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STING, a novel & promising target for cancer immunotherapy

Cancer immunotherapy is showing promise in treating patients with advanced or metastatic cancers and was named
‘Breakthrough of the Year’ by Science magazine in 2013. It aims to redirect the immune system onto the tumor
tissue, for which escape from immune surveillance is a common feature and constitutes a hallmark of cancer.
Immune checkpoint inhibitor therapy has recently illustrated the potential effectiveness of cancer immunotherapy
in a clinical setting, as well as the need for further development and novel targets to extend its impact across more
patients. Within this fast moving environment, agonists of the cellular double stranded DNA sensor STING [1)
have ‘stung’ the immuno-oncology field and raised hope for patients as powerful adjuvants for combined therapies,
by further harnessing the antitumor potential of the immune system. This is a rapidly developing area and evidence
from recent studies has identified the host STING pathway as a critical mechanism of innate immune-sensing of
cancer, driving the production of type-I IFNs and promoting aggressive antitumor responses [2-8].

The STING pathway is physiologically activated by the presence of dinucleotides in the cytosol and constitutes
an innate response to pathogens. Cytosolic nucleic acids are usually a sign of viral or bacterial infection, and therefore
trigger immune response. Upon activation, STING (a 28 kDa dimeric endoplasmic reticulum membrane protein)
recruits cytosolic kinases that activate transcription factors including NF-B and IRF3, which enter the nucleus
and function together to induce the expression of interferons and other cytokines [9]. Among natural ligands,
cyclic dinucleotides (CDNs) are especially potent activators of STING that are ubiquitous second messengers in
prokaryotes [10] and within the immune system of eukaryotic species [11]. These CDNs are produced either through
the cGAS pathway, which produces the noncanonical dinucleotide cyclic guanosine monophosphate-adenosine
monophosphate (2',3’-cGAMP) upon sensing of cytosolic DNA (9], or are directly found in the cytosol due to the
presence of pathogens [12).

The human STING protein & its function

The human STING protein (hSTING) is composed of an N-terminal transmembrane domain (aa 1-154), a central
globular domain (aa 155-341) and a C-terminal tail (aa 342-379); the structure of hRSTING co-crystallized with a
CDN ligand was published in 2013 [13]. This structure provides insights into the important interactions required
for the binding of CDNs to STING, while the authors also demonstrated that 2/,3’-cGAMP synthesized by cGAS
is the endogenous second messenger in mammalian cells. This CDN was also shown to have high affinity toward
STING, although other phosphodiester isomers can also bind strongly. However, in comparison, the bacterial cyclic
di-guanosine monophosphate (c-di-GMP) has a rather high K and is a poor interferon inducer [12].

For the purpose of medicinal chemistry, further examination of the important interactions for the binding of ~ Newlands
cGAMP to STING reveals critical features that may be needed for the design of novel synthetic agonists: the press
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two nucleobases are almost parallel and the m-stacking is extended to neighboring Tyr167 and Tyr240 residues;
phosphodiester groups bridging the ribose units actively participate in binding via polar contacts with the cationic
Arg232 and Arg238 side chains; the ribose hydroxyl groups are solvated by water molecules except for one hydrogen-
bridge with a single serine (Ser162) and the guanine binds a glutamate and threonine (Glu260 and Thr263) while
the adenine is involved in a hydrogen bond with the carbonyl group of Val239.

It was also demonstrated in this seminal study that STING is mandatory for this signaling cascade to initiate an
effective immune response and the production of interferon. It cannot be bypassed by other pathways that would
rely on production of CDNs by cGAS, as shSTING mutants are unable to produce IFN-f in response to DNA or
c¢GAMP stimulation [12].

STING agonists for cancer immunotherapy

Within the specific area of cancer immunotherapy, the generation of tumor-specific activated T cells is crucial, and
their presence has been shown to be of prognostic and clinical benefit. More specifically, effector-memory CD8™
T cells have been reported to be of powerful prognostic importance in colon, breast and ovarian cancers [14-16].
In early-stage colon cancer, intratumoral CD8™ T-cell infiltration is more predictive of outcome than the Tumor,
Node, Metastasis stage. Besides being of utmost importance for cancer regression and clinical outcome, generation
of tumor-directed T cells is dependent on the cGAS-STING pathway and the production of interferon, that is
due to the innate immune recognition of tumor-derived DNA [17-19]. It is therefore of great interest to restore the
natural immune function within the tumor micro-environment to trigger a powerful antitumor response and in
this regard, CDNs have already shown potent and promising 77 vive antitumor effects in melanoma [5-7], breast (4],
colon [5] and oral cancer [20].

CDNs as anticancer drugs

CDNes face obvious practical problems and limitations as drug candidates: their net charge and polar profile strongly
limit their membrane passage and cellular uptake; and phosphodiester linkages are prone to enzymatic hydrolysis.
The modification of the phosphodiester groups has been the core strategy for the drug candidate ADU-S100, which
is currently in a Phase I clinical trial for patients with advanced/metastatic solid tumors or lymphomas. However,
the quest for potent small molecule agonists of hRSTING remains ongoing and is a promising field of exploration.
The availability of high resolution crystal structures of STING bound CDNis allows for the rational design of such
compounds and medicinal chemists will surely soon identify new chemical entities with 77 vitro and in vive efficacy.

5,6-dimethylxanthenone-4-acetic acid, a proof of concept
An interesting point is the case of 5,6-dimethylxanthenone-4-acetic acid (DMXAA): this compound is a potent
non-nucleotidic agonist of the murine STING protein. Human and mouse STING exhibit 68% amino acid identity
and 81% similarity [13]. Not only does DMXAA treatment lead to strong type I IFN induction in mice, but its use
also results in powerful and promising anticancer effects iz vivo. Indeed, STING activation by DMXAA stimulates
CD8™" T-cell responses in leukemia models and enhances iz vivo survival through adaptative immunity 31. In
wild-type B16 melanoma-inoculated mice, a single intratumoral dose of 500 g DMXAA induced potent tumor
regression and complete tumor rejection in the majority of the animals, while STING knockdown mice showed
no response to this treatment [8].

Therefore, the anticancer ability of a non-nucleotidic STING agonist that is both very efficient 7z vitro and in
vivo, constitutes a proof of concept for the design of novel non-nucleotidic agonists for the hRSTING protein, and
it is unlikely that the human form would not be accessible to such small molecules.

Conclusion: hope for the next-gen agonists

We have briefly highlighted herein the recent basis for the development of novel STING agonists for cancer
immunotherapy. Early results, showing 7z vivo promise, combined with the availability of crystal structures of the
human protein, warrant the development of this new class of immunotherapeutic compounds for cancer treatment.

Financial & competing interests disclosure
The authors have no relevant affiliations or financial involvement with any organization or entity with a financial interest in or finan-
cial conflict with the subject matter or materials discussed in the manuscript. This includes employment, consultancies, honoraria,
stock ownership or options, expert testimony, grants or patents received or pending, or royalties.

No writing assistance was utilized in the production of this manuscript.

10.4155/fmc-2018-0367 Future Med. Chem. (Epub ahead of print) future science group



Novel non-nucleotidic STING agonists for cancer immunotherapy  Editorial

References
1. Ishikawa H, Barber GN. STING is an endoplasmic reticulum adaptor that facilitates innate immune signalling. Nazure 455(7213),
674-678 (2008).

2. Corrales L, Gajewski TF. Molecular pathways: targeting the stimulator of interferon genes (STING) in the immunotherapy of cancer.
Clin. Cancer Res. 21(21), 4774—4779 (2015).

3. Curran E, Chen X, Corrales L ¢z al. STING pathway activation stimulates potent immunity against acute myeloid leukemia. Cel/
Rep. 15(11), 2357-2366 (2016).

4. Clinical Trials Database: NCT03172936. https://clinicaltrials.gov/ct2/show/NCT03172936

5. Demaria O, De Gassart A, Coso S et al. STING activation of tumor endothelial cells initiates spontaneous and therapeutic antitumor

immunity. Proc. Natl Acad. Sci. USA 112(50), 15408-15413 (2015).

6. Fu], Kanne DB, Leong M ez al. STING agonist formulated cancer vaccines can cure established tumors resistant to PD-1 blockade. Sci.
Transl. Med. 7(283), 283ra52 (2015).

7.  Wang Z, Celis E. STING activator c-di-GMP enhances the anti-tumor effects of peptide vaccines in melanoma-bearing mice. Cancer

Immunol. Immunother. 64(8), 1057-1066 (2015).

8.  Corrales L, Glickman LH, McWhirter SM ez al. Direct activation of STING in the tumor microenvironment leads to potent and
systemic tumor regression and immunity. Cell Rep. 11(7), 1018-1030 (2015).

9. Wu], Sun L, Chen X ¢z al. Cyclic GMP-AMP is an endogenous second messenger in innate immune signaling by cytosolic DNA.
Science 339(6121), 826-830 (2013).

10. Gomelsky M. cAMP, ¢-di-GMP, ¢-di-AMP and now cGMP: bacteria use them alll Mol. Microbiol. 79(3), 562-565 (2011).
11. Krasteva PV, Sondermann H. Versatile modes of cellular regulation via cyclic dinucleotides. Naz. Chem. Biol. 13(4), 350-359 (2017).

12. Zhang X, Shi H, Wu J ez al. Cyclic GMP-AMP containing mixed phosphodiester linkages is an endogenous high-affinity ligand for
STING. Mol. Cell 51(2), 226-235 (2013).

13. Gao P, Ascano M, Zillinger T ez al. Structure-function analysis of STING activation by c[G(2',5") pA(3’,5")p] and targeting by antiviral
DMXAA. Cell 154(4), 748-762 (2013).

14. Pages F, Kirilovsky A, Mlecnik B ez al. In situ cytotoxic and memory T cells predict outcome in patients with early-stage colorectal

cancer. /. Clin. Oncol. 27(35), 5944-5951 (2009).

15. Hwang WT, Adams SF, Tahirovic E, Hagemann IS, Coukos G. Prognostic significance of tumor-infiltrating T cells in ovarian cancer: a
meta-analysis. Gynecol. Oncol. 124(2), 192-198 (2012).

16. Mahmoud SMA, Paish EC, Powe DG ¢z al. Tumor-infiltrating CD8+ lymphocytes predict clinical outcome in breast cancer. /. Clin.
Oncol. 29(15), 1949-1955 (2011).

17. Diamond MS, Kinder M, Matsushita H ¢z a/. Type I interferon is selectively required by dendritic cells for immune rejection of tumors.

J. Exp. Med. 208(10), 1989-2003 (2011).

18. Woo SR, Fuertes MB, Corrales L ¢z al. STING-dependent cytosolic DNA sensing mediates innate immune recognition of immunogenic
tumors. Immunity 41(5), 830-842 (2014).

19.  Fuertes MB, Kacha AK, Kline J ez a/. Host type I IFN signals are required for antitumor CD8™ T cell responses through CD8a™
dendritic cells. J. Exp. Med. 208(10), 20052016 (2011).

20. Leach DG, Dharmaraj N, Piotrowski SL ¢# a/. STINGel: controlled release of a cyclic dinucleotide for enhanced cancer immunotherapy.
Biomaterials 163, 67-75 (2018).

future science group 10.4155/fmc-2018-0367







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 400
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'PPG Indesign CS4_5_5.5'] [Based on 'PPG Indesign CS3 PDF Export'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks true
      /BleedOffset [
        8.503940
        8.503940
        8.503940
        8.503940
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 600
        /LineArtTextResolution 2400
        /PresetName (Pureprint flattener)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.835590
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


