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Introduction

Hepatic hemangiomas (HHs) are the most common 
primary tumors of the liver with a reported prevalence 
of approximately 2.5%.1 HH diagnosis often occurs 
incidentally, and the majority of the lesions remain 
asymptomatic so that resection or intervention may 
not be required.2 Still, a minority of HH may progress 
so that clinical symptoms arise and surgical resection 
is indicated.3,4

The evolution and disease stage of HH and its mor-
phological heterogeneity may be a result of a sequence 
of lesion-specific alterations over time rather than a 
sign of disease heterogeneity itself, as analogously 

has been described for infantile hemangioma.5–7 In that 
regard, common concepts of vascular regression that 
include cellular senescence of endothelial cells (ECs) 
are not well integrated in the study of HHs, although 
spontaneous regression of HHs has been described.8,9 
Moreover, common disease and EC-aging-related 
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Summary
Hepatic hemangioma (HH) is the most common benign primary liver tumor; however, despite its high prevalence, a stage-
specific classification of this tumor is currently missing. For a spatial stage-specific classification, a tissue microarray (TMA) 
consisting of 98 HHs and 80 hemangioma margins and 78 distant liver tissues was digitally analyzed for the expression of 
16 functional and vascular niche-specific markers. For cross-correlation of histopathology and functional characteristics, 
computed tomography/MRI imaging data of 28 patients were analyzed. Functional and morphological analyses revealed a 
high level of intra- and interpatient heterogeneity, and morphological heterogeneity was observed with regard to cellularity, 
vascular diameter, and endothelial cell subtype composition. While regressed hemangiomas were characterized by low blood 
vessel density, low beta-catenin levels, and a microvascular phenotype, non-regressed HHs showed a pronounced cellular 
and architectural heterogeneity. Functionally, cellular senescence–associated p16 expression identified an HH subgroup 
with high vascular density and increased lymphatic endothelial cell content. Histological HH regions may be grouped into 
spatially defined morphological compartments that may reflect the current region-specific disease stage. The stage-specific 
classification of HHs with signs of regression and vascular senescence may allow a better disease course–based and cell 
state–based subtyping of these benign vascular lesions. (J Histochem Cytochem 70. 531–541, 2022)
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studies strongly focus on the biology of liver sinusoidal 
endothelial cells (LSECs) but may not be applicable 
to ECs of HHs, which have a continuous endothelial 
cell (CEC) phenotype. So far, liver EC subtype–specific 
functional heterogeneity in health, aging and disease 
remains incompletely characterized.10–13 Vice versa, 
HHs may be a good model to study cellular regression 
and senescence-associated changes in a hepatic 
CEC-specific context.

Diagnostically, typical radiographic signs that favor 
a diagnosis of HH include the iris diaphragm phenom-
enon or the light bulb sign, which are both attributable 
to the typical histology of HH.14,15 While the iris dia-
phragm phenomenon describes the centripetal filling 
of contrast agent starting from the HH margin, the light 
bulb sign refers to the MRI hyperintensity of HH in the 
T2-weighted sequence. Depending on the histological 
type and degree of regression, a cross-correlation of 
vascular histomorphology and related radiomorpho-
logical phenotype is possible.15,16 Yet, a high-resolution 
and high-throughput tissue-based analysis to study 
the correlation between regression and immunohisto-
chemical marker expression in HHs is missing.

The following study aims to highlight the morpho-
logical and functional heterogeneity of HHs by MRI/
computed tomography (CT) scan images and charac-
terize these lesions using digital image analysis. New 
morphological and phenotypic markers are identified, 
which may enhance HH characterization according to 
the current cell state and spatial disease stage, which 
may improve the understanding of the sequence of 
molecular processes in vascular regression in a liver 
CEC-specific context.

Materials and Methods

Tissue Microarray Design and Patient Cohort

HHs included in this analysis (n=98) were resected 
from 1995 to 2017 at the Department of Surgery, 
University Hospital Heidelberg. Samples were provided 
by the Tissue Bank of the National Center for Tumor 
Diseases (NCT) Heidelberg, Germany, in accordance 
with the regulations of the tissue bank and the approval 
of the ethics committee of Heidelberg University (appli-
cation number S-230/20).

The female HH specimens (n=64) were resected 
with an age of 54.8 ± 14.1 (SD) years and a lesion size 
of 5.6 ± 5.5 cm. Male patient HH specimens (n=34) 
were resected with an age of 59.1 ± 11.5 years and a 
lesion size of 5.4 ± 5.5 cm. To address potential inter- 
and intralesional heterogeneity within HHs, a large 
core (1.5 mm core size) TMA was generated, consist-
ing of four cores per specimen when sufficient sam-
pling was possible (two cores to assess hemangioma 
center, and one core each to assess hemangioma 

margin and far distant liver tissue). In total, the TMA 
consisted of 339 cores (n=181 hemangioma, n=80 
margin, n=78 liver).

Slide Scanning, Quantification of Vessel 
Diameter, Positive Cell Detection, Antibodies 
and Statistics

TMAs were scanned using an Aperio AT2 scanning 
device (Leica; Wetzlar, Germany) with a resolution of 
0.25 µm and 40×-fold magnification. For accurate cell 
detection, quantification, and cell type annotation of 
immunohistochemical stainings, the TMA dearrayer 
algorithm within QuPath was used.17 Cores with arti-
facts (overlay/tears) or cores missing more than one 
third of the tissue area were manually excluded. The 
average diameter of hemangioma vessels was evalu-
ated in cores with an annotation of “hemangioma cen-
ter” by measuring the diameter of five representative 
vessels using the line tool. Cell detection was per-
formed based on optical density sum with a set pixel 
size of 0.5 µm. For automated image quantification of 
nuclear or cytoplasmic stainings, the TMA dearrayer 
was used after an image normalization step and sin-
gle thresholding. Stainings were then quantified using 
the integrated inbuilt object counter tool within the 
TMA dearrayer and further analyzed in Excel and R 
studio. In total, 16 immunohistochemical markers were 
stained to assess EC content and subtype (CD31, 
THBD (thrombomodulin), CD34, FVIII, ERG, PDPN 
(podoplanin)), cellular environment (CD68, DES), cell 
cycle state (Ki67, p16, p53, CDK4) and responsive-
ness to extracellular cues/pathway activity (CATB, 
MET, MYC, BRAFV600E). A complete list of all anti-
bodies and dilutions used can be found in Table 1.

Shapiro–Wilk test was used to test for normality. 
Wilcoxon rank-sum test was used for calculating p-val-
ues of non-normally distributed datapoints. Benjamini 
and Hochberg correction was applied to correct for 
multiple testing while simultaneously avoiding over-
correction of p-values (p-adjust function, R studio). 
P values are indicated as follows: *p<0.05, **p<0.01, 
***p<0.001. Plots were generated in Excel and R studio 
(ggplot2 and ggpubr).

Additional methods used in this study are compiled 
in the supplemental materials and methods section.

Results

HHs Are Characterized by a Heterogeneous 
Contrast Agent Uptake and Degree of Tissue 
Regression

To study vascular flow as a functional parameter in 
HH, we first analyzed CT/MRI scans of 28 patients. In 
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multiple large hemangiomas, so-called giant heman-
giomas,18 region-specific differences in the uptake of 
contrast agent were detected (Fig. 1A). To display this 
inhomogeneity at higher resolution, three-dimensional 
reconstructions and limited density range pixel visual-
izations of a hemangioma margin in native and venous 
phases were generated, which confirmed inhomoge-
neous uptake of contrast agent (Fig. 1B). Moreover, 
single-plane surface plot visualizations confirmed 
phase-specific heterogeneity of density values in the 
lesion (Fig. 1C). As these functional differences in vas-
cular flow and contrast agent uptake may be due to 
differences in tissue composition, we next analyzed 
resected HHs using conventional histology. To assess 
the degree of hemangioma regression independent of 
histological subtype, 63 hemangiomas were evaluated 
using H&E whole slides. As expected, the majority of 
hemangiomas showed varying signs of regression, 
and in 20% of HHs regression was scored as “very 
strong” (Fig. 1D and E). Histology revealed architec-
tural differences in individual patients and within large 
lesions with a coexistence of non-regressed, partially 
regressed, and fully regressed areas (Fig. 1E).

In conclusion, CT/MRI scans and H&E sections 
confirmed functional and architectural differences and 
heterogeneity in HHs.

Immunohistochemical Characterization of HH 
Reveals Endothelial Cell Heterogeneity

To analyze morphological and expression differences 
of HHs on a large scale in a spatial context, a single 
institutional TMA was generated that contained 98 

HHs, 80 margins, and 78 adjacent liver tissues, 
which were stained for 16 markers (Fig. 1F and G; 
Supplemental Fig. 1A; Table 1). To assess EC content, 
positive cell detection of CD31, THBD, CD34, factor 
VIII–related antigen (FVIII), and ETS transcription fac-
tor ERG (ERG) was performed (Fig. 2A). These markers 
stained ECs of HH homogeneously, while in adjacent 
liver tissues CD31, THBD, CD34, and FVIII were mainly 
expressed in ECs of the portal tract, whereas LSECs 
were weakly positive (CD31, THBD, FVIII) or negative 
(CD34). Nuclear staining for ERG selectively stained 
LSEC and CEC nuclei, as previously described.19,20 
To correlate overall EC cellularity within cores, a cor-
relation analysis of ERG-positive nuclei and CD31-, 
THBD-, CD34-, and FVIII-positive cells was performed 
(Supplemental Fig. 1B). The high positive correlations 
of the previously described markers confirmed a CEC 
phenotype in HHs and demonstrated an accurate cell 
estimation by the marker panel being used.21

Next, to test for CEC heterogeneity in HHs, we 
stained for the lymphatic EC (lyEC) marker PDPN. 
Indeed, in 90.6% of analyzed HH cores, PDPN+ lyECs 
could be observed next to PDPN-negative ECs 
(Fig. 2B). After setting a higher cut-off value for PDPN+ 
cells, a total of 77% of HH center cores still contained 
lyEC. In average, 1.14% of all cells were detected as 
PDPN+; however, the number of PDPN+ cells was 
increased up to 18.48%. Digitally aligned consecutive 
sections of H&E, CD31, ERG, and PDPN revealed 
that these PDPN+ cells were ERG+ CD31+ (Fig. 2C). 
Core-specific cell detection revealed an increase in 
positive cells from distant liver, HH margin, to HH cen-
ter for all EC markers (Fig. 2D). The number of CD68+ 

Table 1. Antibody List.

Antibody Clone Company / Order Number Dilution

BRAF V600E VE1 Ventana Medical Systems #760-5095 —
CD31 JC70 Ventana Medical Systems #760-4378 —
CD34 QBEnd/10 Ventana Medical Systems #760-2927 —
CD68 PG-M1 DAKO #M0876 1:100
CDK4 DCS-31 Life Technologies #AHZ0202 1:50
C-MET SP44 Ventana Medical Systems #790-4430 —
C-MYC Y69 Ventana Medical Systems #790-4628 —
CTNNB1 14 Ventana Medical Systems #760-4242 —
DESMIN DE-R-11 Ventana Medical Systems #760-2513 —
D2-40 (PDPN) D2-40 Cell Marque #760-4395 —
ERG EPR3864 Ventana Medical Systems #790-4576 —
FVIII polyclonal Ventana Medical Systems #760-2642 —
Ki-67 30-9 Ventana Medical Systems #05278384001 —
p16 MX007 Zeta Corporation #Z2016 1:100
p53 DO-7 DAKO #M7001 1:400
THBD 1009 DAKO #M0617 1:40
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Figure 1. (continued)
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cells was significantly reduced in both HH margin and 
HH center compared with distant liver (Supplemental 
Fig. 2A and B). Desmin+ (DES) cells were significantly 
enriched in HH margins but not in HH centers 
(Supplemental Fig. 2A and B).

Together, the first characterization of HHs and dis-
tant liver tissues revealed heterogeneity in CEC sub-
type composition and cellular microenvironment.

A Subset of HHs Is Identified as p16-senescent

With the aim to functionally subtype HHs, p16 expres-
sion was analyzed as a common marker of cellular 
senescence.22,23 A total of 90.9% of HH cores con-
tained p16+ cells. In average, a p16+ cell count of 7.4% 
was observed, with the percentage of positive cells 
ranging up to 38.7%. To further classify p16high and 
p16low lesions, a cutoff of 10% was chosen, which is 
within the expected range of positive cells in models of 
cellular senescence (Fig. 3A).23 To compare the marker 
expression of non-senescent (p16low) and p16-senescent 
(p16high) HHs with strongly regressed lesions, fully 
regressed HHs were also included in our classification 
strategy. Both p16-senescent and regressed HHs rep-
resented 12% and 8% in our cohort compared with 
80% of non-senescent HHs (Fig. 3B). Except for one 
core, regression and p16-senescence were mutually 
exclusive traits. To functionally validate the cellular 
senescence in HH ECs, p53 stainings were analyzed, 
which is another common marker of senescence.24 
Indeed, the correlation analysis of p16+ cells and p53+ 
cells validated cellular senescence in HHs using an 
independent senescence marker (rS = 0.42, ***p<0.001; 
Fig. 3C and D), and the positive correlation of two inde-
pendent senescence markers indicated the existence 
of HHs with low or high numbers of senescent cells.

p16-senescent HHs showed significantly higher 
EC density (measured by ERG+) and lyEC content 
(PDPN+; Fig. 4A). The same trend was observed for 
CD34+ cell numbers between p16-senescent and non-
senescent HHs, however not reaching the level of sig-
nificance (Fig. 4A). Regressed HHs were characterized 

by low numbers of CD31+, CD34+, ERG+, and PDPN+ 
cells and reduced vascular diameters (Fig. 4A). 
Ki67+ cells were lower in regressed HHs, but there 
was no significant difference in Ki67 positivity between 
p16-senescent and non-senescent hemangiomas 
(Fig. 3D and 4A). Also, “macroscopic size” and “age at 
resection” as clinical parameters were not significantly 
different in a core-specific HH comparison, but there 
was a trend toward smaller average lesion size for 
p16-senescent HH cores compared with regressed 
HH (Fig. 4B; p=0.1). Finally, the intrapatient region-
specific stage subclassification was compared in 
patients, where multiple hemangioma cores have 
been assessed. While in 76% cores were monotypi-
cally classified, in 24% a heterotypic stage pattern as 
a sign of spatially restricted differences within HH tis-
sue was observed between cores of the same patient. 
The majority of intrapatient heterogeneity was based 
on senescent/non-senescent (59%) and non-senes-
cent/regressed stages (35%).

In conclusion, a digitally assisted staging revealed 
morphological, functional, and intralesional differences 
in HH cores regarding EC composition, the presence of 
vascular senescence, and HH regression.

Hemangioma Regression Is Associated With 
Reduced Macrophage Infiltration and Beta-
catenin Expression

As several HH cores showed signs of cellular senes-
cence, we stained for the expression of p16-regulated 
downstream targets. On the protein level, one com-
mon p16-regulated protein is cyclin-dependent kinase 
4 (CDK4), which forms complexes with cyclin D that 
are essential for cell-cycle progression.25 Indeed, ubiq-
uitous CDK4 expression in HHs was detected inde-
pendent of the disease stage (Fig. 4C). Previously, 
catenin beta 1 (CATB encoded by CTNNB1 gene) has 
been described as a downstream effector of ERG, 
CATB thereby promoting vascular stability and angio-
genesis.26 To evaluate whether CATB expression in 
HHs correlates with a regression-free stage, positive 

Figure 1. Functional and morphological heterogeneity in HHs and study design. (A) CT scan of a patient with a large hemangioma 
located in the left liver lobe (asterisk). Specified imaging phases show an inhomogeneous uptake of contrast agent in the lesion.  
(B) Three-dimensional reconstruction of the hemangioma margin of the same patient. Limited density range visualization removes liver-
specific signal and visualizes inhomogeneous uptake of contrast agent in HH. (C) Native and venous phase density surface plots of the 
same patient. Inhomogeneous contrast agent uptake in the lesion can be observed. (D) H&E images of five HHs with different intral-
esional morphology as displayed by vascular morphology and degree of tissue regression. Scale bar: 200 µm (low) and 100 µm (high).  
(E) Distribution of the regression score in HH centers and marginal zones (0 = “none,” 1 = “slight,” 2 = “intermediate,” 3 = “strong,” 
4 = “very strong”; n=63). (F) Stitched H&E overview of the TMA consisting of five slides in total covering 98 HH, 80 HH margins, and 
78 distant liver tissues and 339 cores in total. (G) Low magnification overview of a tissue microarray section after positive cell detection 
of the respective marker panel used in this study (see Table 1). MET, MYC, and BRAF V600E were not digitally scored due to nega-
tive staining results. Abbreviations: HH, hepatic hemangioma; CT, computed tomography; H&E, hematoxylin and eosin; TMA, tissue 
microarray.
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Figure 2. (continued)
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Figure 2. A CEC marker panel reveals endothelial heterogeneity in HHs. (A) Low and high magnification of CD31, THBD, CD34, 
FVIII, and ERG in liver, hemangioma margin, and hemangioma center. Last row: Overlay of ERG-positive cell detection demonstrates a 
highly accurate cell classification. Scale bar: 250 µm (low) and 20 µm (high). (B) Low and high magnification of PDPN expression in liver, 
hemangioma margin, and hemangioma center. In liver, only a minor fraction of portal vessels stain positive for PDPN, whereas a higher 
abundance of PDPN+ ECs in hemangioma margins and centers can be detected. Scale bar: 250 µm (low) and 20 µm (high). (C) Aligned 
consecutive H&E and immunohistochemical sections of CD31, ERG, and PDPN of HH. The presence of PDPN+ lyECs next to CD31+ 
and ERG+ cells demonstrates intralesional vascular heterogeneity. Scale bar: 100 µm. (D) Percentual distribution of CD31+, THBD+, 
CD34+, FVIII+, ERG+, and PDPN+ cells in liver, hemangioma margin (margin), and hemangioma center (hemangioma). Comparison of liver 
tissue vs tissue area of interest by Wilcoxon rank-sum test (**p<0.01, ***p<0.001). Abbreviations: CEC, continuous endothelial cell; 
HH, Hepatic hemangioma; FVIII, factor FVIII related antigen; ERG, ETS transcription factor ERG; PDPN, podoplanin; EC, endothelial cell; 
H&E, haematoxylin eosin; lyEC, lymphatic endothelial cell; THBD, thrombomodulin.

cell detection was performed. Although no significant 
differences in the distribution of CATB+ cells was found 
between p16-senescent and non-senescent HHs, a 
significant reduction in CATB+ cells in regressed HH 
cores was observed (Fig. 4C and D). Next, MET Proto-
Oncogene (MET) and MYC Proto-Oncogene (MYC) as 
markers of proliferative and migratory angiogenesis 
were screened.21,27 Interestingly, both markers were 
not expressed in HHs (Supplemental Fig. 3A). BRAF 
mutations at hotspot codon V600 have recently been 
identified in a cohort of human HHs.28 This prompted 
us to screen for the common BRAF V600E mutation in 
our cohort. However, all HHs of our cohort were nega-
tive for BRAF V600E (Supplemental Fig. 3A). Finally, 
regressed hemangioma cores showed a reduced 
macrophage content as measured by CD68+ cells 
compared with p16-senescent HHs, whereas DES+ 
cells were equally distributed in HH subtypes (Fig. 4C 
and D; Supplemental Fig. 3B and C).

In summary, these results suggest a role of early 
p16-mediated vascular senescence in HHs with pre-
served CATB expression that is lost in fully regressed 
HHs.

Discussion

The low risk of disease progression and the infrequent 
necessity to resect HHs result in a relative lack of 
knowledge regarding tissue morphology, marker 
expression, and lesion-specific evolution over time, 
although HH may serve as a suitable model to study 
EC subtype-specific mechanisms of vascular regres-
sion in a CEC-specific context. In case of HH resec-
tion, tissue acquisition is biased toward highly 
progressed, large, and morphologically heteroge-
neous hemangiomas that may already show the full 
spectrum of senescence-associated changes and tis-
sue regression. This collection bias, which is also 
present in our cohort, may affect the understanding of 
how these lesions develop over time. To address this 
problem, we here generated a large single-center 
cohort of 98 HHs and analyzed tissues in a core-spe-
cific manner so that individual cores contained a 

uniform morphology. This strategy allowed to better 
understand the evolution of HHs over time on a broader 
scale and allowed the subclassification of spatially 
restricted HH disease stages. For example, in our 
cohort, both lymphatic and vascular ECs of HH showed 
significant differences in cell numbers when compar-
ing non-senescent (80%), p16-senescent (12%), and 
regressed lesions (8%), indicating that both EC com-
partments may undergo a sequential evolution of EC 
expansion that leads to cell density–induced senes-
cence and/or regression. A comparable concept of 
HH evolution and regression has been proposed for 
infantile hemangioma.5,7 Unfortunately, Ki67 prolifera-
tion indices in our cohort were low and showed a sto-
chastic pattern so that it did not qualify as an early 
disease stage discriminator. This was in accordance 
with the average HH size and patient age that excluded 
early-onset disease. Using a randomly punched two-
core TMA classification strategy, we could identify 76% 
of HHs with a spatial monotypic and 24% with a hetero-
typic disease stage, which demonstrates intralesional 
stage-specific differences in advanced lesions. Future 
studies, which simultaneously analyze more than two 
HH lesional compartments and quantify the overall 
predominant stage, are required to deeply characterize 
the spatial heterogeneity within HHs and to perform 
meaningful clinicopathological correlations.

Senescence-associated marker expression revealed 
that apart from morphological criteria, an analysis of 
p16-expression may provide insight into hemangioma-
“stage” as it may have potential to biologically predict 
the tendency toward regression in spatially defined 
HH tissue compartments. As such, it would be inter-
esting to investigate whether the soluble factors of 
the senescence-associated secretome would differ 
between the HH subgroups proposed here.29 The 
microenvironment has long been discussed as one 
potential contributing factor in the development and 
progression of HHs.30,31 For example, the role of 
endogenous and exogenous estrogen has been found 
to increase the HH size in a minority of patients.32 
Focusing on the cell-specific microenvironment, the 
role of macrophages has been studied in infantile 
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Figure 3. Defined spatial- and core-specific stages of non-senescent, p16-senescent, and regressed HHs. (A) Percentual distribution of 
p16+ cells in non-senescent, p16-senescent, and regressed hemangiomas after digital senescence classification. Cutoff for p16-positivity 
was set to 10%. (B) Percentual distribution of non-senescent, p16-senescent, and regressed hemangiomas after HH classification.  
(C) Correlation analysis between p16+ and p53+ cell numbers in HH cores (Spearman correlation analysis). (D) Low and high magnifica-
tion of H&E, p16, p16+ cell detection, p53, p53+ cell detection, and Ki67 in non-senescent, p16-senescent, and regressed hemangiomas. 
Arrow indicates a Ki67+ EC in a non-senescent HH. Scale bar: 250 µm (low) and 20 µm (high). Abbreviations: HH, hepatic hemangioma; 
H&E, haematoxylin eosin; EC, endothelial cell.
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Figure 4. Unique cell composition in non-senescent, p16-senescent, and regressed HHs. (A) Percentual distribution of CD31+, CD34+, 
ERG+, PDPN+, and Ki67+ cells and average vascular diameters in non-senescent, p16-senescent, and regressed hemangiomas after HH 
classification. Comparison of p16-senescent hemangiomas vs subgroup of interest by Wilcoxon rank-sum test (*p<0.05, ***p<0.001).  
(B) Age at resection and HH macroscopic size in non-senescent, p16-senescent, and regressed hemangiomas. Comparison of 
p16-senescent hemangiomas vs subgroup of interest by Wilcoxon rank-sum test (n.s.). (C) Low and high magnification of CDK4, CATB, 
and CD68 in non-senescent, p16-senescent, and regressed hemangiomas. Scale bar: 250 µm (low) and 20 µm (high). Asterisk (*) demar-
cates insulas of CATB-positive retained hepatocytes in a non-senescent HH. (D) Percentual distribution of CDK4+, CATB+, and CD68+ 
cells in non-senescent, p16-senescent, and regressed hemangiomas after HH classification. Comparison of p16-senescent hemangiomas 
vs subgroup of interest by Wilcoxon rank-sum test (**p<0.01, ***p<0.001). Abbreviations: HH, hepatic hemangioma; CDK4, cyclin-
dependent kinase 4; CATB, catenin beta 1; n.s., not significant.
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hemangioma where it was proposed to contribute to 
the proliferation and regression of these lesions.33 For 
instance, C-C motif chemokine ligand 2 has been 
shown to be associated with the recruitment of macro-
phages in hepatic neoplastic disease and is known to 
be expressed by interstitial macrophages and smooth 
muscle cells in infantile hemangioma.34,35 A reduction 
of macrophage numbers in fully regressed lesions 
observed in our cohort may thus correlate with a bio-
logical role of these cells in HH evolution.

Altogether, a high-throughput spatial TMA-based HH 
disease staging into non-senescent, p16-senescent, 
and regressed lesions revealed morphological, func-
tional, intralesional, and marker-specific differences.
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