP inhibitors as a therapeutic strategy for tumors with high genomic
instability, particularly those harboring BRCA mutations, has advanced cancer treatment. However,
recent advances have illuminated a multifaceted role of PARP1 beyond its canonical function in
DNA damage repair. This review explores the expanding roles of PARP1, highlighting its crucial
interplay with the immune system during tumorigenesis. We discuss PARP1’s immunomodulatory
effects in macrophages and T cells, with a particular focus on cytokine expression. Understanding
these immunomodulatory roles of PARP1 not only holds promise for enhancing the efficacy of
PARP inhibitors in cancer therapy but also paves the way for novel treatment regimens targeting

immune-mediated inflammatory diseases.
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1. PARP Inhibitors in Cancer Therapy

Nearly two decades ago, the discovery of the synthetic lethality interaction between
two crucial DNA damage repair proteins, PARP1 and BRCA1/2 [1,2], instigated cancer
therapy with PARP inhibitors (PARPi), targeting tumors with high genomic instability
(Figure 1A). In 2014, the U.S. Food and Drug Administration (FDA) approved the first
PARPi, Olaparib, as a monotherapy for advanced ovarian cancer patients with germline-
mutated BRCA [3]. Subsequent approvals of novel PARPi, such as Rucaparib, Niraparib,
and Talazoparib, by the FDA and/or the European Medicine Agency (EMA) expanded
the number of available options to inhibit PARPI, each distinguished by variances in their
efficacy and selectivity in inhibiting PARP1 [4-6] due to their different binding affinities [7]
and differences in their ability to trap PARP1 on chromatin [8,9]. Since then, the scope of
PARPi application has broadened to the treatment of breast and pancreatic cancer patients,
as well as epithelial ovarian, fallopian tube, and primary peritoneal cancer [3]. Recent
FDA approvals have further extended the usage of PARPi therapy for the treatment of
homologous recombination (HR)-deficient metastatic castration-resistant prostate cancer.

PARPi in clinical use primarily, but not exclusively, target the nuclear ADP-ribosyltrans-
ferase (ART) PARP1 [4], an ART that belongs to a group of structurally related proteins with
closely related catalytic domains [10]. PARP1 is especially important in its role as a DNA
damage sensor, as it recognizes DNA lesions and allows for the efficient recruitment of
repair proteins. More specifically, DNA binding activates PARP1, resulting in the transfer of
ADP-ribose onto itself and selected target proteins using NAD™ as a substrate. The resulting
poly-ADP-ribose (PAR) chains serve as docking sites for various DNA repair factors that
possess PAR-binding domains, leading to their recruitment to the DNA lesion (extensively
reviewed elsewhere [11,12]. Auto-poly-ADP-ribosylation (Auto-PARylation) of PARP1 ulti-
mately results in its release from the DNA lesion, a step that is required for reliable DNA
repair [12,13]. Due to its central role in initiating the DNA damage repair cascade, PARP1
inhibition is significantly more toxic for cancer cells with a deficiency in HR compared to
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HR-proficient cells [1,2]. This concept of synthetic lethality appears highly promising for its
apparent specificity in effectively targeting cells by exploiting a tumor-enabling and, thus,
presumably essential characteristic of tumor cells [14]. However, tumors have developed
mechanisms to circumvent this mode of killing, resulting in resistance [15]. The various
mechanisms of PARPi resistance and potential combinatorial treatments to overcome the
acquired resistance have been extensively reviewed elsewhere [16-20].

Figure 1. PARPi effect in cancer cells and immune cells. Depicted in green are effects that are
promoted by PARPi treatment, and effects that are inhibited by PARPi treatment are shown in red.
(A) Synthetic lethality interaction of homologous recombination (HR)-deficient cancer cells and
PARPi treatment leads to cancer cell death. (B) PARPi treatment also inhibits ADP-ribosylation of
c¢GAS in cancer cells, thereby enhancing the cGAS/STING signaling pathway. (C) In macrophages,
PARP; elevate levels of NAD* and ROS. This shift in metabolism enhances the anti-tumorigenic
function of macrophages. (D-G) PARPi up- and downregulate the transcription of various cytokines
in both macrophages and T cells. (H) In cancer cells, PARPi treatment upregulates PD-L1 expression,
which may have implications for the interaction between cancer cells and the immune system.

Besides inhibiting PARP1’s enzymatic activity, PARPi induce PARP1 chromatin reten-
tion (“trapping”) to varying degrees [8,21-23], which was proposed to be driven by pro-
longed or highly efficient catalytic inhibition of PARP1 [8,23,24], or by the inhibitors” ability
to promote a conformational change resulting in a pro-retention DNA-PARP1-inhibitor
complex [9,23]. Interestingly, the reduction in PARP1’s enzymatic activity upon inhibition
does not necessarily correlate with the levels of PARP1 chromatin retention [8,9,21,22,25],
underscoring the idea that inhibiting PARP1’s enzymatic activity and promoting PARP1
trapping might be two independent mechanisms of inducing PARPi-dependent cytotoxicity.
Over the past years, the increase in PARP1 trapping, rather than blocking its enzymatic
function and thus the recruitment of DNA damage repair proteins, has been widely con-
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sidered to drive cytotoxicity in PARPi-treated cells [8,9,26]. However, since recent findings
suggest that the chromatin retention of PARP1 and, ultimately, cytotoxicity can be driven
by either the inhibition of PARP1’s enzymatic activity or by inducing allosteric trapping
of PARP1 [23], both can be considered drivers of PARPi-induced cell death. Indeed, in
HR-deficient cells, PARPi-induced lethality depends on inhibiting PARP1’s enzymatic
activity and thus on interfering with its role in promoting DNA integrity, while the cyto-
toxicity observed in HR-proficient cells stems from trapped PARP1 [21]. In light of these
findings, it becomes clearer why PARPI are effective in the treatment of tumors with high
genomic instability [27-29] while they can also induce cytotoxicity in HR-proficient tumor
cells [17,30,31].

According to the human protein atlas, normal lymphoid tissues express high amounts
of PARPT mRNA and PARP1 protein compared to other tissues [32], which implies a
functional contribution of PARP1 in this compartment and potentially broader applicability
of PARPi. The notion of PARP1 playing a role in cellular function beyond its role in
DNA damage repair is underscored by a genome-wide CRISPR loss-of-function screen
of over 1000 cell lines (https://depmap.org/portal/, accessed on 9 July 2024, including
only those tumor lineages with at least 10 characterized cell lines) that suggests that
PARP1 dependency across different tumor types is relatively comparable (Figure 2A).
Moreover, the correlation between PARP1 gene dependency and the sensitivity to the PARPi
Talazoparib is very weak in most of the publicly available cancer cell lines (Figure 2B).
Despite Talazoparib’s high efficacy in inhibiting PARP1’s enzymatic activity and inducing
effective PARP1 trapping [23], these data highlight the discrepancy between PARP1’s
enzymatic activity and the mere presence of PARP1. They also suggest additional roles of
PARP1 that may be independent of ADP-ribosylation and beyond PARP1’s role in DNA
damage response pathways.
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Figure 2. Comparable PARP1 gene effects across tumor cell lines. To compare the effect of PARP1 and
its enzymatic activity across different cell lines, we used publicly available datasets of genome-wide
CRISPR loss-of-function and drug sensitivity screens. These datasets provide scores for gene depen-
dency and drug sensitivity (https://depmap.org/portal/, accessed on 9 July 2024). (A) Dependency
on PARP1 in several of the examined cell lines. Colored groups represent cell lines derived from
breast, ovarian, fallopian tube, and pancreas tumors, all of which are treated with PARPi in clinics.
(B) Correlation plot of PARP1 gene dependency scores (x-axis) vs. Talazoparib sensitivity scores (y-axis).
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Except for lung cancer cell lines (colored in red), which show a significant correlation between PARP1
gene effect and PARPi treatment efficacy, most cancer cell lines, including those derived from breast,
ovarian, fallopian tube and pancreas tumors (colored in green/light blue/ dark blue), exhibit a low
and non-significant correlation between PARP1 gene effect and PARPi efficacy. The cancer types
shown in gray are those for which data on the PARP1 gene dependency score (Figure 2A) or data on
the PARP1 gene dependency score and on the Talazoparib sensitivity score (Figure 2B) were available
for at least 10 cell lines. In none of these cancer types was a strong or significant correlation found
between PARP1 gene effect and PARP1 inhibition. * = p < 0.05.

2. Revising PARP1 Inhibitors: Roles beyond Their Canonical Function in DNA
Damage Repair?

The human protein atlas clusters genes according to their mRNA expression. Inter-
estingly, according to the PARP1 expression pattern, it belongs to the “Lymphoid tissue—
Cytokine signaling” cluster, along with numerous cytokines and chemokines, as well as
chemokine receptors and leukocyte cell surface molecules [32]. Indeed, one important
emerging function of PARP1 is its role in modulating cytokine and chemokine expres-
sion [33-35].

The vital role of both adaptive and innate immune cells in mediating PARPi-induced
anti-tumor immunity has been demonstrated in murine tumor models [36-38]. For example,
the ADP-ribosylation of cGAS has been proposed to inhibit its function in inflammatory
cytokine expression (Figure 1B) [39]. In addition, Olaparib treatment has been shown to
enhance cGAS/STING signaling in tumor cells and dendritic cells through the increase in
PARPi-induced cytosolic DNA in tumor cells [37,38]. The resulting increase in cytokine
expression is correlated with enhanced T cell tumor infiltration and improved tumor
control [37,38]. In contrast to this indirect effect of PARPi [36], direct PARP inhibition-
mediated immunomodulatory effects in immune cells add an additional layer of complexity
in the context of tumors. Considering the delicate equilibrium between tumor-promoting
inflammation and anti-cancer immunity [40], it seems highly important to understand,
evaluate, and consider both the primary, direct, and secondary, indirect systemic effects of
PARPi on anti-tumor immunity. Could these effects potentially be harnessed or warrant
consideration in the context of patient treatment strategies?

3. Transcriptional Co-Activator PARP1 Promotes Cytokine Expression in Macrophages

While most studies focus on the immunomodulatory effect of PARPi as a secondary
response to the PARPi effects in cancer cells, Olaparib has been demonstrated to promote
the anti-tumorigenic function of macrophages directly [36]. Importantly, the augmentation
of anti-tumorigenic macrophage activity following high-dose Olaparib treatment was
attributed to elevated levels of NAD* and reactive oxygen species (ROS) rather than the
PARP1-dependent ADP-ribosylation of target molecules and subsequent alterations in
cellular signaling, which were not investigated further (Figure 1C) [36]. Although the
observed effects in high-dose Olaparib-treated macrophages stem from a global cellular
increase in NAD™ rather than targeted ADP-ribosylation, nonetheless, it remains possible
that PARP1-dependent ADP-ribosylation exerts its function beyond DNA damage repair.

PARPi treatment has proven to be beneficial when administered in mouse models
of inflammatory disease and correlated with a decrease in cytokines, chemokines, and
adhesion molecules such as TNF, IL-133, and CCL2 [33,41-43]. Numerous pathways rely
on the presence of PARP1 or its enzymatic activity for effective signaling [44]. One ex-
tensively studied mechanism of how PARP1 augments cytokine expression involves the
regulation of NF-«B signaling (Figure 1D). Both PARP1 protein and its enzymatic activity
have been associated with increased NF-kB signaling [45,46]. The activation of NF-«B is
facilitated through the interaction between PARP1 and transcriptional co-activators CBP
and p300. This interaction leads to the acetylation of PARP1, which enables the complex to
engage with the p50 subunit of NF-«B and initiates the transcription of pro-inflammatory
cytokines [45,47]. Indeed, in the absence of PARP1, a decrease in NF-«B target gene expres-
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sion was observed in vitro [43,48]. Furthermore, PARP1’s enzymatic activity appears to be
important for NF-«B signaling. The ADP-ribosylation of p65 was proposed to be critical for
its prolonged retention in the nucleus and ultimately enhancing NF-kB-dependent gene
expression by reducing its interaction with the nuclear exporter Crm1 [46]. Additionally,
DNA damage induced by irradiation and the consequent activation of PARP1 was shown
to drive NF-kB activation [49]. Besides promoting NF-«B activity, LPS-induced PARP1 acti-
vation has also been reported to result in histone modification and histone destabilization,
which in turn enhances the accessibility of NF-kB binding sites [50]. The importance of
PARP1-dependent cytokine expression was demonstrated in animals that lack PARP1 and
thus exhibit resistance to LPS-induced endotoxic shock [48]. This resistance is associated
with reduced NF-«B activation and lower levels of cytokines such as TNFa and IFNy [48].
In myeloid-specific PARP1 knockout (KO) animals, LPS-induced expression of IL12 and
IL18 in macrophages was shown to depend on PARP1 but not its enzymatic activity [51]. In
contrast, another study showed that, independently of the type of stimulus, both PARP1
KO and PARP1 inhibition led to a reduction in numerous cytokines [52].

Besides NF-kB, the interplay of PARP1 with the transcription factors NFAT and
STAT1 was described to play a role in macrophages [53,54]. While the LPS-induced
ADP-ribosylation of NFAT in macrophages has been described to enhance DNA bind-
ing and target cytokine expression in macrophages [54], cytokine expression in IFNy-
stimulated macrophages is governed by ADP-ribosylated STAT1 (Figure 1E,F) [53]. The
ADP-ribosylation of two distinct sites on STAT1« has been reported to be essential for its
binding to STAT1-specific DNA motifs and for the functional interaction of PARP1 with the
transcriptional co-activator p300 [53]. PARP1 inhibition led to a reduction in IFNy-induced
chemokine expression in induced bone marrow-derived macrophages (iBMDMs), and
the stimulation of ADP-ribosylation-deficient STAT1a iBMDMs resulted in the impaired
induction of genes involved in the innate immune response [53].

4. T Cell Anti-Tumor Immunity: Synergistic Anti-Tumor Effects of PARP Inhibitors and
Immune Checkpoint Inhibitors

The depletion of T cells and macrophages in PARPi-treated animals was shown to
correlate with an increase in tumor volume or a decrease in survival, respectively [36,37],
underscoring the importance of effective T cell and macrophage immunity in tumor control.
Harnessing the body’s immune response against tumors with immune checkpoint inhibitors
has become a widely used therapy in many cancers [55]. However, for this promising
treatment approach, the occurrence of resistance and non-responders has also become
evident [55]. Interestingly, the combination of immune checkpoint inhibitors with PARPi
administration has been shown to significantly reduce the tumor burden [38]. Furthermore,
the expression of PD-L1 in cancer cells has been shown to be negatively regulated by PARP1,
and conversely, PARP1 inhibition leads to an increase in PD-L1 expression, proposing one
possible explanation for the more effective control of tumor growth with the combinatorial
treatment compared to PARPi monotherapy [56]. Thus, PARPi potentiate the efficacy
of immune checkpoint inhibitors by creating an optimal environment via the induction
of DNA damage and cytoplasmic DNA, the latter of which acts as a potent immune
stimulus [37,38,57]. Indeed, the ability of PARP inhibitors to promote an anti-tumorigenic
environment through chemokine release, which favors T cell infiltration while suppressing
the migration of myeloid-derived suppressor cells, may explain why PARPi administration
and CAR T cell therapy have been shown to be synergistic in preclinical studies [58,59].

As is the case for macrophages, PARPi treatment also directly modulates T cell function
by influencing signaling pathways. While the ADP-ribosylation of the transcription factors
NFAT1 and NFAT2 in T cells enhances the nuclear export of NFAT, PARPi promote NFAT-
dependent gene transcription (Figure 1G) [60]. Interestingly, the stimulation of T cells in
the absence of PARP1 resulted in more down- than upregulated genes, with the dampened
genes potentially representing NF-kB-regulated genes [61]. Among the downregulated
genes were those encoding for Th2 cytokines IL4 and IL5, demonstrating impaired Th2 cell
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polarization in the absence of PARP1 [61,62]. A role for PARP1 in the Th2 axis is further
supported by the significantly decreased STAT6 and Gata3 levels, as well as by the decrease
in Th2 cytokines such as IL4, IL5, and IL13, in stimulated PARP1 KO or PARPi-treated
animals and splenocytes [62-65].

Contradicting reports exist regarding the effect of PARPi on the Th1 subset. Typical
Th1 cytokines were reported to be unaffected or upregulated upon PARP1 inhibition
or PARP1 KO [61,62,64]. Other reports indicate that PARPi treatment resulted in the
downregulation of Th1 cytokines such as IFNy [66-68], suggesting stimulation- and disease
model-dependent effects of PARPi. Which cytokines are expressed by T cells depends on the
type of T helper subset that the T cells differentiate into [69]. Thus, besides a direct influence
of PARP1 on T cell cytokine transcription, this contradiction could also be explained by
PARP1’s influence on the proportion of different T helper cell subsets [35,67,70-72]. It is
therefore not surprising that PARP1-deficient mice were also reported to efficiently control
the cancer growth of a breast tumor cell line [73].

Considering that depending on the PARPi concentration used, cellular NAD* can be
significantly elevated [36], thereby impacting the anti-tumor function of both macrophages
and T cells [36,74], the highly context-dependent and stimulus-specific transcriptional
effects of ADP-ribosylation inhibition across various immune cell types is evident. This
complexity suggests that the effect of PARPi, beyond their synthetic lethality interaction in
HR-deficient cancer cells, requires more investigation. The therapeutic outcomes of PARP
inhibition may be profoundly influenced by the tumor microenvironment and the immune
system overall in the specific disease.

5. Outlook

While there is a strong consensus on the synergistic effects of PARPi and immune
checkpoint blockade, the prevailing understanding and assumption about the combinatorial
impact of this treatment remain predominantly DNA damage- and cancer cell-centric.
PARPi-induced DNA damage and subsequent cell death have been shown to enhance the
efficacy of immune checkpoint inhibitors by increasing the release of immunogenic material
and fostering a pro-inflammatory, anti-tumorigenic microenvironment [75-77]. Conversely,
since PARP1 inhibition leads to the upregulation of PD-L1, the co-administration of immune
checkpoint inhibitors and PARPi has been observed to be beneficial (Figure 1H) [75,76].

However, a purely cancer-centric view of PARPi may overlook the broader, systemic
impacts that this treatment might have. The appropriate activation of both T cells [78,79]
and macrophages [80] is crucial for robust and functional anti-tumor immunity. The role of
PARP1 as a co-translational regulator of cytokine expression and in the polarization of T
cells and macrophages has been extensively discussed previously. Given PARP1’s critical
function in cells that mediate anti-tumor immunity, along with reported adverse effects
of PARPi treatment such as hematological toxicities [81,82], it seems to be imperative to
investigate the direct and immediate effect of PARP inhibitors on immune cells within the
context of cancer therapy in greater detail.

In light of the broad effects of PARPi on different cell types and since, at present, the
experimentally proven beneficial effect of PARPi treatment seems to rely mostly on their
impact on cancer cells, the localized administration or release of PARPi might be advanta-
geous in terms of reducing side effects like hematological toxicity [83,84]. In addition, this
targeted approach could also enhance cancer treatment efficacy [85], with a PARPi-driven
increase in cytosolic DNA, DAMPs, and neoantigens only in those cells specifically that
are cancerous. For example, the nanoparticle delivery of Talazoparib has been proven
to be a promising method for enhanced cancer control, increasing tumor infiltration by
immune cells, including an increase in intratumoral T cells, while simultaneously corre-
lating with a decrease in the percentage of myeloid-derived suppressor cells [86]. This
tumor targeting of PARPi could indeed limit the adverse effects on immune cells while
simultaneously promoting macrophage-dependent anti-tumor cytotoxicity via elevation
of ROS levels [36]. Comparing local versus systemic PARPi administration could provide
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insight into the optimal root of delivery, enabling detailed in vivo profiling of the activation
status of tumor-infiltrating and circulating immune cells for the development of more
effective treatment strategies. Beyond the spatial considerations of PARPi treatment, it
would be interesting to contemplate the timing of administration. Could the effects of PARP
inhibition on cancer cell genetic integrity emerge more swiftly than its immunomodulatory
impact? Or, might the effect on immune cells be more transient and rapidly reversible upon
withdrawal of the inhibitor?

As described above, the immune-regulating effects of PARP1 have been extensively
studied at the cellular level. Additionally, in mouse models of immune-mediated diseases,
PARPi administration has been shown to alter the levels of various inflammatory cytokines
in the blood, underscoring the role of PARP1 in the immune response without identifying
specific PARPi-sensitive cell types [33,34]. Thus, PARPi administration may have much
broader therapeutic applications than currently utilized. Systemic PARP inhibition could
potentially serve as a non-specific anti-inflammatory agent in diseases characterized by
high and dysregulated cytokine expression. Thus, further comprehensive research into
the local and systemic effects of PARPi could unveil new therapeutic avenues, ultimately
refining cancer treatments and extending their benefits to a broader range of immune-
mediated conditions.

While extensive research in recent years has primarily focused on PARP1 and its
immunoregulatory effects, the spotlight is increasingly turning to other ARTs that play
important roles in modulating immune responses and may offer new avenues for cancer
therapy. The clinical potential of inhibiting ARTs besides PARP1 is exemplified by a PARP7
inhibitor in phase I clinical trials [87]. In preclinical studies, the inhibition of PARP7 has
shown efficacy in reducing tumor growth through both cell-autonomous mechanisms and
by enhancing type I interferon (IFN) signaling and anti-tumor immune responses [88-90].
Furthermore, the anti-tumorigenic effects of PARP7 inhibitors have shown a strong synergy
with anti-PD-1 treatment [88]. Similarly, the inhibition of PARP14 has been shown to
synergize with anti-PD-1 therapy, improving survival in tumor-bearing mice by enhancing
anti-tumor immune responses [91]. The depletion of PARP11 has been reported to prevent
the PARP11-dependent loss of the type I interferon receptor IFNARL1 in T cells, thereby
promoting the anti-tumorigenic functions of cytotoxic T lymphocytes. Additionally, PARP11
depletion in CAR T cells has been shown to increase IFNARI1 levels and enhance their
efficacy in controlling tumor growth [92]. Taken together, this emergence of PARP1 and
other members of the ART family in the regulation of immune pathways underscores the
immense potential for the further exploitation of these enzymes not only in cancer therapy
but also in the treatment of immune-mediated diseases.

Author Contributions: Conceptualization: F.B. and M.O.H.; visualization: F.B.; supervision: M.O.H.;
writing—original draft: F.B. and M.O.H.; writing—review, and editing: F.B. and M.O.H. All authors
have read and agreed to the published version of the manuscript.

Funding: ADP-ribosylation research in the laboratory of M.O.H. is funded by the Kanton of Zurich
and the Swiss National Science Foundation (IZLIZ3_200237 and 310030_205202).

Acknowledgments: We thank Sudharshana Sundaresan and Tobias Suter (Department of Molecular
Mechanisms of Disease, University of Zurich) for providing feedback and editorial assistance. The
illustration was created using a licensed version of BioRender.com (License number XI271FO8Y8).

Conflicts of Interest: The authors declare no competing interests.

References

1. Bryant, H.E.; Schultz, N.; Thomas, H.D.; Parker, K.M.; Flower, D.; Lopez, E.; Kyle, S.; Meuth, M.; Curtin, N.J.; Helleday, T. Specific
killing of BRCA2-deficient tumours with inhibitors of poly(ADP-ribose) polymerase. Nature 2005, 434, 913-917. [CrossRef]

2. Farmer, H.; McCabe, N.; Lord, C.J.; Tutt, AN.; Johnson, D.A.; Richardson, T.B.; Santarosa, M.; Dillon, K.J.; Hickson, I.; Knights, C.;
et al. Targeting the DNA repair defect in BRCA mutant cells as a therapeutic strategy. Nature 2005, 434, 917-921. [CrossRef]

3. About Drugs@FDA | FAQ | Glossary | Contact Us. Available online: https://www.accessdata.fda.gov /scripts/cder/daf/index.cfm

(accessed on 13 May 2024).


https://doi.org/10.1038/nature03443
https://doi.org/10.1038/nature03445
https://www.accessdata.fda.gov/scripts/cder/daf/index.cfm

Biomedicines 2024, 12, 1617 8of 11

10.

11.

12.
13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Thorsell, A.G.; Ekblad, T.; Karlberg, T.; Low, M.; Pinto, A.F,; Trésaugues, L.; Moche, M.; Cohen, M.S,; Schiiler, H. Structural Basis
for Potency and Promiscuity in Poly(ADP-ribose) Polymerase (PARP) and Tankyrase Inhibitors. . Med. Chem. 2017, 60, 1262-1271.
[CrossRef]

Antolin, A.A.; Ameratunga, M.; Banerji, U.; Clarke, P.A.; Workman, P.; Al-Lazikani, B. The kinase polypharmacology landscape of
clinical PARP inhibitors. Sci. Rep. 2020, 10, 2585. [CrossRef] [PubMed]

Rudolph, J.; Jung, K.; Luger, K. Inhibitors of PARP: Number crunching and structure gazing. Proc. Natl. Acad. Sci. USA 2022, 119,
€2121979119. [CrossRef]

Ryan, K.; Bolatios, B.; Smith, M.; Palde, P.B.; Cuenca, P.D.; VanArsdale, T.L.; Niessen, S.; Zhang, L.; Behenna, D.; Ornelas, M.A;
et al. Dissecting the molecular determinants of clinical PARP1 inhibitor selectivity for tankyrasel. J. Biol. Chem. 2021, 296, 100251.
[CrossRef] [PubMed]

Gopal, A.A.; Fernandez, B.; Delano, J.; Weissleder, R.; Dubach, ].M. PARP trapping is governed by the PARP inhibitor dissociation
rate constant. Cell Chem. Biol. 2024. [CrossRef]

Zandarashvili, L.; Langelier, M.E.; Velagapudi, U.K.; Hancock, M.A.; Steffen, ].D.; Billur, R.; Hannan, Z.M.; Wicks, A.]J; Krastev,
D.B.; Pettitt, S.].; et al. Structural basis for allosteric PARP-1 retention on DNA breaks. Science 2020, 368, eaax6367. [CrossRef]
Liischer, B.; Ahel, I; Altmeyer, M.; Ashworth, A.; Bai, P.; Chang, P.; Cohen, M.; Corda, D.; Dantzer, E.; Daugherty, M.D.; et al.
ADP-ribosyltransferases, an update on function and nomenclature. FEBS J. 2022, 289, 7399-7410. [CrossRef]

Ray Chaudhuri, A.; Nussenzweig, A. The multifaceted roles of PARP1 in DNA repair and chromatin remodelling. Nat. Rev. Mol.
Cell Biol. 2017, 18, 610-621. [CrossRef]

Azarm, K_; Smith, S. Nuclear PARPs and genome integrity. Genes Dev. 2020, 34, 285-301. [CrossRef]

Huang, D.; Kraus, W.L. The expanding universe of PARP1-mediated molecular and therapeutic mechanisms. Mol. Cell 2022, 82,
2315-2334. [CrossRef]

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646—674. [CrossRef]

Edwards, S.L.; Brough, R; Lord, C.J.; Natrajan, R.; Vatcheva, R.; Levine, D.A.; Boyd, J.; Reis-Filho, ].S.; Ashworth, A. Resistance to
therapy caused by intragenic deletion in BRCA2. Nature 2008, 451, 1111-1115. [CrossRef] [PubMed]

Bhamidipati, D.; Haro-Silerio, ].I.; Yap, T.A.; Ngoi, N. PARP inhibitors: Enhancing efficacy through rational combinations. Br. J.
Cancer 2023, 129, 904-916. [CrossRef]

Kim, D.S.; Camacho, C.V.; Kraus, W.L. Alternate therapeutic pathways for PARP inhibitors and potential mechanisms of resistance.
Exp. Mol. Med. 2021, 53, 42-51. [CrossRef] [PubMed]

Dias, M.P,; Moser, S.C.; Ganesan, S.; Jonkers, ]. Understanding and overcoming resistance to PARP inhibitors in cancer therapy.
Nat. Rev. Clin. Oncol. 2021, 18, 773-791. [CrossRef]

Li, H,; Liu, Z.-Y.; Wu, N; Chen, Y.-C.; Cheng, Q.; Wang, J. PARP inhibitor resistance: The underlying mechanisms and clinical
implications. Mol. Cancer 2020, 19, 107. [CrossRef] [PubMed]

Kim, D.; Nam, H.J. PARP Inhibitors: Clinical Limitations and Recent Attempts to Overcome Them. Int. J. Mol. Sci. 2022, 23, 8412.
[CrossRef]

Petropoulos, M.; Karamichali, A.; Rossetti, G.G.; Freudenmann, A.; Iacovino, L.G.; Dionellis, V.S.; Sotiriou, S.K.; Halazonetis, T.D.
Transcription-replication conflicts underlie sensitivity to PARP inhibitors. Nature 2024, 628, 433-441. [CrossRef]

Murai, J.; Huang, S.Y.; Das, B.B.; Renaud, A.; Zhang, Y.; Doroshow, J.H.; Ji, J.; Takeda, S.; Pommier, Y. Trapping of PARP1 and
PARP2 by Clinical PARP Inhibitors. Cancer Res. 2012, 72, 5588-5599. [CrossRef] [PubMed]

Kanev, P.B.; Varhoshkova, S.; Georgieva, I.; Lukarska, M.; Kirova, D.; Danovski, G.; Stoynov, S.; Aleksandrov, R. A unified
mechanism for PARP inhibitor-induced PARP1 chromatin retention at DNA damage sites in living cells. Cell Rep. 2024, 43, 114234.
[CrossRef] [PubMed]

Hopkins, T.A,; Shi, Y.; Rodriguez, L.E.; Solomon, L.R.; Donawho, C.K.; DiGiammarino, E.L.; Panchal, S.C.; Wilsbacher, J.L.; Gao,
W.; Olson, A.M.; et al. Mechanistic Dissection of PARP1 Trapping and the Impact on In Vivo Tolerability and Efficacy of PARP
Inhibitors. Mol. Cancer Res. 2015, 13, 1465-1477. [CrossRef] [PubMed]

Murai, J.; Huang, S.Y.; Renaud, A.; Zhang, Y.; Ji, ].; Takeda, S.; Morris, J.; Teicher, B.; Doroshow, ].H.; Pommier, Y. Stereospecific
PARP trapping by BMN 673 and comparison with olaparib and rucaparib. Mol. Cancer Ther. 2014, 13, 433-443. [CrossRef]
[PubMed]

Krastev, D.B.; Li, S.; Sun, Y.; Wicks, A.].; Hoslett, G.; Weekes, D.; Badder, L.M.; Knight, E.G.; Marlow, R.; Pardo, M.C ; et al. The
ubiquitin-dependent ATPase p97 removes cytotoxic trapped PARP1 from chromatin. Nat. Cell Biol. 2022, 24, 62-73. [CrossRef]
[PubMed]

de Bono, ].; Mateo, J.; Fizazi, K,; Saad, F.; Shore, N.; Sandhu, S.; Chi, K.N,; Sartor, O.; Agarwal, N.; Olmos, D.; et al. Olaparib for
Metastatic Castration-Resistant Prostate Cancer. N. Engl. J. Med. 2020, 382, 2091-2102. [CrossRef] [PubMed]

Golan, T.; Hammel, P,; Reni, M.; Van Cutsem, E.; Macarulla, T.; Hall, M.].; Park, ]J.O.; Hochhauser, D.; Arnold, D.; Oh, D.Y.; et al.
Maintenance Olaparib for Germline BRCA-Mutated Metastatic Pancreatic Cancer. N. Engl. ]. Med. 2019, 381, 317-327. [CrossRef]
[PubMed]

Moore, K.; Colombo, N.; Scambia, G.; Kim, B.G.; Oaknin, A.; Friedlander, M.; Lisyanskaya, A.; Floquet, A.; Leary, A.; Sonke, G.S.;
et al. Maintenance Olaparib in Patients with Newly Diagnosed Advanced Ovarian Cancer. N. Engl. ]. Med. 2018, 379, 2495-2505.
[CrossRef] [PubMed]


https://doi.org/10.1021/acs.jmedchem.6b00990
https://doi.org/10.1038/s41598-020-59074-4
https://www.ncbi.nlm.nih.gov/pubmed/32066817
https://doi.org/10.1073/pnas.2121979119
https://doi.org/10.1074/jbc.RA120.016573
https://www.ncbi.nlm.nih.gov/pubmed/33361107
https://doi.org/10.1016/j.chembiol.2023.12.019
https://doi.org/10.1126/science.aax6367
https://doi.org/10.1111/febs.16142
https://doi.org/10.1038/nrm.2017.53
https://doi.org/10.1101/gad.334730.119
https://doi.org/10.1016/j.molcel.2022.02.021
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1038/nature06548
https://www.ncbi.nlm.nih.gov/pubmed/18264088
https://doi.org/10.1038/s41416-023-02326-7
https://doi.org/10.1038/s12276-021-00557-3
https://www.ncbi.nlm.nih.gov/pubmed/33487630
https://doi.org/10.1038/s41571-021-00532-x
https://doi.org/10.1186/s12943-020-01227-0
https://www.ncbi.nlm.nih.gov/pubmed/32563252
https://doi.org/10.3390/ijms23158412
https://doi.org/10.1038/s41586-024-07217-2
https://doi.org/10.1158/0008-5472.CAN-12-2753
https://www.ncbi.nlm.nih.gov/pubmed/23118055
https://doi.org/10.1016/j.celrep.2024.114234
https://www.ncbi.nlm.nih.gov/pubmed/38758646
https://doi.org/10.1158/1541-7786.MCR-15-0191-T
https://www.ncbi.nlm.nih.gov/pubmed/26217019
https://doi.org/10.1158/1535-7163.MCT-13-0803
https://www.ncbi.nlm.nih.gov/pubmed/24356813
https://doi.org/10.1038/s41556-021-00807-6
https://www.ncbi.nlm.nih.gov/pubmed/35013556
https://doi.org/10.1056/NEJMoa1911440
https://www.ncbi.nlm.nih.gov/pubmed/32343890
https://doi.org/10.1056/NEJMoa1903387
https://www.ncbi.nlm.nih.gov/pubmed/31157963
https://doi.org/10.1056/NEJMoa1810858
https://www.ncbi.nlm.nih.gov/pubmed/30345884

Biomedicines 2024, 12, 1617 9o0f11

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Mirza, M.R.; Monk, B.J.; Herrstedt, J.; Oza, A.M.; Mahner, S.; Redondo, A.; Fabbro, M.; Ledermann, J.A.; Lorusso, D.; Vergote, L;
et al. Niraparib Maintenance Therapy in Platinum-Sensitive, Recurrent Ovarian Cancer. N. Engl. J. Med. 2016, 375, 2154-2164.
[CrossRef]

Keung, M.Y,; Wu, Y.; Badar, F.; Vadgama, ].V. Response of Breast Cancer Cells to PARP Inhibitors Is Independent of BRCA Status.
J. Clin. Med. 2020, 9, 940. [CrossRef]

The Open Access Resource for Human Proteins. Available online: https://www.proteinatlas.org (accessed on 29 May 2024).
Rosado, M.M.; Bennici, E.; Novelli, F,; Pioli, C. Beyond DNA repair, the immunological role of PARP-1 and its siblings. Immunology
2013, 139, 428-437. [CrossRef]

Kunze, F.A.; Hottiger, M.O. Regulating Immunity via ADP-Ribosylation: Therapeutic Implications and Beyond. Trends Immunol.
2019, 40, 159-173. [CrossRef] [PubMed]

Yélamos, J.; Moreno-Lama, L.; Jimeno, J.; Ali, 5.0. Inmunomodulatory Roles of PARP-1 and PARP-2: Impact on PARP-Centered
Cancer Therapies. Cancers 2020, 12, 392. [CrossRef] [PubMed]

Wang, L.; Wang, D.; Sonzogni, O.; Ke, S.; Wang, Q.; Thavamani, A.; Batalini, F.; Stopka, S.A.; Regan, M.S.; Vandal, S.; et al.
PARP-inhibition reprograms macrophages toward an anti-tumor phenotype. Cell Rep. 2022, 41, 111462. [CrossRef] [PubMed]
Pantelidou, C.; Sonzogni, O.; De Oliveria Taveira, M.; Mehta, A K,; Kothari, A.; Wang, D.; Visal, T.; Li, M.K.; Pinto, ].; Castrillon,
J.A.; et al. 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. 2019, 9, 722-737. [CrossRef] [PubMed]

Ding, L.; Kim, H.J.; Wang, Q.; Kearns, M.; Jiang, T.; Ohlson, C.E.; Li, B.B.; Xie, S.; Liu, ].E,; Stover, E.H.; et al. PARP Inhibition Elicits
STING-Dependent Antitumor Immunity in Brcal-Deficient Ovarian Cancer. Cell Rep. 2018, 25, 2972-2980. [CrossRef] [PubMed]
Wang, E.; Zhao, M.; Chang, B.; Zhou, Y.; Wu, X.;; Ma, M,; Liu, S.; Cao, Y.; Zheng, M.; Dang, Y.; et al. Cytoplasmic PARP1 links
the genome instability to the inhibition of antiviral immunity through PARylating cGAS. Mol. Cell 2022, 82, 2032-2049.e2037.
[CrossRef] [PubMed]

Hou, J.; Karin, M.; Sun, B. Targeting cancer-promoting inflammation—Have anti-inflammatory therapies come of age? Nat. Rev.
Clin. Oncol. 2021, 18, 261-279. [CrossRef] [PubMed]

Farez, M.F.; Quintana, FJ.; Gandhi, R.; Izquierdo, G.; Lucas, M.; Weiner, H.L. Toll-like receptor 2 and poly(ADP-ribose) polymerase
1 promote central nervous system neuroinflammation in progressive EAE. Nat. Immunol. 2009, 10, 958-964. [CrossRef]
Mazzon, E.; Dugo, L.; Li, . H.; Di Paola, R.; Genovese, T.; Caputi, A.P.; Zhang, ].; Cuzzocrea, S. GPI 6150, a PARP inhibitor, reduces
the colon injury caused by dinitrobenzene sulfonic acid in the rat. Biochem. Pharmacol. 2002, 64, 327-337. [CrossRef]

Ullrich, O.; Diestel, A.; Eytipoglu, 1.Y.; Nitsch, R. Regulation of microglial expression of integrins by poly(ADP-ribose) polymerase-
1. Nat. Cell Biol. 2001, 3, 1035-1042. [CrossRef] [PubMed]

Boehi, F.; Manetsch, P.; Hottiger, M.O. Interplay between ADP-ribosyltransferases and essential cell signaling pathways controls
cellular responses. Cell Discov. 2021, 7, 104. [CrossRef] [PubMed]

Hassa, P.O.; Buerki, C.; Lombardi, C.; Imhof, R.; Hottiger, M.O. Transcriptional coactivation of nuclear factor-kappaB-dependent
gene expression by p300 is regulated by poly(ADP)-ribose polymerase-1. J. Biol. Chem. 2003, 278, 45145-45153. [CrossRef]
[PubMed]

Zerfaoui, M.; Errami, Y.; Naura, A.S.; Suzuki, Y,; Kim, H,; Ju, J; Liu, T; Hans, C.P;; Kim, J.G.; Abd Elmageed, Z.Y.; et al.
Poly(ADP-ribose) polymerase-1 is a determining factor in Crm1-mediated nuclear export and retention of p65 NF-kappa B upon
TLR4 stimulation. J. Immunol. 2010, 185, 1894-1902. [CrossRef] [PubMed]

Hassa, P.O.; Haenni, S.S.; Buerki, C.; Meier, N.I; Lane, W.S.; Owen, H.; Gersbach, M.; Imhof, R.; Hottiger, M.O. Acetylation of
poly(ADP-ribose) polymerase-1 by p300/CREB-binding protein regulates coactivation of NF-kappaB-dependent transcription. J.
Biol. Chem. 2005, 280, 40450-40464. [CrossRef] [PubMed]

Oliver, FJ.; Ménissier-de Murcia, J.; Nacci, C.; Decker, P.; Andriantsitohaina, R.; Muller, S.; de la Rubia, G.; Stoclet, J.C.; de Murcia,
G. Resistance to endotoxic shock as a consequence of defective NF-kappaB activation in poly (ADP-ribose) polymerase-1 deficient
mice. Embo J. 1999, 18, 4446-4454. [CrossRef] [PubMed]

Stilmann, M.; Hinz, M.; Arslan, S5.C.; Zimmer, A.; Schreiber, V.; Scheidereit, C. A nuclear poly(ADP-ribose)-dependent signalosome
confers DNA damage-induced IkappaB kinase activation. Mol. Cell 2009, 36, 365-378. [CrossRef] [PubMed]
Martinez-Zamudio, R.I; Ha, H.C. PARP1 enhances inflammatory cytokine expression by alteration of promoter chromatin
structure in microglia. Brain Behav. 2014, 4, 552-565. [CrossRef] [PubMed]

Kunze, F.A.; Bauer, M.; Komuczki, J.; Lanzinger, M.; Gunasekera, K.; Hopp, A.K.; Lehmann, M.; Becher, B.; Miiller, A.; Hottiger,
M.O. ARTD1 in Myeloid Cells Controls the IL-12/18-IFN-y Axis in a Model of Sterile Sepsis, Chronic Bacterial Infection, and
Cancer. . Immunol. 2019, 202, 1406-1416. [CrossRef]

Krug, S.; Gupta, M.; Kumar, P; Feller, L.; Ihms, E.A.; Kang, B.G.; Srikrishna, G.; Dawson, T.M.; Dawson, V.L.; Bishai, W.R.
Inhibition of host PARP1 contributes to the anti-inflammatory and antitubercular activity of pyrazinamide. Nat. Commun. 2023,
14, 8161. [CrossRef]

Gupte, R.; Nandu, T.; Kraus, W.L. Nuclear ADP-ribosylation drives IFNy-dependent STAT1x enhancer formation in macrophages.
Nat. Commun. 2021, 12, 3931. [CrossRef] [PubMed]

Nie, Y.; Nirujogi, T.S.; Ranjan, R.; Reader, B.F.; Chung, S.; Ballinger, M.N.; Englert, J.A.; Christman, J.W.; Karpurapu, M. PolyADP-
Ribosylation of NFATc3 and NF-«B Transcription Factors Modulate Macrophage Inflammatory Gene Expression in LPS-Induced
Acute Lung Injury. J. Innate Immun. 2021, 13, 83-93. [CrossRef] [PubMed]


https://doi.org/10.1056/NEJMoa1611310
https://doi.org/10.3390/jcm9040940
https://www.proteinatlas.org
https://doi.org/10.1111/imm.12099
https://doi.org/10.1016/j.it.2018.12.006
https://www.ncbi.nlm.nih.gov/pubmed/30658897
https://doi.org/10.3390/cancers12020392
https://www.ncbi.nlm.nih.gov/pubmed/32046278
https://doi.org/10.1016/j.celrep.2022.111462
https://www.ncbi.nlm.nih.gov/pubmed/36223740
https://doi.org/10.1158/2159-8290.CD-18-1218
https://www.ncbi.nlm.nih.gov/pubmed/31015319
https://doi.org/10.1016/j.celrep.2018.11.054
https://www.ncbi.nlm.nih.gov/pubmed/30540933
https://doi.org/10.1016/j.molcel.2022.03.034
https://www.ncbi.nlm.nih.gov/pubmed/35460603
https://doi.org/10.1038/s41571-020-00459-9
https://www.ncbi.nlm.nih.gov/pubmed/33469195
https://doi.org/10.1038/ni.1775
https://doi.org/10.1016/S0006-2952(02)01075-4
https://doi.org/10.1038/ncb1201-1035
https://www.ncbi.nlm.nih.gov/pubmed/11781564
https://doi.org/10.1038/s41421-021-00323-9
https://www.ncbi.nlm.nih.gov/pubmed/34725336
https://doi.org/10.1074/jbc.M307957200
https://www.ncbi.nlm.nih.gov/pubmed/12960163
https://doi.org/10.4049/jimmunol.1000646
https://www.ncbi.nlm.nih.gov/pubmed/20610652
https://doi.org/10.1074/jbc.M507553200
https://www.ncbi.nlm.nih.gov/pubmed/16204234
https://doi.org/10.1093/emboj/18.16.4446
https://www.ncbi.nlm.nih.gov/pubmed/10449410
https://doi.org/10.1016/j.molcel.2009.09.032
https://www.ncbi.nlm.nih.gov/pubmed/19917246
https://doi.org/10.1002/brb3.239
https://www.ncbi.nlm.nih.gov/pubmed/25161822
https://doi.org/10.4049/jimmunol.1801107
https://doi.org/10.1038/s41467-023-43937-1
https://doi.org/10.1038/s41467-021-24225-2
https://www.ncbi.nlm.nih.gov/pubmed/34168143
https://doi.org/10.1159/000510269
https://www.ncbi.nlm.nih.gov/pubmed/33045713

Biomedicines 2024, 12, 1617 10of 11

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

O’Donnell, J.S.; Teng, M.W.L.; Smyth, M.]. Cancer immunoediting and resistance to T cell-based immunotherapy. Nat. Rev. Clin.
Oncol. 2019, 16, 151-167. [CrossRef] [PubMed]

Qin, G.; Wang, X,; Ye, S.; Li, Y.; Chen, M.; Wang, S.; Qin, T.; Zhang, C.; Li, Y.; Long, Q.; et al. NPM1 upregulates the transcription
of PD-L1 and suppresses T cell activity in triple-negative breast cancer. Nat. Commun. 2020, 11, 1669. [CrossRef] [PubMed]
Wanderley, C.W.S,; Correa, T.S.; Scaranti, M.; Cunha, F.Q.; Barroso-Sousa, R. Targeting PARP1 to Enhance Anticancer Checkpoint
Immunotherapy Response: Rationale and Clinical Implications. Front. Immunol. 2022, 13, 816642. [CrossRef]

Sun, R,; Luo, H.; Su, J.; Di, S.; Zhou, M.; Shi, B.; Sun, Y.; Du, G.; Zhang, H.; Jiang, H.; et al. Olaparib Suppresses MDSC Recruitment
via SDF1a/CXCR4 Axis to Improve the Anti-tumor Efficacy of CAR-T Cells on Breast Cancer in Mice. Mol. Ther. 2021, 29, 60-74.
[CrossRef] [PubMed]

Ji, F; Zhang, F.; Zhang, M.; Long, K.; Xia, M.; Lu, F,; Li, E.; Chen, J.; Li, ].; Chen, Z,; et al. Targeting the DNA damage response
enhances CD70 CAR-T cell therapy for renal carcinoma by activating the cGAS-STING pathway. J. Hematol. Oncol. 2021, 14, 152.
[CrossRef] [PubMed]

Valdor, R.; Schreiber, V.; Saenz, L.; Martinez, T.; Mufioz-Suano, A.; Dominguez-Villar, M.; Ramirez, P.; Parrilla, P.; Aguado, E.;
Garcia-Cozar, F; et al. Regulation of NFAT by poly(ADP-ribose) polymerase activity in T cells. Mol. Immunol. 2008, 45, 1863-1871.
[CrossRef]

Saenz, L.; Lozano, J.J.; Valdor, R.; Baroja-Mazo, A.; Ramirez, P.; Parrilla, P.; Aparicio, P.; Sumoy, L.; Yélamos, J. Transcriptional
regulation by poly(ADP-ribose) polymerase-1 during T cell activation. BMC Genom. 2008, 9, 171. [CrossRef]

Sambucci, M.; Laudisi, F.; Novelli, F.; Bennici, E.; Rosado, M.M.; Pioli, C. Effects of PARP-1 deficiency on Th1l and Th2 cell
differentiation. ScientificWorldJournal 2013, 2013, 375024. [CrossRef]

Datta, R.; Naura, A.S.; Zerfaoui, M.; Errami, Y.; Oumouna, M.; Kim, H.; Ju, J.; Ronchi, V.P.; Haas, A.L.; Boulares, A.H. PARP-1
deficiency blocks IL-5 expression through calpain-dependent degradation of STAT-6 in a murine asthma model. Allergy 2011, 66,
853-861. [CrossRef] [PubMed]

Ghonim, M.A,; Pyakurel, K.; Ibba, S.V.; Al-Khami, A.A.; Wang, J.; Rodriguez, P.; Rady, H.E,; El-Bahrawy, A H.; Lammi, M.R,;
Mansy, M.S,; et al. PARP inhibition by olaparib or gene knockout blocks asthma-like manifestation in mice by modulating CD4(+)
T cell function. . Transl. Med. 2015, 13, 225. [CrossRef] [PubMed]

Wang, J.; Ghonim, M.A.; Ibba, S.V.; Luu, H.H.; Aydin, Y.; Greer, P.A.; Boulares, A.H. Promotion of a synthetic degradation of
activated STAT6 by PARP-1 inhibition: Roles of poly(ADP-ribosyl)ation, calpains and autophagy. J. Transl. Med. 2022, 20, 521.
[CrossRef]

Gonzalez-Rey, E.; Martinez-Romero, R.; O'Valle, F.; Aguilar-Quesada, R.; Conde, C.; Delgado, M.; Oliver, F.J. Therapeutic effect of
a poly(ADP-ribose) polymerase-1 inhibitor on experimental arthritis by downregulating inflammation and Th1 response. PLoS
ONE 2007, 2, e1071. [CrossRef] [PubMed]

Chen, X.; Huang, Y.; Wang, D.; Dong, N.; Du, X. P34, a PARP1 inhibitor, attenuates acute allograft rejection after murine heart
transplantation via regulating the CD4(+) T lymphocyte response. Transpl. Int. 2021, 34, 561-571. [CrossRef]

Toller, LM.; Altmeyer, M.; Kohler, E.; Hottiger, M.O.; Miiller, A. Inhibition of ADP ribosylation prevents and cures helicobacter-
induced gastric preneoplasia. Cancer Res. 2010, 70, 5912-5922. [CrossRef]

Sun, L.; Su, Y; Jiao, A.; Wang, X.; Zhang, B. T cells in health and disease. Signal Transduct. Target. Ther. 2023, 8, 235. [CrossRef]
Alhosaini, K.; Ansari, M.A.; Nadeem, A.; Bakheet, S.A.; Attia, S.M.; Alhazzani, K.; Albekairi, T.H.; Al-Mazroua, H.A.; Mahmood,
H.M.; Ahmad, S.F. 5-Aminoisoquinolinone, a PARP-1 Inhibitor, Ameliorates Immune Abnormalities through Upregulation of
Anti-Inflammatory and Downregulation of Inflammatory Parameters in T Cells of BTBR Mouse Model of Autism. Brain Sci. 2021,
11, 249. [CrossRef]

Chen, Q.; Zhang, E.; Wang, C.; Zhang, P.; Huang, L. PARP-1 Inhibition Repressed Imbalance of Th17 and Treg Cells in Preterm
Rats with Intrauterine Infection-Induced Acute Respiratory Distress Syndrome by Reducing the Expression Level of IL-6. .
Healthc. Eng. 2022, 2022, 1255674. [CrossRef]

Peng, S.; Shen, L.; Tian, M.X; Li, HM.; Wang, S.S. Poly(ADP-ribose) polymerase-1 inhibitor ameliorates dextran sulfate sodium-
induced colitis in mice by regulating the balance of Th17/Treg cells and inhibiting the NF-«B signaling pathway. Exp. Ther. Med.
2021, 21, 134. [CrossRef]

Moreno-Lama, L.; Galindo-Campos, M.A.; Martinez, C.; Comerma, L.; Vazquez, I.; Vernet-Tomas, M.; Ampurdanés, C.; Lutfi, N.;
Martin-Caballero, J.; Dantzer, F.; et al. Coordinated signals from PARP-1 and PARP-2 are required to establish a proper T cell
immune response to breast tumors in mice. Oncogene 2020, 39, 2835-2843. [CrossRef] [PubMed]

Wan, J.; Cheng, C.; Hu, J.; Huang, H.; Han, Q,; Jie, Z.; Zou, Q.; Shi, ].H.; Yu, X. De novo NAD(+) synthesis contributes to CD8(+) T
cell metabolic fitness and antitumor function. Cell Rep. 2023, 42, 113518. [CrossRef]

Post, C.C.B.; Westermann, A.M.; Bosse, T.; Creutzberg, C.L.; Kroep, ].R. PARP and PD-1/PD-L1 checkpoint inhibition in recurrent
or metastatic endometrial cancer. Crit. Rev. Oncol. Hematol. 2020, 152, 102973. [CrossRef]

Li, T.; Wang, X; Qin, S.; Chen, B.; Yi, M.; Zhou, J. Targeting PARP for the optimal immunotherapy efficiency in gynecologic
malignancies. Biomed. Pharmacother. 2023, 162, 114712. [CrossRef]

Stewart, R.A,; Pilié, P.G.; Yap, T.A. Development of PARP and Immune-Checkpoint Inhibitor Combinations. Cancer Res. 2018, 78,
6717-6725. [CrossRef]

Waldman, A.D.; Fritz, ].M.; Lenardo, M.]. A guide to cancer immunotherapy: From T cell basic science to clinical practice. Nat.
Rev. Immunol. 2020, 20, 651-668. [CrossRef]


https://doi.org/10.1038/s41571-018-0142-8
https://www.ncbi.nlm.nih.gov/pubmed/30523282
https://doi.org/10.1038/s41467-020-15364-z
https://www.ncbi.nlm.nih.gov/pubmed/32245950
https://doi.org/10.3389/fimmu.2022.816642
https://doi.org/10.1016/j.ymthe.2020.09.034
https://www.ncbi.nlm.nih.gov/pubmed/33010818
https://doi.org/10.1186/s13045-021-01168-1
https://www.ncbi.nlm.nih.gov/pubmed/34556152
https://doi.org/10.1016/j.molimm.2007.10.044
https://doi.org/10.1186/1471-2164-9-171
https://doi.org/10.1155/2013/375024
https://doi.org/10.1111/j.1398-9995.2011.02549.x
https://www.ncbi.nlm.nih.gov/pubmed/21276008
https://doi.org/10.1186/s12967-015-0583-0
https://www.ncbi.nlm.nih.gov/pubmed/26169874
https://doi.org/10.1186/s12967-022-03715-x
https://doi.org/10.1371/journal.pone.0001071
https://www.ncbi.nlm.nih.gov/pubmed/17971849
https://doi.org/10.1111/tri.13809
https://doi.org/10.1158/0008-5472.CAN-10-0528
https://doi.org/10.1038/s41392-023-01471-y
https://doi.org/10.3390/brainsci11020249
https://doi.org/10.1155/2022/1255674
https://doi.org/10.3892/etm.2020.9566
https://doi.org/10.1038/s41388-020-1175-x
https://www.ncbi.nlm.nih.gov/pubmed/32001817
https://doi.org/10.1016/j.celrep.2023.113518
https://doi.org/10.1016/j.critrevonc.2020.102973
https://doi.org/10.1016/j.biopha.2023.114712
https://doi.org/10.1158/0008-5472.CAN-18-2652
https://doi.org/10.1038/s41577-020-0306-5

Biomedicines 2024, 12, 1617 11of 11

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Philip, M.; Schietinger, A. CD8+ T cell differentiation and dysfunction in cancer. Nat. Rev. Immunol. 2022, 22, 209-223. [CrossRef]
[PubMed]

Mantovani, A.; Allavena, P.; Marchesi, F.; Garlanda, C. Macrophages as tools and targets in cancer therapy. Nat. Rev. Drug Discov.
2022, 21, 799-820. [CrossRef] [PubMed]

Tian, X.; Chen, L.; Gai, D.; He, S,; Jiang, X.; Zhang, N. Adverse Event Profiles of PARP Inhibitors: Analysis of Spontaneous Reports
Submitted to FAERS. Front. Pharmacol. 2022, 13, 851246. [CrossRef]

Kaur, S.D.; Chellappan, D.K.; Aljabali, A.A.; Tambuwala, M.; Dua, K.; Kapoor, D.N. Recent advances in cancer therapy using
PARP inhibitors. Med. Oncol. 2022, 39, 241. [CrossRef]

Cai, L.; Xu, X.; Chen, W. The Current State of the Art in PARP Inhibitor-Based Delivery Nanosystems. Pharmaceutics 2022, 14,
1647. [CrossRef] [PubMed]

Zhang, D.; Singh, B.; Moerland, J.; Mitchell, O.; Lockwood, L.; Carapellucci, S.; Sridhar, S.; Liby, K.T. Sustained, local delivery of
the PARP inhibitor talazoparib prevents the development of mammary gland hyperplasia in Brcal-deficient mice. Sci. Rep. 2021,
11, 1234. [CrossRef] [PubMed]

Singh, B.; Yang, S.; Krishna, A.; Sridhar, S. Nanoparticle Formulations of Poly (ADP-ribose) Polymerase Inhibitors for Cancer
Therapy. Front. Chem. 2020, 8, 594619. [CrossRef] [PubMed]

Zhang, D.; Baldwin, P; Leal, A.S.; Carapellucci, S.; Sridhar, S.; Liby, K.T. A nano-liposome formulation of the PARP inhibitor
Talazoparib enhances treatment efficacy and modulates immune cell populations in mammary tumors of BRCA-deficient mice.
Theranostics 2019, 9, 6224-6238. [CrossRef]

Yap, T.A.; Cervantes, A.; Falchook, G.; Patel, M.; Juric, D.; Waqar, S.N.; Schenk, E.; Shapiro, G.; Boni, V.; Perez, C.A ; et al.
270 First-in-class first-in-human phase I trial of RBN-2397 in patients with advanced solid tumors validates PARP7 as a novel
anticancer therapeutic target. ESMO Open 2023, 8, 100993. [CrossRef]

Gozgit, ] M.; Vasbinder, M.M.; Abo, R.P.; Kunii, K.; Kuplast-Barr, K.G.; Gui, B.; Lu, A.Z.; Molina, J.R.; Minissale, E.; Swinger, KK,;
et al. PARP7 negatively regulates the type I interferon response in cancer cells and its inhibition triggers antitumor immunity.
Cancer Cell 2021, 39, 1214-1226.€1210. [CrossRef] [PubMed]

Manetsch, P.; Bohi, F.; Nowak, K.; Leslie Pedrioli, D.M.; Hottiger, M.O. PARP7-mediated ADP-ribosylation of FRA1 promotes
cancer cell growth by repressing IRF1- and IRF3-dependent apoptosis. Proc. Natl. Acad. Sci. USA 2023, 120, e2309047120.
[CrossRef] [PubMed]

Rasmussen, M.; Alvik, K.; Kannen, V.; Olafsen, N.E.; Erlingsson, L. AM.; Grimaldi, G.; Takaoka, A.; Grant, D.M.; Matthews, J.
Loss of PARP7 Increases Type I Interferon Signaling in EO771 Breast Cancer Cells and Prevents Mammary Tumor Growth by
Increasing Antitumor Immunity. Cancers 2023, 15, 3689. [CrossRef] [PubMed]

Wong, C.W,; Evangelou, C.; Sefton, K.N.; Leshem, R.; Zhang, W.; Gopalan, V.; Chattrakarn, S.; Fernandez Carro, M.L.; Uzuner,
E.; Mole, H.; et al. PARP14 inhibition restores PD-1 immune checkpoint inhibitor response following IFNy-driven acquired
resistance in preclinical cancer models. Nat. Commun. 2023, 14, 5983. [CrossRef]

Zhang, H.; Yu, P; Tomar, V.S,; Chen, X; Atherton, M.J.; Lu, Z.; Zhang, H.-G.; Li, S.; Ortiz, A.; Gui, ].; et al. Targeting PARP11 to
avert immunosuppression and improve CAR T therapy in solid tumors. Nat. Cancer 2022, 3, 808-820. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41577-021-00574-3
https://www.ncbi.nlm.nih.gov/pubmed/34253904
https://doi.org/10.1038/s41573-022-00520-5
https://www.ncbi.nlm.nih.gov/pubmed/35974096
https://doi.org/10.3389/fphar.2022.851246
https://doi.org/10.1007/s12032-022-01840-7
https://doi.org/10.3390/pharmaceutics14081647
https://www.ncbi.nlm.nih.gov/pubmed/36015275
https://doi.org/10.1038/s41598-020-79663-7
https://www.ncbi.nlm.nih.gov/pubmed/33441637
https://doi.org/10.3389/fchem.2020.594619
https://www.ncbi.nlm.nih.gov/pubmed/33330383
https://doi.org/10.7150/thno.36281
https://doi.org/10.1016/j.esmoop.2023.100993
https://doi.org/10.1016/j.ccell.2021.06.018
https://www.ncbi.nlm.nih.gov/pubmed/34375612
https://doi.org/10.1073/pnas.2309047120
https://www.ncbi.nlm.nih.gov/pubmed/38011562
https://doi.org/10.3390/cancers15143689
https://www.ncbi.nlm.nih.gov/pubmed/37509350
https://doi.org/10.1038/s41467-023-41737-1
https://doi.org/10.1038/s43018-022-00383-0

	PARP Inhibitors in Cancer Therapy 
	Revising PARP1 Inhibitors: Roles beyond Their Canonical Function in DNA Damage Repair? 
	Transcriptional Co-Activator PARP1 Promotes Cytokine Expression in Macrophages 
	T Cell Anti-Tumor Immunity: Synergistic Anti-Tumor Effects of PARP Inhibitors and Immune Checkpoint Inhibitors 
	Outlook 
	References

