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Editorial on the Research Topic

Targeting tumor vasculature to enhance cancer immunotherapy
Background

Cancer immunotherapy is an innovative treatment for tumors at present. In 2013,

Science announced tumor immunotherapy as the technological breakthrough of the year

(1). In almost 10 years of clinical trials, although immunotherapy represented by PD-1

monoclonal antibody drugs has shown obvious efficacy in patients with different types of

cancer, their objective response rate (ORR) has only been about 20%, which eventually

leads to disease progression (Chen et al.). Thus, new approaches that improve the clinical

benefits of tumor immunotherapy are urgently needed.

The sufficient infiltration of immune effector cells and immunomodulator-related

molecules used in tumor immunotherapy through tumor vascularization is a prerequisite

for tumor immunotherapy response (2–4). However, the vasculature of tumors is highly

abnormal and dysfunctional. Consequently, immune effector cells have an impaired ability

to penetrate into solid tumors and often exhibit compromised functions. Tumor vascular

normalization, overcoming tumor endothelial cell anergy, and the blockade of

immunosuppressive molecules are current efforts in the targeting of the vasculature of

tumors with the aim of improving the efficacy of cancer immunotherapy.
Tumor vascular normalization

Given that the abnormal tumor vasculature is highly permeable, leaky, and tortuous

with low perivascular coverage, which impairs blood flow and limits the immune cells and

antibodies (5), strategies that normalize these aberrant blood vessels may therefore improve

intertumoral immune cell infiltration and facilitate their antitumor activities. Multiple

therapeutic strategies have been developed to normalize the tumor vasculature by
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tightening the endothelial cell junctions and improving pericyte

coverage (6). Appropriate low-dose antiangiogenic therapy against

VEGF/VEGFR was found to induce tumor vascular normalization,

resulting in improved delivery of drugs and oxygen to targeted cancer

cells (7). Accordingly, Fan et al. demonstrated that low-dose anlotinib

can induce tumor vascular normalization and improves anti-PD-1

therapy. Zheng et al. further highlighted the recent advances of

antiangiogenic immunotherapies in preclinical and clinical settings

to solidify the concept that vascular normalization triggered by

vasculature-targeting strategies potentiates cancer immunotherapy.

Studies of murine and human tumors have identified the onset of

normalization, typically 1–2 days after commencement of therapy,

followed by an eventual “closure” of the normalization window (8).

This opening window opportunity for designing controlled stepwise

cancer cell death and immunological augmentation have been

reviewed in detail by Swamy. However, these features of vascular

normalization by low-dose antiangiogenic therapy strategies were

eventually lost and replaced by pronounced vascular regression (9).

Genetic approaches to normalization [such as promoting endothelial

cell quiescence (e.g., PHD2 knockdown (10)) and enhancing vascular

function (e.g., RGS5 knockdown (11))] give rise to a more prolonged

normalization phenotype, in the absence of dramatic vessel regression.

Li et al. established a hypoxia and angiogenesis prognostic model

(HAPM) that has good predictive efficiency for PD-1 expression

and T-cell exclusion, suggesting that this model may be utilized

to forecast the genes for vascular normalization and the benefits

of immunotherapy. In addition, Akter et al. discussed the

therapeutic prospects of targeting heme and mitochondrial

respiration in normalizing tumor vasculature, which provides a new

theoretical basis for future research on the combination of vascular

normalization and immunotherapy.
Overcoming endothelial cell anergy

Abnormal tumor vasculature can also form a condition of

inflammatory signals resulting in diminished leukocyte–vessel

wall interactions and, therefore, decreased inflammatory

infiltration, a process referred to as “endothelial anergy” (12).

This interaction is mediated by cell adhesion molecules on both

leukocytes and endothelium, such as intercellular adhesion

molecule-1 (ICAM-1, CD54), vascular cell adhesion molecule-1

(VCAM-1, CD106), and E-selectin (CD62E) (13, 14). Rodriguez

et al. provided insight into the mechanisms regulating peripheral

node addressin (PNAd) biosynthesis in tumor endothelial cells and

provided another platform to enhance its expression to support a

continual influx of immune cells, sustaining antitumor immunity.
Blockade of immunosuppressive
molecules

Beside the endothelial cell anergy, abnormal tumor vasculature

can express a range of inhibitory molecules, thereby creating a
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barrier for immune cells to infiltrate into the tumor tissue. Galectin

1 (15), the FAS ligand (FASL) (16), PD-L1 (17), and indoleamine 2,

3-dioxygenase(IDO) (18) were found to be selectively expressed in

the vasculature of various malignancies, resulting in limited

infiltration by activated T cells. Ileiwat et al. reviewed the

mechanistic immunosuppressive role of the tumor vasculature

and potential nanoparticle-mediated therapeutic strategies.
Conclusion

In solid tumors, blood vessels are abnormal and dysfunctional,

and thus immune effector cell infiltration is impaired. Although

targeting the tumor vasculature has been shown to improve the

efficacy of cancer immunotherapies, recent studies suggest that

enhanced immune stimulation also, in turn, improves tumor

vascular normalization (19, 20). A more comprehensive

understanding of the crosstalk between the immune system and

tumor vasculature can provide new strategies for treating

human cancers.
Author contributions

TX and JY drafted the manuscript. LF and TS revised the

manuscript. All authors approved the submission.
Funding

This work was supported by grants from the National Natural

Science Foundation of China (82172795).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.937924
https://doi.org/10.3389/fimmu.2022.1035323
https://doi.org/10.3389/fonc.2022.1002957
https://doi.org/10.3389/fonc.2023.1119763
https://doi.org/10.3389/fonc.2022.1072739
https://handwiki.org/wiki/Biology:Endothelium
https://handwiki.org/wiki/Biology:E-selectin
https://doi.org/10.3389/fimmu.2022.1009306
https://doi.org/10.3389/fimmu.2022.1009306
https://doi.org/10.3389/fimmu.2022.976677
https://doi.org/10.3389/fonc.2023.1199811
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Yang et al. 10.3389/fonc.2023.1199811
References
1. Couzin-Frankel J. Breakthrough of the year 2013. Cancer Immunother Sci (2013)
342:1432–3. doi: 10.1126/science.342.6165.1432

2. Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ, Robert L, et al. PD-1
blockade induces responses by inhibiting adaptive immune resistance. Nature (2014)
515:568–71. doi: 10.1038/nature13954

3. Tang H, Wang Y, Chlewicki LK, Zhang Y, Guo J, LiangW, et al. Facilitating T cell
infiltration in tumor microenvironment overcomes resistance to PD-L1 blockade.
Cancer Cell (2016) 29:285–96. doi: 10.1016/j.ccell.2016.02.004

4. Joyce JA, Fearon DT. T Cell exclusion, immune privilege, and the tumor
microenvironment. Science (2015) 348:74–80. doi: 10.1126/science.aaa6204

5. Liu K, Zhang X, XuW, Chen J, Yu J, Gamble JR, et al. Targeting the vasculature in
hepatocellular carcinoma treatment: starving versus normalizing blood supply. Clin
Transl Gastroenterol (2017) 8:e98. doi: 10.1038/ctg.2017.28

6. Martin JD, Seano G, Jain RK. Normalizing function of tumor vessels: progress,
opportunities, and challenges. Annu Rev Physiol (2019) 81:505–34. doi: 10.1146/
annurev-physiol-020518-114700

7. Jain RK. Normalization of tumor vasculature: an emerging concept in
antiangiogenic therapy. Science (2005) 307:58–62. doi: 10.1126/science.1104819

8. Goel S, Duda DG, Xu L, Munn LL, Boucher Y, Fukumura D, et al. Normalization
of the vasculature for treatment of cancer and other diseases. Physiol Rev (2011)
91:1071–121. doi: 10.1152/physrev.00038.2010

9. Fukumura D, Duda DG, Munn LL, Jain RK. Tumor microvasculature
and microenvironment: novel insights through intravital imaging in pre-
clinical models.Microcirculation (2010) 17:206–25. doi: 10.1111/j.1549-8719.2010.00029.x

10. Mazzone M, Dettori D, de Oliveira RL, Loges S, Schmidt T, Jonckx B, et al.
Heterozygous deficiency of PHD2 restores tumor oxygenation and inhibits metastasis
via endothelial normalization. Cell (2009) 136:839–51. doi: 10.1016/j.cell.2009.01.020

11. Hamzah J, Jugold M, Kiessling F, Rigby P, Manzur M, Marti HH, et al. Vascular
normalization in Rgs5-deficient tumours promotes immune destruction. Nature (2008)
453:410–4. doi: 10.1038/nature06868
Frontiers in Oncology 03
12. De Sanctis F, Ugel S, Facciponte J, Facciabene A. The dark side of tumor-
associated endothelial cells. Semin Immunol (2018) 35:35–47. doi: 10.1016/j.smim.
2018.02.002

13. Weishaupt C, Steinert M, Brunner G, Schulze HJ, Fuhlbrigge RC,
Goerge T, et al. Activation of human vascular endothelium in melanoma
metastases induces ICAM-1 and e-selectin expression and results in increased
infiltration with effector lymphocytes. Exp Dermatol (2019) 28:1258–69. doi:
10.1111/exd.14023

14. Griffioen AW, Damen CA, Blijham GH, Groenewegen G. Tumor angiogenesis
is accompanied by a decreased inflammatory response of tumor-associated
endothelium. Blood (1996) 88:667–73. doi : 10.1182/blood.V88.2.667.
bloodjournal882667

15. He J, Baum LG. Endothelial cell expression of galectin-1 induced by prostate
cancer cells inhibits T-cell transendothelial migration. Lab Invest (2006) 86:578–90.
doi: 10.1038/labinvest.3700420

16. Motz GT, Santoro SP, Wang LP, Garrabrant T, Lastra RR, Hagemann IS, et al.
Tumor endothelium FasL establishes a selective immune barrier promoting tolerance
in tumors. Nat Med (2014) 20:607–15. doi: 10.1038/nm.3541

17. Rodig N, Ryan T, Allen JA, Pang H, Grabie N, Chernova T, et al. Endothelial
expression of PD-L1 and PD-L2 down-regulates CD8+ T cell activation and cytolysis.
Eur J Immunol (2003) 33:3117–26. doi: 10.1002/eji.200324270

18. Riesenberg R, Weiler C, Spring O, Eder M, Buchner A, Popp T, et al. Expression
of indoleamine 2,3-dioxygenase in tumor endothelial cells correlates with long-term
survival of patients with renal cell carcinoma. Clin Cancer Res (2007) 13:6993–7002.
doi: 10.1158/1078-0432.CCR-07-0942

19. Tian L, Goldstein A, Wang H, Ching Lo H, Sun Kim I, Welte T, et al. Mutual
regulation of tumour vessel normalization and immunostimulatory reprogramming.
Nature (2017) 544:250–4. doi: 10.1038/nature21724

20. Zheng X, Fang Z, Liu X, Deng S, Zhou P, Wang X, et al. Increased vessel
perfusion predicts the efficacy of immune checkpoint blockade. J Clin Invest (2018)
128:2104–15. doi: 10.1172/JCI96582
frontiersin.org

https://doi.org/10.1126/science.342.6165.1432
https://doi.org/10.1038/nature13954
https://doi.org/10.1016/j.ccell.2016.02.004
https://doi.org/10.1126/science.aaa6204
https://doi.org/10.1038/ctg.2017.28
https://doi.org/10.1146/annurev-physiol-020518-114700
https://doi.org/10.1146/annurev-physiol-020518-114700
https://doi.org/10.1126/science.1104819
https://doi.org/10.1152/physrev.00038.2010
https://doi.org/10.1111/j.1549-8719.2010.00029.x
https://doi.org/10.1016/j.cell.2009.01.020
https://doi.org/10.1038/nature06868
https://doi.org/10.1016/j.smim.2018.02.002
https://doi.org/10.1016/j.smim.2018.02.002
https://doi.org/10.1111/exd.14023
https://doi.org/10.1182/blood.V88.2.667.bloodjournal882667
https://doi.org/10.1182/blood.V88.2.667.bloodjournal882667
https://doi.org/10.1038/labinvest.3700420
https://doi.org/10.1038/nm.3541
https://doi.org/10.1002/eji.200324270
https://doi.org/10.1158/1078-0432.CCR-07-0942
https://doi.org/10.1038/nature21724
https://doi.org/10.1172/JCI96582
https://doi.org/10.3389/fonc.2023.1199811
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Editorial: Targeting tumor vasculature to enhance cancer immunotherapy
	Background
	Tumor vascular normalization
	Overcoming endothelial cell anergy
	Blockade of immunosuppressive molecules
	Conclusion
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /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 false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /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 false
  /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

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /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 false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /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


