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Senescence is a stress-responsive tumor suppressor mechanism associated with expression of the senescence-
associated secretory phenotype (SASP). Through the SASP, senescent cells trigger their own immune-mediated
elimination, which if evaded leads to tumorigenesis. Senescent parenchymal cells are separated from circulating
immunocytes by the endothelium, which is targeted by microenvironmental signaling. Here we show that SASP
induces endothelial cell NF-xB activity and that SASP-induced endothelial expression of the canonical NF-xB
component Rela underpins senescence surveillance. Using human liver sinusoidal endothelial cells (LSECs),

we show that SASP-induced endothelial NF-xB activity regulates a conserved transcriptional program supporting
immunocyte recruitment. Furthermore, oncogenic hepatocyte senescence drives murine LSEC NF-kB activity in
vivo. Critically, we show two distinct endothelial pathways in senescence surveillance. First, endothelial-specific
loss of Rela prevents development of Stat1-expressing CD4" T lymphocytes. Second, the SASP up-regulates ICOSLG
on LSECs, with the ICOS-ICOSLG axis contributing to senescence cell clearance. Our results show that the en-

dothelium is a nonautonomous SASP target and an organizing center for immune-mediated senescence

surveillance.
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Cellular senescence is an intrinsic tumor suppressor
mechanism that leads to an autonomous cell cycle arrest
accompanied by development of a complex secretome,
termed the senescence-associated secretory phenotype
(SASP). The SASP mediates diverse nonautonomous func-
tionalities in the microenvironment and is controlled by
transcriptional regulators such as NF-xB (Chien et al.
2011; Lesina et al. 2016), C/EBPp (Acosta et al. 2008; Kuil-
man et al. 2008), NOTCHI1 (Hoare et al. 2016), and BRD4
(Tasdemir et al. 2016), in addition to post-transcriptional
regulation by IL1 (Orjalo et al. 2009), mTOR (Herranz
et al. 2015; Laberge et al. 2015), and COX2 (Gongalves
et al. 2021; Wiley et al. 2021). A key activity of SASP sig-
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naling is the recruitment of immune cells to eliminate the
senescent cell, restoring tissue homeostasis; failure of this
senescence surveillance with long-term persistence of
senescent cells results in tissue dysfunction (Demaria
et al. 2014}, aging phenotypes (Ovadya et al. 2018), and tu-
morigenesis (Kang et al. 2011).

Senescence surveillance has been shown, in different
contexts, to be dependent on multiple immune cell sub-
sets (Kale et al. 2020), including CD4* T lymphocytes
(Kang et al. 2011), macrophages (Kang et al. 2011; Lujam-
bio et al. 2013; Eggert et al. 2016; Gongalves et al. 2021),
and NK cells (Xue et al. 2007; Ruscetti et al. 2018; Pereira
et al. 2019). How the SASP is able to attract, recruit, and
activate these immune cells remains unclear. Senescence
phenotypes can be transmitted to adjacent cells through
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SASP-mediated paracrine (Acosta et al. 2013) or direct cell
contact (Hoare et al. 2016) routes, providing further com-
plexity to the senescence microenvironment. Inflamma-
tory SASP components (such as IL1, IL6, and IL8) are
both targets and activators of transcription factors NF-
kB and C/EBPp. Therefore, “local” inflammatory cytokine
signaling from senescent cells can be amplified in a juxta-
crine manner (Acosta et al. 2013). However, it remains un-
clear how senescent cells communicate with more distal
circulating immune cells, normally separated from paren-
chymal cells by the blood vessel endothelium. Our recent
study suggested that liver endothelial cells are a nonau-
tonomous target of the SASP (Hoare et al. 2016), where
the SASP modulates endothelial-dependent immunocyte
recruitment.

Immunocyte recruitment to the liver occurs within the
low-flow channels of the hepatic sinusoids, which are
lined by liver sinusoidal endothelial cells (LSECs), a
unique, specialized endothelial cell forming a physical
barrier between the circulation and the liver parenchyma
(Shetty et al. 2018). Interactions between LSECs and both
resident and circulating immune cells are crucial in re-
cruitment (Shetty et al. 2018) to the liver microenviron-
ment. Under differing conditions, LSECs selectively
recruit specific immune subsets with differing functional-
ity, such as T,c,s and B lymphocytes, through differential
expression of adhesion receptors (Shetty et al. 2011, 2012).

The role of LSECs as a major organizing center integrat-
ing microenvironmental signaling and controlling liver
regeneration has been shown in acute liver injury (Ding
et al. 2014). This has prognostic and therapeutic relevance
to cancer; treatment-induced senescence (TIS) in mouse
models of pancreatic cancer leads to SASP-mediated endo-
thelial activation and the accumulation of CD8* T lym-
phocytes in the tumors (Ruscetti et al. 2020), leading to
potential induced therapeutic vulnerabilities.

We hypothesized that the endothelium could play a key
role during immune-mediated senescence surveillance,
relaying and amplifying SASP signaling to circulating im-
mune cells, and controlling the infiltration of specific sub-
sets of immunocytes. Through analyses of signaling
between senescent and endothelial cells in vitro and in
vivo, we describe how the SASP drives NF-kB-dependent
endothelial phenotypes, controlling immune activity in
the microenvironment and the effectiveness of senes-
cence surveillance.

Results

The senescence secretome nonautonomously regulates
endothelial behavior

Our previous data showed that the SASP from RAS-in-
duced senescent (RIS) IMR90 human diploid fibroblasts
(HDFs) could promote lymphocyte adhesion and trans-en-
dothelial migration across LSECs (Hoare et al. 2016). This
suggested that endothelial cells might be a nonautono-
mous target of the SASP in the microenvironment, con-
trolling immune cell ingress and thereby senescence
surveillance. To understand the molecular basis of in-
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duced endothelial phenotypes, we investigated the effects
of SASP on the transcriptional profile of LSECs. We
obtained primary LSECs from seven patients undergoing
liver transplantation for end-stage liver disease (Supple-
mental Table S1). LSECs were incubated in growing or
RIS-conditioned media (CM) (Fig. 1A) from IMRO cells ex-
pressing a 4-hydroxytamoxifen (4-OHT)-inducible form of
oncogenic HRASS!?Y (ER:HRASG12V) (Hoare et al. 2016)
for 24 h before performing mRNA sequencing. This
showed RIS-SASP-dependent up-regulation and down-reg-
ulation of 555 and 434 genes, respectively (Fig. 1B; Supple-
mental Table S2), in LSECs. Among genes that were up-
regulated by the RIS-SASP across patients were a number
of cytokines and chemokines, such as IL6, IL8, CXCLI,
and CSF3; adhesion molecules such asICAM1; and the im-
munoregulatory ligand ICOSLG. We validated these
SASP-induced expression changes at the mRNA level
(Supplemental Fig. S1A), and confirmed subsequent pro-
tein expression changes through array analyses of CM
from SASP-primed LSECs (Supplemental Fig. S1B). This
suggests that senescent cells are able to induce a SASP-de-
pendent inflammatory and secretory phenotype in neigh-
boring endothelial cells.

The SASP nonautonomously regulates NF-xB activity
in endothelial cells

To understand SASP-regulated signaling pathways in en-
dothelial cells underpinning this behavior, we conducted
transcription factor (TF) motif enrichment analysis on the
SASP-regulated genes. The top three predicted TF motifs
at the up-regulated genes were binding sites for NF-xB
pathway components (Supplemental Fig. SIC). Consis-
tently, gene set enrichment analysis (GSEA) found signifi-
cant enrichment of endothelial NF-«xB target genes
(Kempe et al. 2005) in our up-regulated genes in LSECs
(Supplemental Fig. S1D). This mirrors potential signaling
changes seen in independent transcriptional profiling data
from human LSECs during the transition from health to
chronic liver disease, where RELA motifs were also highly
enriched in genes up-regulated in cirrhosis (Supplemental
Fig. S1E; Manicardi et al. 2021).

Activation of the canonical NF-xB pathway leads to the
cytoplasmic release and subsequent nuclear translocation
of transcriptional regulators, such as RELA. Incubation of
LSECs in RIS-CM was associated with an increased nucle-
ar localization of RELA (Fig. 1C). This relocalization of
RELA and downstream expression changes were not spe-
cific for LSECs, as direct coculture of human umbilical
vein endothelial cells (HUVECs) with RIS or DNA dam-
age-induced senescent (DDIS) IMR90s also led to in-
creased nuclear localization of RELA (Fig. 1D-F) and
increased expression of IL8 (Supplemental Fig. S1F-H),
both autonomously in the IMR90s and nonautonomously
in the HUVECs. These induced phenotypes were trans-
mitted through the SASP, as CM from RIS or DDIS, but
not from growing IMR90s, led to increased ICAMI1 and
ICOSLG expression in HUVECs (Fig. 1G,H). The SASP-in-
duced expression changes were similarly broad in
HUVECs, as we had shown in LSECs: qPCR analysis
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Figure 1. Senescent cells nonautonomously induce NF-kB activity in adjacent endothelial cells. (A) Experimental setup: Primary human
liver sinusoidal endothelial cells (LSECs) were incubated in conditioned media (CM) from growing or RIS ER:-HRASS!2V IMRYO0 cells for 24
h before harvesting for mRNA sequencing. (B) Volcano plot of log, fold change in gene expression against the —log;o P-value in RIS-CM
compared with Grow-CM-treated LSECs. Red dots are significantly differentially expressed (DE; FDR <0.05) genes. n = 7 biological repli-
cates for all conditions. (C) Representative immunofluorescence of LSECs from a single donor treated with Grow-CM or RIS-CM and
stained for CD31 and RELA. n =3 biological replicates; mean + SEM. Scale bar, 25 pm. (D) Experimental setup: direct coculture of growing,
RIS, or DDIS (treated with etoposide) ER:HRASS!?Y IMR9O0 cells (asterisks) with HUVECs (arrowheads). (E) Representative immunoflu-
orescence of coculture with senescence-dependent nuclear localization of RELA in both CD31~ IMR90s and CD31" HUVECs. Scale bar,
30 um. (F) Separate quantification of RELA nuclear positivity from five biological replicates. Dots are individual replicates, and bars are
means. Data were analyzed by one-way ANOVA with Sidak’s multiple comparisons test; (*)P <0.05, (****)P <0.0001. (G) Experimental
setup: HUVECs were incubated in CM from growing, RIS, or DDIS ER:HRASS'?Y IMR90 cells for 16 h before flow cytometry. (H) Rep-
resentative flow cytometry histograms of ICAM1 (left) and ICOSLG (right) expression on HUVECs incubated in the indicated CM. n>
3 biological replicates.

showed RIS-CM-induced up-regulation of multiple cyto-
kines and chemokines (Supplemental Fig. S1I).

Previous reports have shown that senescent cells can in-
duce a paracrine senescence in neighboring cells (Acosta

et al. 2013). Importantly, in our systems, the SASP drives
nonautonomous changes in neighboring endothelial cells
without inducing paracrine senescence (Supplemental
Fig. S1J-M): There were no changes in CDKN2A (the
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gene encoding pl6) or CCNA2 (Cyclin A2) expression in
LSECs after 24 h of incubation in RIS-CM (Supplemental
Fig. S1K), or evidence of senescence in HUVECs after 5 d
of culture in RIS-CM (Supplemental Fig. S1L,M). There-
fore, the SASP from senescent cells induced by different
stressors is able to nonautonomously induce canonical
NF-kB activation and up-regulation of NF-«xB target genes
in diverse neighboring endothelial cells without induc-
tion of paracrine senescence.

SASP-induced endothelial NF-xB activity is essential for
induced phenotypes

To understand the NF-«kB dependence of induced endothe-
lial expression changes and functional behaviors, such as
lymphocyte capture (Hoare et al. 2016), we ectopically
expressed the IkBa®32A/536A “superrepressor” (SR) in endo-
thelial cells to genetically inhibit NF-«B signaling. Direct
coculture of RIS IMR90s with HUVECs led to nuclear lo-
calization of RELA (Supplemental Fig. S2A-C) and expres-
sion of IL8 (Fig. 2A-C) in both the RIS IMR90s and
HUVEC:s. Ectopic expression of IkBa-SR in HUVECs pre-
vented both the induced nuclear localization of RELA
and IL8 expression in the endothelial cells but had no ef-
fect on the signal-sending IMR90s. Flow cytometry con-
firmed that IxBa-SR expression in HUVECs abrogated
the SASP-induced up-regulation of ICAM1 and ICOSLG
expression (Fig. 2D).

We confirmed these effects using the pharmacological
NF-«B inhibitors (NF-xBis) BAY11-7085 (BAY) and the
NEMO-binding domain binding peptide (NEMO) during
incubation of endothelial cells in RIS-CM. Using ELISA-
based pathway activation analyses, incubation of
HUVECs in RIS-CM leads to phosphorylation of RELA,
but not other intracellular signaling intermediates that
might be activated by the RIS-SASP, such as JNK or
STATS3 (Supplemental Fig. S2D); both of the NF-«Bis pre-
vented RIS-CM-induced phosphorylation of RELA in
HUVECs. Treatment of the endothelial cells with NF-
kBis abrogated the RIS-CM-induced up-regulation of
ICAMI1 in HUVECs (Fig. 2E) and ICOSLG in both
HUVECSs (Supplemental Fig. S2E) and human aortic endo-
thelial cells (HAECs) (Supplemental Fig. S2F), confirming
the importance of NF-xB activity in the regulation of these
expression changes.

To understand the functional relevance of SASP-in-
duced endothelial NF-kB activity, we used flow adhesion
assays (Hoare et al. 2016) to study the ability of peripheral
blood lymphocytes (PBLs) from healthy volunteers to ad-
here to endothelial cells under conditions of shear stress,
modeling immune cell recruitment in the liver sinusoids
(Fig. 2F). Preincubation of HUVECs in RIS-CM led to an
increase in both lymphocyte adhesion (Supplemental
Fig. S2G,H) and trans-endothelial migration (Fig. 2G,H);
both of these activities are completely abrogated when
HUVECs express the IkBa-SR. We confirmed that these
pathways were preserved in organ-specific endothelium
by showing that RIS priming of primary human LSECs
led to an increase in both lymphocyte adhesion (Supple-
mental Fig. S2G,H) and trans-endothelial migration;
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both of these activities were abrogated by treatment
with pharmacological NF-«Bis (Fig. 2H). Senescence-in-
duced endothelial NF-kB activity in HUVECs is necessary
for both adherence and trans-endothelial migration of
both CD4* and CD8* lymphocytes (Supplemental Fig.
S21,]). Therefore, SASP-mediated nonautonomous induc-
tion of endothelial NF-xB activity underpins an inflamma-
tory transcriptional program with cytokine/chemokine
secretion and promotes lymphocyte recruitment.

RIS hepatocytes nonautonomously drive LSEC
inflammatory gene expression in vivo

To understand whether senescent cells are able to nonau-
tonomously regulate endothelial cells in vivo, we investi-
gated whether senescent hepatocytes modulate LSEC
biology in mice. We use hydrodynamic tail vein (HDTV)in-
jection of transposons containing either oncogenic
NRASS!?V, leading to mosaic RIS hepatocytes, or a control
nonfunctional NRASS!12V/P38A ¢oinjected with a separate
plasmid containing the Sleeping Beauty transposase
(SB13). This system allowed us to temporally control induc-
tion of RIS in a subpopulation of hepatocytes (Kang et al.
2011; Hoare et al. 2016), with senescence established by
day 6 after injection and then immune-mediated clearance
of the RIS hepatocytes between day 6 and day 12 after injec-
tion. To study the effect of RIS hepatocytes on neighboring
LSECs, we used endothelial reporter mice: Mice with an in-
ducible endothelial-specific Cre-recombinase (Cdh5:Cre-
ERT?2) and a Cre-activatable LoxP-stop-LoxP-tdTomato re-
porter were treated with tamoxifen, leading to all endothe-
lial cells, including LSECs, expressing tdTomato. Among
nonimmune liver cells, only CD31* endothelial cells ex-
press tdTomato after tamoxifen treatment (Supplemental
Fig. S3A), suggesting no recombination within hepatocytes.
Furthermore, these CD31* cells did not express mVenus af-
ter HDTV injection of NRASS!12V.IRES-mVenus, suggest-
ing that HDTV injection does not lead to ectopic delivery
and expression of NRAS within LSECs.

Immunofluorescent staining of livers from these endo-
thelial-reported mice shows that RIS hepatocytes express
the SASP component Cxcll (Fig. 3B; Supplemental Fig.
S3B), as shown previously (Eggert et al. 2016; Gongalves
et al. 2021). However, Cxcll expression was also seen in
adjacent tdTomato* LSECs at day 6 after HDTV injection
with oncogenic NRASS'?Y, but not after injection of non-
functional NRASS12V/P38A Eig 3B C), suggesting that RIS
hepatocytes transiently induce Cxcll expression in neigh-
boring LSECs. To study whether nonautonomous induc-
tion of LSEC genes was more generalized, we induced
hepatocyte RIS in wild-type animals before isolating
LSECs using a combination of CD146-specific beads and
CD31-based flow sorting (Fig. 3D). Compared with con-
trol-injected animals, LSECs from mice injected with
NRASS!'?Y have significant up-regulation of Icam1, Sele,
Cxcl1, and Icosl, the mouse homolog of ICOSLG (Fig.
3E). This suggests that RIS hepatocytes nonautonomously
induce NF-xB target genes in endothelial cells in vivo that
are similar to those we previously identified in human
LSECs in vitro (Supplemental Fig. STA).
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Figure 2. Senescence-induced canonical NF-«B signaling in endothelial cells regulates downstream signaling and lymphocyte recruit-
ment. (A) Experimental setup: direct coculture of growing or RIS ER:HRASS2Y IMROO cells (asterisks) with HUVECs (arrowheads) ex-
pressing the IkBa superrepressor (SR) or vector control. (B) Representative immunofluorescence of coculture with senescence-
dependent IL8 expression in both CD31~ IMR90s and CD31* HUVECS. n =5 biological replicates. Scale bar, 30 pm. (C) Separate quanti-
fication of IL8 positivity from the two cell types. Dots are individual replicates, and bars are means. Data were analyzed by one-way
ANOVA with Sidak’s multiple comparisons test; (****) P <0.0001. (D) Experimental setup: HUVECs expressing the SR or vector control
were incubated in CM from growing or RIS ER:HRASS!?Y IMR9O0 cells for 16 h before harvesting for flow cytometry for ICAM1 (middle
panel) and ICOSLG (right panel). n > 3 biological replicates. (E) Experimental setup: HUVECs were incubated in CM from growing or RIS
ER:HRASS2V IMRY0 cells with vehicle or the indicated NF-kB inhibitors for 16 h before harvesting for flow cytometry for ICAM1. n> 3
biological replicates. (F) Experimental setup: LSECs or HUVECs with the indicated genetic or pharmacological NF-xB inhibitors were in-
cubated in CM from growing or RIS ER:-HRASS!?Y IMR90 cells for 16 h before performing a flow adhesion assay and analyses of lympho-
cyte adherence and trans-endothelial migration. (G) Representative photomicrographs of HUVECs with the indicated constructs and CM,
showing adherent lymphocytes (black arrows). (H) Trans-endothelial migration of lymphocytes in the indicated cell lines and conditions.
Dots are individual replicates, and bars are means. Data were analyzed by one-way ANOVA with Sidak’s multiple comparisons test; (**)P <
0.01, (****)P <0.0001.

Examination of previously published single-cell of multiple NF-«B target genes, such as Nfkbia, Icam]l,

mRNA sequencing data sets of murine liver endothelial
cells (Kalucka et al. 2020) shows a cellular subset that
similarly expresses Sele and Icosl homeostatically (Sup-
plemental Fig. S3C); further examination of the anatom-
ical location of these endothelial cells shows expression

Sele, Cxcll, and Icosl, in veins and venous capillaries
(Supplemental Fig. S3D). Therefore, we have identified
a pre-existing endothelial transcriptional program that
is nonautonomously induced by neighboring RIS
hepatocytes.
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Figure 3. Senescent hepatocytes induce endothelial NF-«B signaling in vivo. (A) Experimental setup: Cdh5-Cre:ERT2; LoxP-STOP-LoxP-
TdTomato endothelial reporter mice underwent hydrodynamic tail vein (HDTV) injection with transposons containing oncogenic
NRASS!?Y or nonfunctional NRASS!2V/P384 and then intraperitoneal injection with tamoxifen (Tam), leading to TdTomato expression
in endothelial cells. (B) Representative immunofluorescence of liver sections from mice injected with the indicated constructs, showing
Cxcll expression in TdTomato" endothelial cells (arrowheads). Scale bar, 20 pm. (C) Quantification of Cxcl1-expressing TdTomato* en-
dothelial cells at the indicated time points. Dots are individual mice, and bars are means. Data were analyzed by unpaired Student’s t-test;
(****) P<0.0001. (D,E) Experimental setup: Wild-type mice were injected with oncogenic NRASS'?Y or nonfunctional NRASS12V/P38A
before harvesting and sorting of LSECs at day 6 after HDTV injection (D) and qPCR analyses of the indicated gene expression (E). Dots
are individual mice, and bars are means. Data were analyzed by unpaired Student’s t-test; (*) P <0.05, (****) P <0.0001. (F) Experimental
setup: Wild-type or Rela™® mice were injected with oncogenic NRASS'?Y »» Cre before harvesting at day 6 after HDTV injection. (G) Rep-
resentative immunofluorescence of liver sections for the indicated proteins at day 6 after HDTV injection of NRASS!'?V > Cre-recombi-
nase, leading to RIS with autonomous Rela knockout and GFP expression. Scale bar, 20 um. (H) Quantification of Cxcl1-expressing RIS
hepatocytes in the indicated conditions. Dots are individual mice, and bars are means. Data were analyzed by unpaired Student’s t-test;
(***) P<0.001. (I) Quantification of NRAS" tissue area in the indicated conditions. Dots are individual mice, and bars are means. Data were
analyzed by unpaired Student’s t-test; (¥) P <0.05. (J) qPCR analyses of the indicated gene expression from LSECs at day 6 after HDTV in-
jection. Dots are individual mice, and bars are means. Data were analyzed by unpaired Student’s t-test; (*) P <0.05, (**) P<0.01, (***) P <
0.001.
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Previous studies have shown that the RIS SASP is criti-
cally dependent on NF-xB activation (Chien et al. 2011;
Lesina et al. 2016). To study whether nonautonomous in-
duction of LSEC gene expression is dependent on the hepa-
tocyte NF-kB activity, we used Rela™ /™ mice; upon
recombination, Rela is deleted, and its transcriptional
start site approximated to a downstream GFP cassette,
leading to GFP expression. HDTV injection of transposons
with NRASS!?V and Cre-recombinase outside of the trans-
poson (Gongalves et al. 2021) led to RIS and autonomous
knockout of Rela in the same hepatocytes. We confirmed
that intrahepatic GFP expression was confined to CD31~
cells in the nonimmune compartment, suggesting that
Cre-mediated recombination was not occurring in LSECs
(Supplemental Fig. S3E). Cxcll has previously been shown
to be a prominent member of the RIS SASP (Lesina et al.
2016), including hepatocyte SASP (Eggert et al. 2016). Un-
like wild-type mice injected with NRASS'2V-Cre, Rela™/
FL mice failed to express Cxcll in RIS hepatocytes (Fig. 3F-
H); this was associated with a failure of senescence surveil-
lance with a significant increase in RIS hepatocytes re-
maining at day 12 after HDTV injection (Fig. 3
Supplemental Fig. S3F). Analysis of LSECs also showed
that there was a failure of nonautonomously driven up-reg-
ulation of Icam1, Sele, Cxcl1, and Icosl (Fig. 3]). Important-
ly, in these mice, there were no clear changes in the global
abundance of intrahepatic CD4* or CD8* lymphocytes or
changes in F4/80-expressing myeloid cells or Klrblc-ex-
pressing NK cells between mice with or without Rela
knockout (Supplemental Fig. S3G). All of these immuno-
cytes have been shown to be crucial to senescence surveil-
lance in differing contexts. This shows that RIS
hepatocytes require Rela to induce SASP gene expression
and nonautonomously induce both gene expression in
neighboring LSECs and senescence surveillance.

RIS hepatocytes nonautonomously regulate endothelial
NF-xB activity in vivo

To understand whether nonautonomous induction of en-
dothelial NF-xB activity is crucial for gene expression
and functional changes, we knocked out Rela in LSECs
during RIS in hepatocytes. We crossed Cdh5-Cre:ERT2
mice with Rela™"*" mice, allowing tamoxifen-inducible
deletion of Rela in endothelial cells (Fig. 4A) with demon-
strable GFP expression, and therefore Cre-mediated re-
combination, only within CD31* endothelial cells
(Supplemental Fig. S4A).

Although LSECs from wild-type animals undergoing
HDTV injection with NRASS!?Y showed up-regulation
of Icam1i, Sele, Cxcll, and Icosl (Fig. 3D), both induced
transcriptional changes (Fig. 4A,B) and expression of
Cxcll protein (Supplemental Fig. S4B) were abrogated
when endothelial Rela was lost, suggesting that SASP-me-
diated induction of endothelial NF-kB activity was crucial.
Endothelial Rela was also crucial for immune-mediated
clearance of RIS hepatocytes, as immunohistochemistry
showed significant retention of these cells in the livers of
knockout animals at day 12 after HDTV injection of
NRASS!'?V (Fig. 4C-E), suggesting that nonautonomous

Senescence-induced endothelial activation

induction of endothelial NF-«xB activity underpins senes-
cence surveillance.

Senescence-induced endothelial phenotypes control
intrahepatic CD4* T Iymphocytes in vivo

Previous studies showed that senescence surveillance of
murine RIS hepatocytes is dependent on CD4* T lympho-
cytes (Kang et al. 2011). We had shown that SASP-induced
endothelial NF-kB activity was crucial for the recruitment
of several T-lymphocyte subsets in vitro, including CD4*
T lymphocytes (Supplemental Fig. S21,]). It remained un-
clear whether the SASP-primed endothelium simply
acts as a gatekeeper to immunocyte ingress or might be
an inducible regulator of specific immunocyte functional-
ity. Therefore, we studied the effect of induced endotheli-
al RelA signaling on intrahepatic CD4* T lymphocytes.
There were no differences in the global intrahepatic abun-
dance of CD4" cells associated with loss of endothelial
Rela during induction of hepatocyte RIS (Supplemental
Fig. S4C). Therefore, to understand whether induced en-
dothelial NF-«xB activity regulates specific CD4" T-cell
subsets, we performed multiplexed droplet-based single-
cell (sc) RNA sequencing of flow-sorted intrahepatic
CD4" T cells at day 9 after HDTV injection with
NRASS2Y, with or without endothelial-specific deletion
of Rela (Fig. 4F). This time point represents the period of
maximum CD4* T-cell-dependent immune-mediated
clearance of RIS hepatocytes (Kang et al. 2011; Hoare
et al. 2016; Gongalves et al. 2021).

Across eight mice, we analyzed 8152 CD4"* T cells that
fell into eight transcriptional clusters (Fig. 4G), with each
cluster containing cells from control and endothelial Rela
knockout mice. We found that endothelial-specific dele-
tion of Rela was associated with a specific loss of CD4*
T cells in clusters 2 (lymphotoxin-g™") and 4 during senes-
cence surveillance. Further examination of these two
transcriptional subtypes showed that they have the high-
est expression levels of the transcriptional regulator Stat1
(Fig. 4H). Stat1 has been shown to be crucial for the devel-
opment of Thl-polarized effector function in T lympho-
cytes (Sim et al. 2016) and to be tumor-suppressive in
mice (Kaplan et al. 1998). In addition to the changes in
Stat1 expression, cells in cluster 4 also expressed high lev-
els of multiple interferon-stimulated genes (ISGs) such as
Irf7 and Isg15 (Fig. 41), suggesting that induced endothelial
Rela regulates an interferon-stimulated program in a spe-
cific subset of intrahepatic lymphocytes.

Endothelial Rela-dependent activation of Stat1 in CD4* T
lymphocytes in vivo

To confirm these changes, we examined the protein ex-
pression and activation status of Statl in CD4" T lympho-
cytes in similar mice by immunofluorescence and flow
cytometry, respectively. In mice injected with NRASS!2V,
we identified Statl-expressing CD4" cells by immunoflu-
orescence. However, when endothelial Rela was deleted,
there are significantly fewer Statl-expressing cells (P=
0.001) (Fig. 4J). Jak/Stat agonists lead to activating
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Figure 4. Nonautonomous induction of endothelial NF-«B signaling regulates senescence surveillance and specific immunocyte recruit-
ment. (A) Experimental setup: Cdh5-Cre:ERT?2; Rela™ or Rela"14tP¢ (WT) mice underwent hydrodynamic tail vein (HDTV) injection
with NRASC!?V_containing transposons and then intraperitoneal injection with tamoxifen (Tam), leading to deletion of Rela in endothe-
lial cells. (B) LSECs were harvested 6 d after HDTV injection and analyzed for the indicated gene expression by qPCR. Dots are individual
mice, and bars are means. Data were analyzed by unpaired Student’s t-test; (*) P <0.05, (***) P <0.001. (C) Experimental setup: Cdh5-Cre:
ERT2; Rela™ or wild-type mice underwent hydrodynamic tail vein (HDTV) injection with transposons containing oncogenic NRASS!2Y
and then intraperitoneal injection with tamoxifen (Tam) before harvesting at 12 d after HDTV injection and analysis of RIS hepatocytes by
immunohistochemistry. (D,E) Representative photomicrographs of RAS immunochemistry from the indicated conditions (D; scale bar
200 pm) with quantification (E). Dots are individual mice, and bars are means. Data were analyzed by unpaired Student’s t-test; (**) P <
0.01. (F) Experimental setup: Cdh5-Cre:ERT2; Rela™ mice underwent hydrodynamic tail vein (HDTV) injection with NRASS'?V-con-
taining transposons and intraperitoneal injection with tamoxifen (Tam) or vehicle control before harvesting at 9 d after HDTV injection.
Intrahepatic CD4* T lymphocytes were flow-sorted before droplet-based scRNA sequencing. (G,H) tSNE clustering of 8152 CD4" T cells
from four mice in each indicated condition, showing differential abundance of cells in different clusters (G) and log, normalized Stat1
expression across all eight mice (H). (I) Expression plot showing cluster-specific expression of the indicated interferon-stimulated genes
in the indicated CD4" T-cell clusters from scRNA-seq data. (J) Representative immunofluorescence of liver sections from mice (as in F)
injected with the indicated constructs, showing Statl expression in CD4" cells (arrowheads). Scale bar, 20 pm. n = 3 biological replicates.
(K) Flow cytometric analysis of Stat] phosphorylation at Ser727 in intrahepatic CD4" T lymphocytes in the indicated conditions. Dots are
individual mice, and bars are means. Data were analyzed by one-way ANOVA with Sidak’s multiple comparisons test.
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phosphorylation of Statl at two C-terminal residues, fol-
lowed by nuclear translocation and downstream tran-
scriptional regulation. Analysis of phosphorylation of
Statl at serine 727 (S727) shows that induction of hepato-
cyte RIS was associated with increased pStatl in intrahe-
patic CD4" T lymphocytes (Fig 4K). Endothelial-specific
knockout of Rela completely abrogated this Statl phos-
phorylation; analyses of CD8" T lymphocytes from the
same mice showed a similar endothelial Rela-dependent
loss of Stat1 phosphorylation in CD8" T cells (Supplemen-
tal Fig. S4D). This suggests that SASP-primed LSECs can
regulate specific functionality in intrahepatic T cells
through induced NF-«B signaling. Therefore, the SASP-
primed endothelium underpins the recruitment and/or
activation of specific adaptive immune cell subsets and
immune-mediated senescence surveillance.

As our previous data suggest that SASP-primed endo-
thelial cells up-regulate ICOSLG/Icosl, we were interest-
ed in CD4" T lymphocytes expressing its cognate
receptor, Icos. Icos expression was localized to cells in
clusters 3 (Cxcr3* CD4" cells) and 6 (proliferating CD4*
cells) (Supplemental Fig. S4E) that express multiple genes
suggestive of activation, such as CD69 and Ccna2 (Cyclin
A2) (Supplemental Fig. S4F). However, upon comparison
between NRASS!?V.injected control mice and similar
mice with endothelial knockout of Rela, there was no dif-
ference in the relative abundance or transcriptional profile
of cells in these clusters, suggesting that there are no clear
changes in Icos™ CD4" T lymphocytes with loss of LSEC
RelA-dependent Icosl expression.

Loss of ICOS-ICOLSG signaling impairs senescence
surveillance in vivo

ICOSLG is an immunoregulatory molecule that, when
stimulated by its cognate receptor ICOS, drives T-lympho-
cyte activation (Dong et al. 2001). Although loss of endo-
thelial RelA did not alter the abundance of intrahepatic
Icos* CD4" lymphocytes, we hypothesized that SASP-in-
duced Icosl expression could modulate other Icos* immu-
nocytes during senescence surveillance. To study whether
Icosl was crucial to immune-mediated senescence surveil-
lance in vivo, we studied wild-type mice undergoing
HDTV injection with NRASS!2Y treated with or without
Icosl-blocking antibodies (Fig 5A). Treatment with Icosl-
blocking antibodies led to significantly greater numbers
of NRAS-expressing hepatocytes remaining at day 12 after
injection (Fig 5B,C), suggesting that Icosl signaling contrib-
utes to immune-mediated senescence surveillance.

As the scRNA-seq data did not show an endothelial-de-
pendent change in Icos-expressing intrahepatic CD4" T
cells, we elected to study changes in the entire intrahepatic
immune system associated with loss of Icosl signaling dur-
ing senescence surveillance; we studied wild-type mice
with or without Icosl blockade at day 9 after injection (Sup-
plemental Fig. S5A,B) using multiplexed mass cytometry
(Gongalves et al. 2021). Using antibodies against 23 cell sur-
face markers, we studied the relative abundance of all
immunocyte subsets between conditions (Supplemental
Fig. S5C). We confirmed impaired clearance of NRAS-ex-

Senescence-induced endothelial activation

pressing hepatocytes in mice with Icosl blockade (Supple-
mental Fig. S5A,B). Compared with NRASP*¥A.injected
mice, those injected with NRASS!?V showed significant en-
richment in granulocytes and monocytes (Supplemental
Fig. S5D), with a reduced abundance of most other immune
cell subsets. Upon similar comparison of mice injected with
NRASS!?V and Icosl-blocking antibodies with NRASS!2V-
injected control animals, there was a substantial reversal
of all these immune changes, with reduced abundance of
granulocytes/monocytes and an increased abundance of
all other immunocyte subsets, suggesting that Icosl signal-
ing has broad effects across the immune response.

Expression of the Icos receptor was seen in subsets of
CD4" T lymphocytes, macrophages, and Kupffer cells (Sup-
plemental Fig. S5E), the latter expressing high levels of
CD68 and F4/80 (Supplemental Fig. S5E). Analysis of inde-
pendent murine scRNA-seq data (Guilliams et al. 2022)
confirms the homeostatic expression of Icos in Kupffer
cells, in addition to CD4" T lymphocytes (Supplemental
Fig. S5F). Therefore, this complete reprogramming of the
intrahepatic immune landscape, associated with Icosl
blockade, could be a secondary effect through modulation
of Icos-expressing CD4" lymphocytes and/or other cells
such as Kupffer cells.

To further understand the importance of Icos-Icosl sig-
naling in immune-mediated senescence surveillance, we
used Icos-DTRY* mice in which diphtheria toxin receptor
(DTR) is expressed only in cells that also express Icos (Oli-
phant et al. 2014). Treatment of these mice with diphtheria
toxin (DTX] selectively depletes Icos-expressing immuno-
cytes (Supplemental Fig. S5G). We induced NRASS!'2V-me-
diated hepatocyte senescence before injection of DTX or
control (Fig 5D). Ablation of Icos-expressing cells is associ-
ated with retention of NRAS-positive hepatocytes at day 12
afterinjection (Fig 5E,F), suggesting that Icos-dependent sig-
naling is crucial to immune-mediated senescence
surveillance.

Therefore, SASP-primed endothelial cells are able to reg-
ulate the abundance of Statl-activated CD4* lymphocytes;
independently, there was evidence that senescence-in-
duced Icos-Icosl signaling was able to modulate the out-
come of immune-mediated senescence surveillance.

ICOSLG is up-regulated in chronic liver disease and is
associated with prognosis

To understand the relevance of ICOSLG up-regulation to
human disease, we studied hepatic expression levels in pa-
tients with normal livers or chronic liver disease. ICOSLG
was significantly up-regulated at both mRNA and protein
level in samples from patients with a variety of liver diseases
of both metabolic and immune etiologies (Fig. 5G,H). The
level of ICOSLG expression is also associated with progno-
sis in patients with HCC from the TCGA data set (Fig. 5I).

Discussion

The data that we have presented here suggest a paradigm
where the SASP from senescent cells modulates the
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Figure 5. Icos-Icosl signaling regulates senescence surveillance. (A) Experimental setup: Wild-type mice were injected with NRASS12V-

containing transposons and then received intermittent intraperitoneal injection of anti-Icosl or matched IgG control on the indicated days
before harvest on day 9 or 12 after HDTV injection. (B,C) Representative photomicrographs of RAS immunochemistry from the indicated
conditions (B; scale bar, 100 pm) with quantification (C). Dots are individual mice, and bars are means. Data were analyzed by unpaired
Student’s t-test; (*) P <0.05. (D) Experimental setup: Icos-DTR mice injected with NRASS1?Y-containing transposons then received inter-
mittent intraperitoneal injection of diphtheria toxin (DTX) or vehicle control on the indicated days before harvest on day 12 after HDTV
injection. (E,F) Representative photomicrographs of RAS immunochemistry from the indicated conditions (E; scale bar, 100 um) with
quantification (F). Dots are individual mice, and bars are means. Data were analyzed by one-way ANOVA with Sidak’s multiple compar-
isons test; (****) P <0.0001. (G) QRT-PCR analysis of ICOSLG expression relative to ACTB in samples from normal human livers (n=5) or
chronic liver disease of the indicated etiology (n=10). Dots are individual patients, and bars are means. Data were analyzed by unpaired
Student’s t-test; (**) P <0.01. (H) Immunoblotting analysis of ICOSLG expression in liver samples from normal human livers (n=5) or
chronic liver disease of the indicated etiology (nn=12). Dots are individual patients, and bars are means. Data were analyzed by unpaired
Student’s t-test; (**) P <0.01. Example immunoblot of ICOSLG in samples from normal and CLD livers. (I) Kaplan-Meier analysis of over-
all survival for patients with HCC in the TCGA data set dichotomized by ICOSLG mRNA expression higher or lower than the median.

Data were analyzed by log-rank test.

behavior of multiple target cells within the microenviron-
ment, including neighboring endothelial cells. These
primed endothelial cells then act as organizing and ampli-
fication centers of SASP activity, driving immune-mediat-
ed senescence surveillance and clearance of senescent
cells. Soluble factors from senescent cells induce LSEC
NF-xB activity, crucial for transcriptional and functional
changes, including both the recruitment of a specific
Statl-activated subset of CD4" T lymphocytes and the
outcome of senescence surveillance (Supplemental Fig.
S5H).
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This SASP-dependent regulation of endothelial behav-
ior has been shown previously with regulation of neoan-
giogenesis through IL6 (Ancrile et al. 2007) or VEGF
(Coppé et al. 2006) in tumors and ischemic retinopathy
(Oubaha et al. 2016). SASP, containing VEGF, was able to
drive HUVEC proliferation and invasion but also promot-
ed the vascularization of grafted tumors (Coppé et al.
2006). Recent evidence of senescence priming of the endo-
thelium has emerged: Ruscetti et al. (2020) showed that
TIS in murine pancreatic tumors led to vascular remodel-
ing but also CD8" T-lymphocyte recruitment. This T-cell
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recruitment was dependent on both the SASP and induced
endothelial Vcam expression, enhancing sensitivity to im-
mune checkpoint blockade and survival of the mice.

However, the underlying mechanisms of senescence-
induced endothelial activation remained unclear. In this
present work we have identified induced endothelial
NF-«B activation as crucial to senescence surveillance in
the liver. However, these induced phenotypes are not per-
sistent: In vitro, there is no evidence that the endothelial
cells undergo paracrine senescence; in addition, in vivo,
endothelial Cxcll expression rapidly wanes with time af-
ter induction of hepatocyte senescence. This has been
shown before in other contexts: After acute hepatic injury,
LSECs mediate liver regeneration through CXCR4 and
CXCR?7 signaling (Ding et al. 2014). However, during
chronic liver injury, LSECs switch to mediate hepatic fi-
brosis through FGFRI signaling. Therefore, it may be
that the senescence-primed endothelium has a similar
switch, only promoting immune cell ingress into the mi-
croenvironment during the acute response to senescence,
but not during chronic persistent senescence; this re-
mains to be tested. Importantly, this dynamic switch in
endothelial phenotype is potentially therapeutically tar-
getable, with promotion of lung and liver regeneration
through modulation of induced endothelial phenotypes
(Cao et al. 2017).

Downstream from NF-kB, we have identified two path-
ways of immunocyte modulation that are induced by sen-
escent hepatocytes: the endothelial-dependent induction
of Statl activation in intrahepatic lymphocytes and the in-
volvement of Icos-Icosl signaling. It has been known for
many years that Stat1 is crucial for Ifn-y expression and cy-
totoxicity of antitumoral T lymphocytes in vivo (Fallarino
and Gajewski 1999); recent work has also shown that loss
of inducible STAT1 activation in lymphocytesis a general-
ized phenomenon in many human cancers and is associat-
ed with a failure of lymphocyte activation (Critchley-
Thorne et al. 2009). There has been much interest in the
role of both inhibitory and stimulatory receptor systems
in lymphocyte activation, with clinical deployment of im-
mune checkpoint blockade transforming the prognosis for
some cancer patients, including HCC. ICOS-ICOSLG sig-
naling is an activating receptor system (Dong et al. 2001),
with ICOS expression only previously described in lym-
phoid populations. Inducible endothelial ICOSLG expres-
sion has been described, particularly after inflammatory
stimulation (Khayyamian et al. 2002; Klingenberg et al.
2005), and regulates CD4* (Khayyamian et al. 2002) and
CD8" T-lymphocyte functionality during cardiac allograft
rejection (Klingenberg et al. 2005), suggesting that inflam-
matory-induced endothelial ICOSLG expression could ac-
tivate and shape the local immune reaction at the site of
injury or infection. In antitumoral immunity, Icos-Icosl
signaling underpins successful antitumoral immune re-
sponses after blockade of the inhibitory ligand Ctla4 (Fu
et al. 2011) or PD-1 (Hanson et al. 2020), providing ratio-
nale for the development of clinical ICOS-agonistic anti-
bodies as second-generation immune oncology agents.
These stimulating antibodies seem to avoid the supera-
gonistic activity of earlier CD28 targeted therapies.

Senescence-induced endothelial activation

Previous studies have shown that elimination of aging-
or treatment-induced senescent cells could be beneficial
to health span (Baker et al. 2016) and have used directly
acting senolytic agents that promote senescent cell apo-
ptosis. Our data suggest rational synergistic treatment tar-
gets for senolysis, with potentiation of immune-mediated
senescence surveillance through targeting of endothelial
pathways with agents such as ICOS-agonistic antibodies.
These approaches will require validation in further pre-
clinical models.

Materials and methods

Cell culture

IMR90 (ATCC CCL-186; RRID: CVCL_0347) human diploid fi-
broblasts were cultured in DMEM/10% fetal calf serum (FCS) at
37°C in a 5% 0,/5% CO, atmosphere. HUVECs (Lonza) and
HAECs (Lonza) were cultured in endothelial cell growth medium
(Sigma-Aldrich) at 37°C in a 5% O,/5% CO, atmosphere. Cell
identity was confirmed through short tandem repeat (STR) geno-
typing, and regular mycoplasma contamination testing was al-
ways found to be negative. Cocultures were set up at a cell
number ratio of 1:1 and performed in endothelial cell growth me-
dium at 37°C in a 5% 0,/5% CO, atmosphere. The following
drugs and inhibitors were used in cultures: 100 nM 4-hydroxyta-
moxifen (4OHT) (Sigma), 100 uM etoposide (Etop) (Sigma), 10
pM Bay 11-7085 (Bayll) (Tocris), and NEMO-binding domain
binding peptide (NEMO) (Merck Millipore), as indicated in the re-
spective figures.

Conditioned media (CM) was obtained by plating 2.5 x 10° cells
in serum-free growth medium for 16 h before filtration through a
0.22-pm pore filter. CM was then supplemented with FCS for a
final concentration of 10% FCS-supplemented growth medium,
before being applied to HUVECs or LSECs at a ratio of one part
CM to three parts fresh endothelial cell growth medium.

Vectors

The following retroviral vectors were used: pLNCX2 ER:
HRASS!2Y (Addgene 67844; RRID: Addgene_67844) (Hoare et al.
2016), pBabe-empty vector (Hoare et al. 2016), and pBabe-
IkBaS32A/836A ugyperrepressor” (a gift from William Hahn; Addg-
ene 15291; RRID: Addgene_15291). The following vectors were
used for hydrodynamic tail vein injection: pPGK-SB13 (Kang et
al. 2011), 2011); pCAGGS-NRASS12V.IRES- (Kang et al.2011),
PCAGGS-NRASGI2V/DBA IRES.  (Kang et al2011), and
pCAGGS-NRASC!?V.IRES-mVenus (Hoare et al. 2016); and
pCAGGS-NRASS2VIRES >> Cre (Gongalves et al. 2021).

Human LSEC isolation

Tissue and blood samples from patients were obtained with writ-
ten informed consent and with local ethics committee approval
(LREC references 06/Q2702/61, 06/Q2708/61, and 04/Q2708/
41). Liver sinusoidal endothelial cells (LSECs) were isolated
from human liver tissues, as described previously (Hoare et al.
2016). Briefly, ~30-g slices of liver tissue were subjected to me-
chanical chopping with scalpels followed by enzymatic digestion
with 10 mg/mL collagenase IA (Sigma-Aldrich). Resultant cell
suspensions were layered on a 33%/77% Percoll (GE Healthcare)
gradient and centrifuged at 800g for 25 min, and the nonparenchy-
mal cell layer was then removed. LSECs were isolated via positive
immunomagnetic selection with CD31 Dynabeads (Invitrogen)
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and resuspended in human endothelial serum-free media (SFM)
(Invitrogen) supplemented with 10% human serum (TCS Biosci-
ences), 10 ng/mL vascular endothelial growth factor (VEGF)
(PeproTech), and 10 ng/mL hepatocyte growth factor (HGF)
(PeproTech). LSECs were seeded on rat tail collagen-coated
(1:100; Sigma-Aldrich) culture flasks and maintained in 2 humid-
ified incubator at 37°C with 5% CO,.

mRNA ssequencing of SASP-treated human LSECs

LSECs, obtained from seven explanted livers from patients under-
going liver transplantation (Supplemental Table S1), were incu-
bated in growing CM or RIS-CM from IMR90 cells for 24 h, as
described previously (Hoare et al. 2016). RNA was extracted using
the Qiagen RNeasy plus kit according to the manufacturer’s in-
structions, and RNA quality was checked using a 4200 Tapesta-
tion Bioanalyzer (Agilent). mRNA-seq libraries were prepared as
previously described (Hoare et al. 2016), using the Illumina Tru-
Seq stranded mRNA kit and then sequenced on an Hlumina
HiSeq 2500, obtaining single-end 50-bp reads.

Sequencing alignment mRNA-seq libraries were quality-checked
using the FastQC tool from the Babraham Institute. Reads were
mapped to the human reference genome hgl9 with the STAR
(version 2.5.0b) aligner (Harrow et al. 2012), and uniquely map-
ping reads were selected for further analyses. Read counts were
estimated per gene using the featureCounts tool from the subread
package against the gene annotation from GENCODEI9, using
the paired-end and the strand-specific options.

Gene set enrichment analyses (GSEAs) and transcription factor motif
analyses Gene- set enrichment analyses (GSEAs) and transcrip-
tion factor motif analyses were performed as described previously
(Hoare et al. 2016) using EnrichR against the ENCODE and
ChEAconsensus TFs from ChIP-X and the MSigDB Hallmark
2020 databases, which consist of gene sets corresponding to
known targets of various transcription factors and pathway mem-
bers, respectively. The significantly enriched transcription fac-
tors and pathways, respectively, were selected using an FDR
threshold of 0.05. Enrichment results were plotted using the R
package ggplot2 (Wickham 2009). Other data sets used were as
follows: Endothelial NF-«B target genes were obtained from the
primary publication (Kempe et al. 2005), and regulated
LSEC genes in health and chronic liver disease (Manicardi et al.
2021) were obtained from the Gene Expression Omnibus
(GSE164799).

Quantitative reverse transcription PCR

RNA was extracted using the RNeasy Plus kit (Qiagen 74136) ac-
cording to the manufacturer’s instructions and reverse-tran-
scribed to cDNA using the Applied Biosystems high-capacity
reverse transcription kit (Thermo Fisher 43-688-13). Relative ex-
pression was calculated as previously described (Hoare et al. 2016)
on an Applied Biosystems QuantStudio 6 by the 2722t method
using B-actin (ACTB or Actb) as an internal control. The primers
used in this study are detailed in Supplemental Table S3.

Immunofluorescence on cells

Cells were seeded onto #1.5 glass coverslips the day before fixa-
tion to achieve 60% confluence. Cells were fixed in 4% (v/v)
PFA and permeabilized with 0.2% (v/v) Triton X-100 in PBS. Cells
were washed with 0.1% (v/v) Tween in PBS and then blocked
with 3% (v/v) serum. Cells were incubated with combinations
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of the following antibodies: anti-CD31 (1:100; R&D Systems
AF806), anti-IL8 (1:100; R&D Systems MAB208], anti-RELA
(1:50; Santa Cruz Biotechnology sc-372), anti-RELA (1:400; Cell
Signaling 8242), and DAPI (1:1000; Sigma D8417). Coverslips
were mounted onto Superfrost Plus slides (Thermo Fisher 4951)
with VectaShield antifade mounting medium (Vector Laborato-
ries H-1000).

Fluorescence microscopy and analysis

Immunohistochemistry slides were scanned on a Leica AT2 at
20x magnification and a resolution of 0.5 pm per pixel. Image
analysis was performed using the HALO (Indicalabs) software, ap-
plying the Cytonuclear v1.4 algorithm. Positive staining areas
were expressed relative (percentage) to the total tissue sectional
area (fractional area). Fluorescence images were obtained using
a Leica SP5 microscope with a HC PL APO CS2 1.4 NA 63x oil
objective (Leica Microsystems). Z-stacks with maximum intensi-
ty projection were generated by Fiji/Image] software. Fluores-
cence scanning was performed on a Zeiss Axio Scan.Z1 at 20x
magnification and a resolution of 0.5 pm per pixel. Following digi-
tization, image analyses were performed using the Fiji/Image]
10.51 software, applying the LoG detector, where blob diameter
was set to 0.19 in with a threshold of 0.4 to quantify number of
individual nuclei. All images were reviewed manually following
analysis to assess accuracy.

Flow-based adhesion assays

Flow-based adhesion assays (Hoare et al. 2016) were used to
study lymphocyte recruitment to LSEC monolayers in vitro un-
der physiological shear stress. Briefly, 7.5 x 10° LSECs were seed-
ed in each channel of a rat tail collagen-coated p-slide VI 0.4 and
grown to confluence overnight. Cells were then stimulated with
1:3 dilution (in whole LSEC media) of growing CM or RIS-CM
for 24 h. Peripheral blood lymphocytes (PBLs) were then isolated
from whole blood by layering on Lympholyte-H (Cedarlane) and
centrifuging at 800g for 25 min. The peripheral blood monocytic
cell (PBMC) layer was then removed, washed in PBS with 2%
FCS and 1 mM EDTA (Gibco by Thermo Fisher Scientific),
and centrifuged at 800g for 5 min. A platelet depletion step
was then performed by a second wash in PBS with 2% FCS
and 1 mM EDTA and centrifugation at 350g for 10 min. Follow-
ing this, monocyte depletion via plastic adherence was per-
formed by a 1-h incubation in a cell culture flask. The
resultant PBL suspension was washed once again in PBS with
2% FCS and 1 mM EDTA at a cell density of 1x10° cells/mL
in a flow medium of endothelial SFM with 0.1% BSA. To gener-
ate antibody-free purified populations of CD4* and CD8" T lym-
phocytes, we used a negative bead selection strategy from these
PBLs according to the manufacturer’s instructions (Dynabeads
Untouched CD4*/CD8" kits, Thermo Fisher). PBLs or purified
subpopulations were then perfused over the LSECs at a physio-
logical shear of 0.05 Pa, with each channel of the p-slide per-
fused for 5 min. Afterward, channels were washed thoroughly
for 3 min with flow media alone and video recordings were tak-
en. All flow assays were imaged via phase-contrast microscopy
on an Olympus IX50 inverted microscope (Olympus), and 12
fields of view from each channel were analyzed for adherent/
transmigrated PBLs. Counts of adherent PBLs were then normal-
ized to cells/mm?/10° cells perfused using the following equa-
tion: {adherent cells/[flow rate (0.28 mL/min)]xbolus (5 min)x
field of view area (0.154 mm?)}x[l/concentration of lympho-
cytes (1 x10° cells/mL]].
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Cytokine array assays

Primary human LSECs were incubated overnight in growing CM
or RIS-CM, as above. In the morning, they were washed twice in
PBS and incubated in fresh endothelial growth media for 8 h be-
fore the LSEC-CM was harvested using the proteome profiler hu-
man cytokine array kits (R&D Systems ARY005B) according to
the manufacturer’s instructions.

Protein quantification by immunoblotting

Protein was obtained by seeding 2.5 x 10 cells and lysis by RIPA
buffer. Immunoblotting was performed, as reported previously
(Hoare et al. 2016), using sodium dodecyl sulphate-polyacryl-
amide gel electrophoresis gels using the following antibodies:
anti-p-Actin (Sigma-Aldrich A5441; RRID: AB_476744), anti-
ICOSLG (Thermo 16-5889-82; RRID: AB_469129), anti-Cyclin
A2 (Sigma c4710; RRID: AB_1078603), anti-HRAS (Calbiochem
OP23; RRID: AB_2121030), and anti-p21 (Becton Dikinson
556431; RRID: AB_396415).

SA-B-galactosidase assays

Growing CM or D6 RIS-CM was harvested from 1.0 x 10° IMR90
cells cultured in serum-free media for 16 h before filtration
through a 0.22-um filter. Growing or RIS IMR90s were subjected
to SA-B-gal assay directly. HUVECs were incubated in growing
CM or RIS-CM for 5 d before SA-B-gal assays were performed as
previously described (Hoare et al. 2016).

Pathway activation ELISA

HUVECSs were incubated overnight in growing CM or RIS-CM
with or without NF-«kB inhibitors before harvesting of cell lysates
and analyses of pathway activation status using the PathScan in-
flammation multitarget sandwich ELISA kit (Cell Signaling 72.76)
according to the manufacturer’s instructions.

Mouse models

All animal experiments were approved by the UK Home Office
regulations, and mice were group-housed under specific patho-
gen-free conditions under a 12-h light/dark cycle in accordance
with the University of Cambridge guidelines. Mice had free ac-
cess to water and to standard mouse chow (LabDiet, PicoLab ro-
dent diet 20). Mice genotypes from ear clipping biopsies were
determined by Transnetyx (Transnetyx).

Wild-type C57B1/6, Reld™? (B6.129S1-Rela®™!V¥/], MGI:
6148061), and Rosa26_LoxP-STOP-LoxP-Tdtomato [Ai9; B6.Cg-
Gt(ROSA)26Sor™(CAG tdTomato)Hze [ MIGT: 3809523] mice were
purchased from Charles River. To specifically achieve Cre-medi-
ated recombination in the endothelium, the Cdh5-Cre:ERT2 [Tg
(Cdh5-cre/ERT2)'RP, MGI: 3848982] mouse line that expresses
tamoxifen-inducible Cre-recombinase (Cre:ERT2) under the reg-
ulation of the vascular endothelial cadherin promoter (VE-Cad;
a kind gift from Professor Neil Henderson University of Edin-
burgh, UK) was used. The Cdh5-Cre:ERT2;Reld™" mouse strain
was generated by crossing Cdh5-Cre:ERT2 mice with Reld™”
mice. The Cdh5-Cre:ERT2;Rosa26_LSL-Tdtomato mouse strain
was generated by crossing Cdh5-Cre:ERT2 mice with
Rosa26_LSL-Tdtomato mice. To induce recombination, 100 pL
of tamoxifen in corn oil solution (20 mg/mL) was given via intra-
peritoneal injection once every 24 h for five consecutive days.

For in vivo Icosl blockade experiments, C57Bl/6 mice received
HDTYV injection on day 0, before intraperitoneal injection of InVi-
voMab rat IgG2a isotype (Bio X Cell BE0089, RRID:AB_1107769)

Senescence-induced endothelial activation

or InVivoMab antimouse Icosl (CD275) (Bio X Cell BE0028,
RRID:AB_1107566) on days 0, 3, 6, and 9 at a concentration of
100 pg per animal per injection.

For Icos-DTR experiments, Icos-DTR mice (Oliphant et al.
2014) carrying a floxed DTx receptor (DTR) gene in the Icos locus,
leading to a null allele (Icost™ -1 HbestAnim, MGT: 6956735, a kind
gift from Dr. Andrew McKenzie, Cambridge), received HDTV in-
jection on day 0 before receiving intraperitoneal DTx (25 ng/g of
body weight) on days 5, 7,9, and 11. The efficiency of depletion of
Icos® cells was checked by flow cytometry of CD45" splenocytes.

Hydrodynamic tail vein (HDTV) injection

Mice receiving the HDTV procedure were injected at 5-8 wk of
age, as previously described (Hoare et al. 2016). Vectors for injec-
tion were prepared with the Qiagen EndoFree MaxiPrep kit.
Briefly, 20 ng of the appropriate vector and 5 pg of SB13 transpo-
sase-containing plasmid were diluted in sterile physiological sa-
line to a total volume of 10% of the mouse body weight before
being injected into the lateral tail vein in <10 sec.

Immunohistochemistry and immunofluorescence on tissues

Tissues were fixed in 10% neutral-buffered formalin solution for
24 h and transferred to 70% ethanol. Tissues were embedded in
paraffin, cut in 3-um sections on poly-lysine-coated slides, depar-
affinized, and rehydrated. Antigen retrieval was performed by in-
cubating slides in either citrate (pH 6) or Tris-EDTA (pH 9)
solutions and heat-inducing them in a pressure cooker for 5
min at 120°C. Slides were blocked with donkey serum (Sigma Al-
drich D9663) and mouse-on-mouse blocking reagent (Vector Lab-
oratories MKB-2213-1) and pretreated with Vector TrueView
autofluorescence quenching kit (Vector Laboratories). All anti-
bodies were prepared in 0.1% (v/v) Tween in PBS containing
300 mM NaCl. Sections were incubated with primary antibodies
and prepared as detailed in Supplemental Table S3 before visual-
ization using the DAKO Envision kit according to the manufac-
turer’s instructions and counterstaining with hematoxylin or
staining with the appropriate fluorescent-tagged secondary anti-
bodies. Sections were then stained with DAPI (Sigma) before be-
ing mounted with VectaShield Vibrance antifade mounting
medium.

Murine LSEC isolation

Murine livers were obtained and dissociated using the liver disso-
ciation kit (Miltenyi Biotec) in accordance with the manufactur-
er’s instructions. Dissociated hepatic cells were passed through a
40-pm filter, and red blood cells (RBCs) were lysed by RBC lysis
buffer (eBioscience). The cell suspension was washed with PEB
buffer (0.5% [v/v] BSA, 5 mM EDTA in PBS) before incubating
in CD146 MicroBeads (Miltenyi Biotec) for 15 min at 4°C. LSECs
were enriched by passing the cell suspension through the MACS
separator unit (Miltenyi Biotec). The enriched LSEC suspension
was washed several times with PEB buffer and stained with Fc re-
ceptor blocker (antimouse FCGR3/CD16*-FCGR2B/CD32; BioL-
egend 101301, RRID:AB_312800). Subsequently, cells were
stained with anti-CD31-PE (1:50; Thermo Fisher Scientific 12-
0311-82, RRID:AB_465632) for 30 minat 4°C and then stained
with DAPI (1:1000; Sigma D8417). Cells were sorted using a
FACS Aria or Influx (BD Bioscience) directly into RLT plus buffer
(Qiagen), passed through a QIAshredder (Qiagen), and stored at
—80°C until use.
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Murine hepatic immune cell isolation

Murine livers were obtained and dissociated using the liver disso-
ciation kit (Miltenyi Biotec) in accordance with the manufactur-
er’s instructions. Dissociated hepatic cells were passed through a
40-um filter, and red blood cells (RBCs) were lysed by RBC lysis
buffer (eBioscience). The cell suspension was washed with PEB
buffer (0.5% [v/v] BSA, 5 mM EDTA in PBS). The immune cells
were enriched from the cell suspension by gradient centrifugation
using Optiprep density gradient medium (Sigma-Aldrich). Briefly,
the cells were suspended in 10 mL of 33.3% Optiprep diluted in
PEB. Seven milliliters of PEB was carefully layered on top of the
cell suspension without disturbing the interface of two layers.
The cell suspension was centrifuged at 500g for 20 min at 4°C
without brake at the end of centrifugation. Immune cells at the
interface between two layers were extracted, washed with PEB,
and analyzed by flow cytometry. Cells were also fixed and stored
in —80°C for mass cytometry.

Flow cytometry

Cultured cells were dislodged from culture vessels nonenzymati-
cally with Versene (Thermo Fisher) in order to maintain cell sur-
face antigens. All cell suspensions were incubated in Fc receptor
blocker (Biolegend, as above) in FACS buffer (3% [v/v] BSA in PBS)
prior to staining in FACS buffer with fluorochrome-conjugated
antibodies (Supplemental Table S3) and an amine-reactive liver/
dead dye. For analyses of Statl phosphorylation, cells were fixed
and permeabilized using the FoxP3/transcription factor fix/
perm kit (Invitrogen). Counting beads were added to each sample
before processing on the flow cytometer set up with appropriate
compensation using single-stained controls. All samples were an-
alyzed using a FACS LSRI, Fortessa, or Symphony (BD Bioscienc-
es). Data were further analyzed using FlowJo v10.

Single-cell sequencing of murine hepatic CD4" T cells

Sample preparation, library preparation, and sequencing Eight Cdh5;
Reld™" mice were used. On day 0, all mice were subjected to
HDTV injection of NRASS!?Y, as previously described. The
mice received 100 pL of 20 mg/mL tamoxifen or corn oil solution
via intraperitoneal injection once every 24 h for a total of five con-
secutive days (day 0-4). On day 9 after HDTV injection, all mice
were sacrificed and livers were harvested and dissociated using
the liver dissociation kit in accordance with the manufacturer’s
protocol (Miltenyi Biotec). A small lobe of liver was reserved for
paraffin embedding. Isolation of murine hepatic immune popula-
tion was performed as previously described. Importantly, CD4*
T-cell purification kit (Miltenyi Biotec 130-104-454) was used
to enrich an untouched CD4" T population. One million purified
CD4* T cells from each liver were collected and individually la-
beled with hashtag oligos according to the manufacturer’s proto-
col (Biolegend, TotalSeq-B v3.1 single index) (hashtag oligo
labeling sequences are listed in Supplemental Table S3). Follow-
ing labeling, the samples were washed and pooled before staining
with an antibody cocktail containing anti-CD3-PE (1:100; Biole-
gend 17A2), anti-CD4-BV605 (1:100; Biolegend RM4-5), and fix-
able viability dye eFluor 780 (1:100; eBioscience 65-0865-14).
Stained cells were washed and sorted using an Influx (BD Bio-
science) to obtain live ultrapure CD3*CD4" T cells.

A total of 50,000 cells was loaded per lane on a 10x Chromium
Genomics platform, with the expectancy rate of capture at 60%.
Standard 10x Genomics parameters were used as follows: readl:
28 bp, index1: 8 bp, index2: 0 bp, and read2: 91 bp. Downstream
single-cell sequencing library preparation followed the manufac-
turer’s instructions (10x Genomics Chromium single-cell 3’
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GEM v3 workflow). The library was then sequenced on two lanes
of an SP flow cell on an Illumina NovaSeq6000, providing 979
million reads in total.

Preprocessing, quality control, and analyses Raw sequencing reads
were mapped to the GRCm38, assembly version 93 (version
STAR-2.7.1a). Demultiplexing of hashtag oligos was performed
to assign individual cells to respective hashtag barcodes by imple-
menting the HTODemux function of Seurat 3.0 (Satija Laborato-
ry). Quality control was applied by imposing a threshold of <10%
reads mapped to mitochondrial genes and removing non-T-cell
clusters (mainly hepatocytes expressing Alb, Apoe, and Ttr). Di-
mensionality reduction followed by clustering of the data set
was obtained by using modularity-based Louvain clustering algo-
rithm by running the Seurat functions FindNeighbours and
FindClusters, setting resolution parameter to 0.3. Tsne plots for
visualization were produced by the RunTSNE function of Seurat
on the basis of principal components. Key marker genes from
CD4* T-cell lineages (Supplemental Table S3) were used for clus-
ter annotation.

Mass cytometry

Murine immune cells were prepared according to the manufac-
turer’s guidance (Fluidigm), and mass cytometry was performed
as described previously (Gongalves et al. 2021). Briefly, immune
cells were stained with 5-um cisplatin in PBS for 5 min at room
temperature and then washed with Maxpar staining buffer
(MSB). Resuspended cells were fixed in fix I buffer for 10 min at
room temperature. The cell suspensions were washed four times
in MSB and stored at —80°C as cell pallets in 1-million-cell ali-
quots. Cell pallets were thawed on ice on the day of use. Each
cell pallet was resuspended in Maxpar barcode perm buffer (Fluid-
igm) and barcoded using the palladium isotope barcodes for 30
min at room temperature. Each barcoded sample was washed
twice with MSB before combining into one single-cell suspen-
sion, before staining with Fc-Block (BD Bioscience) followed by
staining with a mixture of metal-conjugated antibodies directed
against extracellular antigens for 30 min at room temperature.
In some cases, fluorophore-conjugated antibodies were used as
primary antibody before recognition by a metal-conjugated sec-
ondary antibody. Titration for each antibody is detailed in Supple-
mental Table S3. After staining, the cell pallet was washed with
MSB and then incubated in Cell-ID Intercalator-Ir overnight at
4°C. The cell pellet was washed four times with MSB and submit-
ted for data acquisition on a Helios CyTOF (Fluidigm). Following
acquisition, times series were normalized to internal bead stan-
dards, concatenated, and debarcoded using inbuilt software (Flu-
idigm). Mass cytometry analyses were performed as previously
described (Lun et al. 2017).

Statistics and reproducibility

Statistical analyses were conducted using GraphPad Prism 8 and
R statistical software, except where indicated. Statistical details
of the experiments are in the relevant figure legends, including
the statistical tests used and the number of biological replicates.
Unless otherwise stated, data are represented by the mean + SEM.
n values represent the number of independent experiments per-
formed or the number of individual mice per condition. One-
way ANOVA with Tukey’s or Sidak’s correction for multiple
comparisons was used for data sets with more than two condi-
tions. Student’s t-tests were used for two-condition comparisons.
The statistical tests were justified as appropriate based on the
number of samples compared and the assumed variance within
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populations. A P-value of <0.05 was used to indicate statistical
significance.

Data availability

The mRNA sequencing data generated for this study have been
deposited at the Gene Expression Omnibus (GEO) in superseries
GSE195616. The mRNA sequencing data from CM-treated hu-
man LSECs are available at accession number GSE171147, and
the scRNA sequencing data from intrahepatic CD4" T lympho-
cytes in endothelial Rela knockout mice are available at
GSE195615.
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