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Rapamycin antagonizes TNF induction
of VCAM-1 on endothelial cells
by inhibiting mTORC2
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Recruitment of circulating leukocytes into inflamed tissues depends on adhesion molecules
expressed by endothelial cells (ECs). Here we report that rapamycin pretreatment reduced
the ability of TNF-treated ECs to capture T cells under conditions of venular flow. This
functional change was caused by inhibition of TNF-induced expression of vascular cell
adhesion molecule-1 (VCAM-1) and could be mimicked by knockdown of mammalian
target of rapamycin (mTOR) or rictor, but not raptor, implicating mTORC2 as the target of
rapamycin for this effect. Mechanistically, mTORC2 acts through Akt to repress Raf1-
MEK1/2-ERK1/2 signaling, and inhibition of mTORC2 consequently results in hyperactiva-
tion of ERK1/2. Increased ERK1/2 activity antagonizes VCAM-1 expression by repressing
TNF induction of the transcription factor IRF-1. Preventing activation of ERK1/2 reduced
the ability of rapamycin to inhibit TNF-induced VCAM-1 expression. In vivo, rapamycin
inhibited mTORC2 activity and potentiated activation of ERK1/2. These changes correlated
with reduced endothelial expression of TNF-induced VCAM-1, which was restored via
pharmacological inhibition of ERK1/2. Functionally, rapamycin reduced infiltration of
leukocytes into renal glomeruli, an effect which was partially reversed by inhibition of
ERK1/2. These data demonstrate a novel mechanism by which rapamycin modulates the
ability of vascular endothelium to mediate inflammation and identifies endothelial mTORC2

as a potential therapeutic target.

In the presence of the inflammatory cytokine
TNE endothelial cells (ECs) express adhesion
molecules that facilitate recruitment of leuko-
cytes to damaged tissues (Pober and Sessa, 2007).
Vascular cell adhesion molecule-1 (VCAM-1)
is a TNF-inducible adhesion molecule that
facilitates capture of leukocytes expressing
VCAM-1 counter-receptors, a,3; and a,B3,
integrins (Cook-Mills et al., 2011).VCAM-1 is
expressed in inflammatory disorders, and its
blockade reduces disease in models of multiple
sclerosis, inflammatory bowel disease, and
asthma (Cook-Mills et al.,2011).Thus, the abil-
ity to modulate VCAM-1 expression may be of
therapeutic interest.

TNF activates signaling cascades including
the MAP kinase (p38, JNK1/2, and ERK1/2)
and NF-kB pathways (Madge and Pober, 2001).
TNF signaling drives VCAM-1 expression by
activating AP-1, NF-kB, and IRF-1 transcrip-
tion factors (Ahmad et al., 1995; Lechleitner
et al., 1998; Tsoy1 et al., 2010). After ligation of
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TNF receptor 1, Rafl is recruited to and acti-
vated at the cell membrane in a manner depen-
dent on the adaptor protein TRADD (Xu et al.,
1998). Activated Rafl phosphorylates and acti-
vates the MEK1/2 kinases, which in turn dually
phosphorylate and activate ERK1/2 (Roberts
and Der, 2007).The role of ERK1/2 in relation
to VCAM-1 expression is unclear.

Rapamycin is a macrolide antibiotic that in-
hibits mammalian target of rapamycin (nTOR),
a protein kinase which nucleates two distinct
signaling complexes, known as mTORC1 and
mTORC2 (Laplante and Sabatini, 2012).
mTORCT1 contains the binding partner raptor
and is inhibited acutely (in minutes) by rapa-
mycin, whereas mTOR C2, which associates with
rictor, is only disrupted after more prolonged
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Figure 1.
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Rapamycin reduces VCAM-1 expression by inhibiting mTORC2. (A) TNF-activated control- or rapa-ECs were subjected to adhesion
assays using human memory T cells. (B) TNF-activated control- and rapa-ECs were analyzed by FACS. (C) ECs pretreated with rapamycin were treated
with TNF and assayed by FACS. Data are normalized to median fluorescence intensity (MFI) of staining in control-ECs. (D) VCAM-1 mRNA expression in
control- or rapa-ECs stimulated with TNF. (E) Control- or rapa-ECs transduced with the indicated luciferase reporters were stimulated with TNF and
assayed for luciferase expression. Values are normalized to expression in control-ECs (no TNF, no rapamycin). (F) Quantification of nascent VCAM-1 and
E-selectin mRNA expression in control- and rapa-ECs stimulated with TNF. (G) TNF-activated GFP- or mTOR-knockdown ECs were assayed by Western
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(24 h) treatment (Sarbassov et al., 2006). Active mTORC2
phosphorylates the hydrophobic motif of Akt (Ser473), re-
sulting in its full activation; defective phosphorylation at this
site impairs the ability of Akt to phosphorylate a subset of its
targets (Jacinto et al., 2006).

In a humanized mouse model of transplantation, we ob-
served that human arterial allografts pretreated with rapa-
mycin contained fewer alloreactive T cells (Wang et al., 2013)
and wondered whether rapamycin interfered with EC re-
cruitment of leukocytes. Here we show that prolonged rapa-
mycin pretreatment reduced the capacity of TNF-treated
ECs to capture leukocytes under conditions of venular flow.
This effect is causally linked to inhibition of mTORC2,
resulting in diminished TNF-induced VCAM-1 expression.
Mechanistically, inhibition of mMTORC2 leads to hyperacti-
vation of ERK1/2, which in turn reduces TNF-induced
VCAM-1 expression by repressing induction of the transcrip-
tion factor IRF-1. In vivo, rapamycin inhibited mTORC2
activity, potentiated activation of ERK1/2, reduced endo-
thelial expression of TNF-induced VCAM-1, and decreased
infiltration of leukocytes into renal glomeruli. Both in vitro
and in vivo inhibition of ERK1/2 reversed the inhibitory
actions of rapamycin.

RESULTS AND DISCUSSION
Rapamycin reduces T cell capture and VCAM-1 expression
by TNF-activated ECs via inhibition of mTORC2
We tested the ability of TNF-activated control and rapamycin-
treated ECs (rapa-ECs) to capture T cells and found that
fewer human memory CD8 and CD4 T cells adhered to
rapa-ECs under conditions of venular shear stress (Fig. 1 A).
Because T cell recruitment is dependent on cytokine-inducible
adhesion molecules, we investigated whether rapamycin af-
fected expression of such molecules. We found no differences
in induction of E-selectin or ICAM-1 (Fig. 1 B). However,
rapamycin significantly reduced TNF-induced VCAM-1 ex-
pression in a dose-dependent manner (Fig. 1, B and C). TNF-
activated rapa-ECs expressed lower levels of VCAM-1 mRINA
(Fig. 1 D), and rapamycin inhibited luciferase expression
driven by a 2-kb region of the VCAM-1 promoter containing
NEF-kB—, AP-1—, and IRF-1-binding sites (Fig. 1 E). Consis-
tent with the response of the promoter-reporter gene, rapa-
mycin decreased transcription of the endogenous vcam-1 gene
in response to TNF; this effect appeared specific in that tran-
scription of the gene encoding E-selectin (Sele) was not in-
hibited (Fig. 1 F).

To confirm the specificity of rapamycin, we silenced
mTOR using shRNA. Similar to rapamycin, nTOR knock-
down decreased levels of VCAM-1 after TNF stimulation
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(Fig. 1 G). In addition, knockdown of rictor, but not raptor,
reduced TNF-induced VCAM-1 (Fig. 1 H), implicating
mTORC?2 as the target of rapamycin for this effect. Func-
tionally, knockdown of rictor reduced the ability of ECs to
capture T cells (Fig. 1 I), an effect which was significantly re-
versed by overexpression of VCAM-1 (Fig. 1 ]).

Inhibition of mTORC2 reduces VCAM-1 expression

by potentiating activation of ERK1/2

We next investigated whether TNF signaling pathways were
altered by rapamycin. There were no differences in the pro-
cessing of IkB-a, the degradation of which is linked to NF-kB
activation (Fig. 2 A), or phosphorylation of p38 MAPK and
JNK1/2, upstream activators of AP-1 (Fig. 2 B), in TNF-activated
control or rapa-ECs. However, rapa-ECs displayed heightened
basal and TNF-induced activation of ERK1/2 (Fig. 2 B).
A similar effect was seen in mTOR (Fig. 2 C)- and rictor-
knockdown ECs (Fig. 2 D), suggesting that rapamycin inhibi-
tion of mMTORC2 causes hyperactivation of ERK1/2. A rapid
decline in TNF-induced ERK phosphorylation at 30 and
60 min likely represents ERK-mediated negative feedback
(Fritsche-Guenther et al., 2011).

To interrogate the role of ERK1/2, we inhibited ERK1/2
activation using an MEK1/2 inhibitor (U0126) and found
that U0126 partially restored TNF-induced VCAM-1 ex-
pression in both rapa-ECs (Fig. 2 E) and rictor-knockdown
ECs (Fig. 2 F). Although inhibition of ERK1/2 increased
VCAM-1 expression in all groups, the relative increase was much
greater in rapa-ECs (Fig. 2 E) and rictor-knockdown ECs
(Fig. 2 F). The variation in the absolute expression levels of
VCAM-1 in these experiments is likely caused by the genetic
diversity among cultures of ECs. However, the relative reduc-
tions in TNF-induced VCAM-1 by rapamycin and rictor
knockdown are similar in magnitude. These data suggest that
mTORC?2 represses activation of ERK1/2 so that inhibition
of mMTORC2 by rapamycin or rictor knockdown conse-
quently leads to increased ERK1/2 activity, which acts to in-
hibit VCAM-1 expression.

The mTORC2 target Akt antagonizes

Raf1-MEK1/2-ERK1/2 signaling

Rapamycin reduced mTORC2 phosphorylation of Akt, and
the kinetics of this reduction correlated with increasing levels
of phospho-ERK1/2 (Fig. 3 A). To determine whether
mTORC2-dependent Akt activity represses ERK1/2 and
thereby promotes TNF induction of VCAM-1, we inhibited
Akt with a pharmacological inhibitor (AktVIII). AktVIII in-
creased basal and TNF-induced phosphorylation of ERK1/2
(Fig. 3 B) and decreased TNF-induced VCAM-1 expression

blotting. (H) TNF-activated GFP-, rictor-, or raptor-knockdown ECs were assayed by Western blotting. (I) TNF-activated GFP-, rictor-, or raptor-knockdown
ECs were subjected to adhesion assay. (J) TNF-activated control or VCAM-1-overexpressing ECs were transduced with GFP or rictor shRNA and
subjected to adhesion assay. For G and H, similar results were seen in two independent experiments. Mean + SEM are shown for data pooled from two
(A[n=6],Cln=4],E[n=6],F[n=5],1[n=6],andJ [n=6]) or three (B [n = 3] and D [n = 4]) independent experiments (n = total replicates). For C, E,
and J, significance was determined by ANOVA with Tukey's post-hoc test; all other data were analyzed with the Student's ¢ test. *, P < 0.05.
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Figure 2.

Rapamycin inhibition of mTORC2 reduces VCAM-1 expression by hyperactivating ERK1/2. (A and B) Western blot analysis of control-

or rapa-ECs stimulated with TNF for the indicated times. (C and D) Western blot analysis of ECs transduced with the indicated shRNA and treated with
TNF for the indicated times. (E) ECs pretreated with rapamycin and/or U0126 were stimulated with TNF and analyzed by FACS. Left panel shows MFI of
VCAM-1 staining. Right panel shows induction of VCAM-1 by U0126 relative to vehicle- or rapa-ECs not exposed to U0126. (F) ECs transduced with the
indicated shRNA were pretreated with U0126, stimulated with TNF, and then analyzed by FACS. Left panel shows MFI of VCAM-1 staining in a representa-
tive experiment (n = 3). Right panel shows pooled data comparing fold induction of VCAM-1 by U0126 relative to control- or rictor-knockdown ECs not
exposed to U0126. For A-D, similar results were seen in two independent experiments. Means + SEM are shown for data pooled from two (E [n = 9] and
F, right [n = 6]) independent experiments (n = total replicates). For E and F, significance was determined by ANOVA with Tukey's post-hoc test. *, P < 0.05.

(Fig. 3 C). Conversely, expression of constitutively active my-
ristoylated Akt diminished activation of ERK1/2 (Fig. 3 D),
potentiated induction of VCAM-1, and rendered VCAM-1
expression resistant to the effects of rapamycin (Fig. 3 E). We
conclude that rapamycin inhibits mTORC2-dependent Akt
activity, leading to hyperactivation of ERK1/2 and dimin-
ished TNF-induced VCAM-1.

ERK1/2 is phosphorylated by MEK1/2, which is phos-
phorylated by Rafl. Akt is known to antagonize Rafl, and
such a link has been shown in ECs (Ren et al., 2010). To de-
termine the relation between Akt and Rafl, we expressed a
constitutively active Rafl mutant (Raf 22W) in ECs that also
express myristoylated Akt. We found that even in the setting
of constitutive Akt activity, coexpressed Raf 22W activated
ERK1/2 (Fig. 3 F) and decreased TNF-induced VCAM-1
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(Fig. 3 G). These data place Rafl downstream of Akt, imply-
ing that Akt inhibits ERK1/2 activation at the level of Rafl
or higher.

Rapamycin reduces VCAM-1 expression

by inhibiting TNF induction of IRF-1

The TNF-induced transcription factor IRF-1 promotes
VCAM-1 transcription (Lechleitner et al., 1998). Rapamycin
reduced IRF-1 protein and mRNA after TNF stimula-
tion (Fig. 3, H and I). Defective induction of IRF-1 reduced
VCAM-1 expression, which could be restored in rapa-ECs
by inhibition of ERK1/2 (Fig. 3 J) or transduction with my-
ristoylated Akt (Fig. 3 K). Furthermore, shRNA knockdown of
IRF-1 reduced TNF-induced VCAM-1 expression and abol-
ished the ability of rapamycin to further decrease VCAM-1

Rapamycin reduces TNF-induced VCAM-1 | Wang et al.
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Figure 3.

mTORC2-dependent Akt signaling inhibits Raf1-MEK1/2-ERK1/2, leading to defective induction of IRF-1. (A) Western blot analysis

of ECs treated with rapamycin for the indicated times. (B, top) Western blot analysis of ECs treated with the indicated doses of AktVIII for 24 h. (bottom)
Western blot analysis of ECs treated with 4 uM AktVIIl for 24 h and then stimulated with TNF for the indicated times. (C) ECs were pretreated with the
indicated doses of AktVIIl and then stimulated with TNF overnight. VCAM-1 expression was assessed by FACS. (D) ECs transduced with the indicated
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expression (Fig. 3 L). Lastly, TNF-induced binding of IRF-1
to theVCAM-1 promoter,as assessed by chromatin immuno-
precipitation (ChIP), was reduced by rapamycin (Fig. 3 M).
We conclude that hyperactivation of ERK1/2 by rapamy-
cin reduces TNF-induced VCAM-1 by impairing induction
of IRF-1.

Rapamycin increases ERK1/2 activation and reduces
TNF-induced VCAM-1 expression in vivo

To determine the relevance of our findings, we treated mice
with rapamycin before injection with TNE We found that ra-
pamycin inhibited mTORC2-mediated phosphorylation of
Akt in murine aortas (Fig. 4 A), which coincided with in-
creased activation of ERK1/2 (Fig. 4 A) and reduced VCAM-1
mRNA transcripts (Fig. 4 B). By immunofluorescence, TNF-
inducedVCAM-1 expression was only observed on ECs in
the aorta and was diminished in mice treated with rapamy-
cin (Fig. 4 C). Pharmacological inhibition of ERK1/2 with
an MEK1/2 inhibitor (PD0325901) restored TNF-induced
VCAM-1 mRNA (Fig. 4 D) and protein (Fig. 4 E) expression
in mice treated with rapamycin.

To assess the functional effects of these changes, we analyzed
TNF-induced infiltration of leukocytes. Although C.B-17
SCID/bg mice lack T cells, they have circulating monocytes
that, like T cells, bind to VCAM-1. We found that TNF in-
duces VCAM-1 expression in cardiac, hepatic, and renal mi-
crovessels and that VCAM-1 induction is associated with
sparse but measurable leukocyte infiltration into these sites
(not depicted). We focused on leukocyte recruitment to renal
glomeruli as infiltration at this site is most easily quanti-
fied. Rapamycin diminished TNF-induced VCAM-1 expres-
sion in renal microvessels and pharmacological inhibition of
ERK1/2 restored this expression (Fig. 4 F). Rapamycin also
reduced TNF-induced IRF-1 expression in renal endothe-
lium (Fig. 4 G). We found that rapamycin reduced the num-
ber of CD45" leukocytes infiltrating into glomeruli after
TNF treatment and that inhibition of ERK1/2 partially re-
versed this effect (Fig. 4 H). Interpretation of this experiment
is complicated because we cannot separate the eftects of rapa-
mycin and PD0325901 on ECs from their effects on leuko-
cytes. However, these data are consistent with our in vitro

observations on the effects of these agents on VCAM-1 ex-
pression and T cell capture.

The endothelium is a key mediator of inflammation and
immunity (Pober and Sessa, 2007). Inappropriate activation
of these functions results in excessive inflammation and is
thought to play a pathological role in atherosclerosis (O’Brien
et al., 1993), rheumatoid arthritis (Koch et al., 1991), and
cardiac allograft vasculopathy (Tellides and Pober, 2007). The
majority of antiinflammatory therapies are targeted at the im-
mune system itself. Rapamycin was initially introduced as an
agent for controlling transplant rejection as the result of its
ability to limit T cell proliferation. Because of the essential roles
played by vascular endothelium in inflammation (Al-Lamki
et al., 2008), targeting the endothelium may provide an alter-
native approach to limiting pathological processes, and many
agents that act on the immune system may also have effects
on the endothelium. This insight was supported by our recent
observation that pretreatment of human arterial allograft ECs
with rapamycin protected against subsequent T cell-mediated
rejection (Wang et al., 2013). This finding prompted us to in-
vestigate the effects of rapamycin on EC recruitment of leu-
kocytes. Indeed, we find that rapamycin inhibits the ability of
TNF-activated ECs to capture leukocytes under conditions
of venular flow in vitro and reduces infiltration of leukocytes
into renal glomeruli in vivo. These effects correlated with in-
hibition of mMTORC2 and reduced induction of VCAM-1 on
rapa-ECs. Although the inhibitory effects of rapamycin on
leukocyte recruitment are not complete, they are significant
and likely contribute to the protective effects of rapamycin on
allografts. Moreover, the experiments reported here demon-
strate a novel signaling cascade through which rapamycin can
modulate the ability of vascular endothelium to mediate in-
flammation and identify endothelial mMTORC2 as a potential
therapeutic target.

MATERIALS AND METHODS

Isolation and culture of human cells. All human cells were obtained
under protocols approved by the Institutional Review Board of Yale Uni-
versity. PBMCs were isolated by density centrifugation of leukopheresis
products obtained from anonymized healthy adult volunteers. CD4" or
CD8* T cells were isolated from PBMCs using Dynabeads (Invitrogen)
magnetic beads, according to manufacturer’s instructions. Activated T cells

constructs were pretreated with rapamycin, stimulated with TNF for the indicated times, and assayed by Western blotting. (E) ECs transduced with the
indicated constructs were pretreated with rapamycin and stimulated with TNF and then assayed by FACS. Data are normalized to MFI of VCAM-1 staining
in empty vector-ECs treated with TNF. (F) ECs transduced with the indicated constructs were stimulated with TNF for the indicated times and assayed by
Western blotting. (G) ECs expressing myristoylated Akt were transduced with control or Raf 22W vector. Transduced ECs were pretreated with rapamycin
or U0126 and stimulated overnight with TNF. VCAM-1 expression was assessed by FACS. (H) Western blot analysis of control- or rapa-ECs stimulated with
TNF for the indicated times. (I) mRNA expression in control- and rapa-ECs stimulated with TNF for 0.25 h. Veh, vehicle. (J) Western blot analysis of ECs
pretreated with rapamycin and/or U0126 and then stimulated with TNF for 2 h. (K) ECs transduced with the indicated constructs were pretreated with
rapamycin, stimulated with TNF for 2 h, and assayed by Western blotting. (L) ECs were transduced with control or IRF-1 shRNA vectors, as indicated.
Transduced ECs were then pretreated with rapamycin and stimulated overnight with TNF, as indicated. VCAM-1 expression was assessed by FACS after
TNF stimulation. (M) ChIP analysis of control and rapa-ECs stimulated with TNF for 2 h. DNA quantification is expressed as percent input and normalized
to TNF treatment sample. ND, not detected. For A, B, D, F, H, J, and K, similar results were seen in two independent experiments. Mean + SEM are shown
for data pooled from two (C[n=6],E[n=6],G[n=6], | [n=3],L[n=6],and M [n = 4]) independent experiments (n = total replicates). For E, G, and L,
significance was determined by ANOVA with Tukey's post-hoc test; all other data were analyzed with the Student's t test. *, P < 0.05.

400

Rapamycin reduces TNF-induced VCAM-1 | Wang et al.



A Vehicle Rapa

s> |44kD
p-ERK1/2 ‘: = : : B - = ‘l42kD

p-Akt (S473) [ o s |sokp
HSPOD | e e e e | 2010
0.157 . 0.15-
B . C Vehicle D =
O ° | — |
® o .
A 0.104 A 0.104 °
Q _I_ * 8] "I" o
: |4 . - e
< | e < | e
g oos 1) g o005 .—E—.
L
0.00+—F——"7— IR ’ - g 0.004+—a——vabro-—-sr-
Veh Rapa DAPI VCAM-1 Veh Rapa Rapa/
Treatment MEK-
Treatment
E Vehicle Rapa Rapa/ MEK-I
DAPI VCAM-1
Vehicle Rapa/ MEK-|
DAPI VCAM-1
*
Vehicle Rapa + TNF H L 1
» 2597 *
S e
E 2.0 _'1'_
S.s{* o)
6 1.54 ) °
5 A5
o 1.04 L4
>
[&]
£ 051
-
(]
= 0.01— T r r
DAPI CD31 Veh Rapa MEK-I Rapa/MEK-I
Treatment

Figure 4. Rapamycin reduces VCAM-1 expression in vivo. (A) Mice were pretreated with vehicle or rapamycin and then injected with TNF. Aortas
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aorta from mice treated as in A (n = 5 per group). (C) Mice were treated as in A. Harvested aortas were analyzed for VCAM-1 expression via immunofluor-
escence. (D) Expression of VCAM-1 mRNA (normalized to CD31) in aortas harvested from mice pretreated with vehicle, rapamycin, or rapamycin + MEK
inhibitor (MEK-I; PD0325901) and then injected with TNF (n = 5 per group). (E) Mice were treated as in D. Harvested aortas were analyzed for VCAM-1
expression via immunofluorescence. (F) VCAM-1 expression in renal microvessels from mice pretreated with vehicle, rapamycin, rapamycin + MEK inhibi-
tor, or MEK inhibitor and then injected with TNF. (G) IRF-1 expression in renal microvessels from mice pretreated with vehicle and rapamycin and then
injected with TNF. (C and E-G) Representative images are shown. Bars: (C, E, and F) 25 um; (G) 10 um. (H) Leukocyte infiltration into renal glomeruli in
mice treated as in F (n = 5 per group). Veh, vehicle. For B, D, and H, mean + SEM is shown. For D and H, significance was determined by ANOVA with
Tukey's post-hoc test; all other data were analyzed with the Student's t test. *, P < 0.05.
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and monocytes were depleted by incubating the isolated cells with mouse
anti-CD14 (BioLegend) and anti-HLA-DR (LB3.1; gift of J. Strominger,
Harvard University, Cambridge, MA) antibodies, followed by incubation
with magnetic pan-mouse IgG beads (Invitrogen). Memory T cells were
isolated by further incubating T cells with mouse anti-CD45RA (eBiosci-
ence) and pan-mouse IgG beads. Isolates were routinely >99% CD4* HLA-
DR™CD45RA™ by flow cytometry.

Human umbilical vein ECs were isolated from umbilical cords by colla-
genase digestion. ECs were serially cultured on 0.1% gelatin—coated tissue
culture plates in M199 (Invitrogen) supplemented with 20% FBS, 2 mM
L-glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin, 0.1% EC growth
supplement (Collaborative Biomedical Research), and 100 pg/ml porcine
heparin (Sigma-Aldrich). EC cultures were used at passage levels 2-5, at
which time the cultured cells are uniformly positive for the EC marker
CD31 and are devoid of CD45* contaminating leukocytes.

In vitro TNF and pharmacological inhibitor treatments. Confluent
ECs were treated with vehicle (DMSO), rapamycin (Sigma-Aldrich), U0126
(Cell Signaling Technology), or AktVIII (EMD Millipore) as indicated for
24 h, at which time fresh media containing the same inhibitor and 10 ng/ml
TNF (R&D Systems) was added. For FACs experiments, ECs were analyzed
after 6 (E-selectin) or 16 h (VCAM-1 and ICAM-1) of TNF treatment. For
quantitative real-time RT-PCR experiments, ECs were analyzed after 16 h
of TNF treatment. Unless otherwise noted, inhibitors were used at the fol-
lowing concentrations: 100 ng/ml rapamycin, 10 pM U0126, and 8 pM Akt-
VIIL In experiments examining phosphorylation of MAP kinase proteins in
response to TNE inhibitor and cytokine treatments were performed in M199
media containing 1% FBS, 2 mM 1-glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin, and porcine heparin. ECs were harvested after TNF treatment
at the indicated time points.

FACS analysis. ECs were washed with HBSS, suspended with trypsin,
washed in PBS, and stained (on ice) in PBS supplemented with 1% BSA with
PE-conjugated anti-human ICAM1, PE-conjugated anti-human E-selectin,
or FITC-conjugated anti-human VCAM-1 (all from BD). After 30 min, cells
were washed twice in PBS and analyzed on an LSRII flow cytometer (BD).
FACS data were analyzed and interpreted using Flow]Jo software (Tree Star).

Immunoblotting. Cultured ECs were washed with ice-cold PBS and lysed
directly by addition of NP-40 lysis buffer (50 mM Tris-HCI, 10% glycerol,
125 mM NaCl, 1% NP-40,5.3 mM NaFE 1 mM orthovanadate, and 1 mg/ml
protease inhibitor mixture [Roche]). Cell lysates were collected, subjected to
freeze-thaw, sonicated, and then cleared by centrifugation at 12,000 g for 10 min.
For in vivo experiments, thoracic aortas were harvested from mice and flash
frozen in liquid nitrogen. To extract protein, aortas were thawed on ice, sus-
pended in NP-40 lysis buffer, sonicated, and then cleared by centrifugation at
12,000 ¢ for 10 min. Protein concentrations of all samples were measured
using DC Protein Assay (Bio-Rad Laboratories), and equal amounts of pro-
tein from each sample were boiled at 95°C in SDS sample buffer for 10 min.
Proteins were separated by electrophoresis on a 10% SDS-PAGE gel and
transferred to PVDF membrane (EMD Millipore) at 100V for 1 h at 4°C.
After blocking in TBST containing 5% BSA, membranes were incubated
overnight at 4°C with antibodies against mTOR, rictor, raptor, phospho-
ERK1/2, phospho-p38, phospho-]NK, phospho-S6K, phospho-Akt (S473),
Hsp90, IkB-a, Rafl, IRF-1 (all from Cell Signaling Technology), actin
(Sigma-Aldrich), or VCAM-1 (R&D Systems). Bound antibodies were de-
tected with HR P-conjugated goat anti-mouse or goat anti—rabbit secondary
antibodies (Jackson ImmunoResearch Laboratories, Inc.) and SuperSignal
West Pico chemiluminescent substrate (Thermo Fisher Scientific).

Retrovirus generation and transduction. mTOR, raptor, rictor, IRF-1,
or GFP (control) was silenced in ECs via lentiviral shRINA.To generate virus,
293T cells were transfected, using Lipofectamine 2000 (Invitrogen), with
plasmids encoding shRNA targeting mTOR, raptor, rictor, IRF-1, or GFP
together with CMV-dR 8.2 packaging and CMV-VSVG envelope plasmids.
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Supernatants containing virus were collected 48 and 72 h after transfection
and used to infect ECs in the presence of 8 pg/ml polybrene. ECs under-
went two rounds of transduction, and transduced ECs were selected via
puromycin resistance.

To generate retrovirus encoding myristoylated Akt, Raf 22W,VCAM-1,
or empty vector (pBABE puro or pLZRS), Phoenix cells (gift of G. Nolan,
Stanford University, Stanford, CA) were transfected, using Lipofectamine
2000, with plasmids encoding myristoylated Akt, Raf 22W,VCAM-1 cDNA,
or empty vector.Viral supernatants were collected and used to transduce ECs
as described above. mTOR shRNA (Addgene plasmid 1856), raptor shRNA
(Addgene plasmid 1858), rictor siRNA (Addgene plasmid 1853), and GFP
shRINA (Addgene plasmid 30323) plasmids were deposited by D. Sabatini
(Massachusetts Institute of Technology [MIT], Cambridge, MA). CMV-dR8.2
and CMV-VSVG (Addgene plasmids 8455 and 8454) plasmids were depos-
ited by R. Weinberg (MIT). Myristoylated Akt (Addgene plasmid 15294)
plasmid was deposited by W. Hahn (Dana-Farber Cancer Institute, Boston,
MA). Raf 22W (Addgene plasmid 12593) plasmid was deposited by C. Der
(The University of North Carolina at Chapel Hill, Chapel Hill, NC).VCAM-1
overexpression vector was previously described (Manes et al., 2006).

T cell adhesion assay. ECs were treated with vehicle or rapamycin for
24 h, at which time they were collected by trypsinization and plated at con-
fluency into 35-mm dishes. In some experiments GFP-, rictor-, or raptor-
knockdown ECs were plated, whereas in others VCAM-1—overexpressing
ECs transduced with GFP or rictor shRINA were plated. After ECs attached
to the dish, they were activated with TNF for 16 h and tested in adhesion as-
says. To assess adhesion under conditions of venular shear stress, a parallel plate
flow chamber apparatus (Glycotech) was mounted on the EC monolayer
placed on a 37°C heating surface. Human T cells (10° cells/500 pl), prestained
with anti-CD45 (BioLegend) followed by Alexa Fluor 488—conjugated goat
anti-mouse IgG (Invitrogen), suspended in RPMI/10% FBS, were loaded
onto the EC monolayer at 0.75 dyn/cm? for 2 min, followed by washing
with medium only at 1 dyn/cm? for 5 min. Samples were then fixed with
3.7% formaldehyde in PBS, mounted on slides using mounting medium
(Prolong Gold; Invitrogen), and examined by microscopy with an Axiovert
200M microscope (Carl Zeiss). An FITC filter was used to detect Alexa Fluor
488—stained cells. CD45-positive T cells in 10 fields (1,000 X 1,000 pixels
with a 10X objective) covering the length of the sample were counted. Trip-
licate dishes were counted for each experimental group.

Promoter-reporter gene assay. VCAM-1 transcription was examined
using a lentiviral transcriptional reporter system (System Biosciences). To
make this reporter, a 2-kb region of the vcam-1 promoter containing AP-1,
NF-kB, and IRF-1 sites was PCR amplified from genomic DNA, with Clal
and Spel restriction sites introduced at either end of the promoter region.
This PCR product was directionally cloned into (promoterless) pGreenFire
vector upstream of the luciferase-encoding region. All constructs were con-
firmed by sequencing. To generate retrovirus, phoenix cells were trans-
fected, using Lipofectamine 2000, with the constructed plasmid or an empty
vector. Viral supernatants were collected and used to transduce ECs as de-
scribed in the section above. Transduced ECs were treated with 100 ng/ml
rapamycin for 24 h, followed by 10 ng/ml TNEF for 6 h, at which time cells
were lysed. Luciferase activity in lysates was assayed using the Firefly Lucif-
erase Assay System (Promega) and quantified with a Lumat LB 9501 lumi-
nometer (Berthold).

Analysis of endogenous gene transcription. Analysis of transcription
from the vcam-1 and sele genes, encoding VCAM-1 and E-selectin, respec-
tively, was performed using the Click-iT Nascent RNA capture kit (Invitro-
gen), according to the manufacturer’s instructions. In brief, confluent cultured
ECs were treated with 0 or 100 ng/ml rapamycin for 24 h, at which time
they were stimulated with 10 ng/ml TNF for 8 h. During this stimulation
period, separate EC plates were pulsed with 0.2 mM 5-ethynyl uridine (EU)
at 2-h intervals (0-2, 2—4, 4—6, and 6-8 h); all ECs were collected and flash
frozen after stimulation. Total RNA was isolated from collected cells using
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the RNeasy Mini kit (QIAGEN), according to the manufacturer’s instruc-
tions. Click reaction was performed on this isolated RINA to biotinylate any
incorporated EU residues. Biotinylated RNA was then isolated using Dyna-
beads MyOne Streptavidin T1 magnetic beads (Invitrogen). Isolated RINA
was reverse transcribed using the High-Capacity cDNA Reverse Transcrip-
tion kit (Applied Biosystems). The resulting cDINA was analyzed via quanti-
tative real-time RT-PCR analysis, as described below.

ChIP. ChIP was performed as previously described (Sun et al., 2012) using
the ChIP-IT Express enzymatic kit (Active Motif). In brief, ECs were treated
with 0 or 100 ng/ml rapamycin for 24 h and then stimulated with 10 ng/ml
TNEF for 2 h. After stimulation, ECs were fixed with 1% formaldehyde for
10 min. Fixation was stopped using glycine stop-fix solution, and cells were
harvested by scraping. Collected cells were lysed using lysis buffer and passing
cells through a 25-gauge needle. Cell nuclei were isolated by centrifugation
at 5,000 rpm for 10 min, resuspended in 350 pul digestion buffer, and digested
using 17 pl of enzymatic shearing cocktail for 10 min. Digestion was stopped
by adding 7 pl of 0.5M EDTA to the reaction. An aliquot of the digested
chromatin was measured with a NanoDrop Spectrophotometer and run on
a 1.5% agarose gel to ensure proper digestion to 200-1,000-bp fragments.
For immunoprecipitation, chromatin corresponding to 10 pg DNA was in-
cubated with protein G magnetic beads and 3 pg rabbit anti-human IRF-1
(Santa Cruz Biotechnology, Inc.) or control rabbit IgG (Cell Signaling Tech-
nology) overnight at 4°C. After extensive washing of beads, bound chromatin
was eluted and DNA-protein cross-links were reversed. DNA was subse-
quently purified using the Chromatin IP DNA Purification kit (Active
Motif) and analyzed via quantitative real-time RT-PCR as described below.
Quantitative real-time RT-PCR was performed using iQ SYBR Green
Supermix (Bio-Rad Laboratories) with the following primers designed to
amplify the IRF-1-binding site within the vcam- 1 promoter: R, 5'-GTGAG-
GCCCGATGCAGATA-3'; and E 5'-GAACTTGGCTGGGTGTCTG-
TTA-3'. Cycling conditions were as follows: 95°C for 10 min followed by
40 cycles of 95°C for 15 s and 61°C for 50 s. Data were analyzed and expressed
as percent input and subsequently normalized to the TNF-treated sample.

In vivo mouse experiments. All experimental animal protocols were ap-
proved by the Yale University Institutional Animal Care and Use Commit-
tee. Rapamycin (sirolimus; EMD Millipore) and MEK inhibitor PD0325901
(Selleckchem) were diluted in ethanol and mixed with an equal volume
(30 pl) of Cremophor EL (Sigma-Aldrich). These drug mixtures were dis-
solved in Dulbecco’s PBS at a final volume of 0.2 ml/mouse and adminis-
tered via intraperitoneal injection. Female C.B-17 SCID/beige mice (Taconic)
mice were injected with 3 mg/kg sirolimus, 25 mg/kg PD0325901, or
3 mg/kg sirolimus + 25 mg/kg PD0325901 every 24 h for 3 d. Control
mice were injected with a mixture containing ethanol and Cremophor EL in
PBS. After the final rapamycin treatment, mice were injected with 30 pg/kg
recombinant human TNF (R&D Systems) diluted in 0.2 ml PBS via the tail
vein. After 16 h, mice were anesthetized and perfused with saline, and por-
tions of the aorta, kidney, liver, and heart were harvested. Tissue samples
were then either flash frozen in liquid nitrogen or frozen in optimal cutting
temperature (OCT) compound (Sakura). Serial 5- or 30-pm transverse sec-
tions were cut for immunofluorescence or quantitative real-time RT-PCR
analysis, respectively.

Quantitative real-time RT-PCR analysis. To isolate RNA from ECs,
cultured cells were washed with HBSS, collected by trypsinization, and pro-
cessed using the RNeasy Mini kit (QIAGEN). To isolate RNA from mouse
tissue, serial 30-pum sections of frozen tissue embedded in OCT were cut,
collected, and immersed in RLT lysis buffer (QIAGEN) and then processed
using the RNeasy Mini kit. Isolated RNA was converted to cDNA using the
High-Capacity cDNA Reverse Transcription kit (Applied Biosystems),
according to the manufacturer’s instructions. All quantitative real-time
RT-PCR reactions were assembled with TagMan 2X PCR Master Mix and
predeveloped gene expression probes from Applied Biosystems. Samples were
analyzed on a CEX96 Real Time system using CFX manager software (Bio-Rad
Laboratories). Gene expression levels were normalized to GAPDH or CD31,
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as indicated. All TagMan probes were purchased from Applied Biosystems:
human GAPDH (Hs99999905_m1), human VCAM-1 (Hs01003372_m1),
human IRF-1 (Hs00971960_m1), mouse CD31 (Mm01242584_m1), and
mouse VCAM-1 (Mm01320970_m1).

Immunofluorescence microscopy. Serial 5-um sections of artery were
fixed in acetone for 10 min, air dried, rehydrated in PBS, and then stained
with purified rat anti-mouse VCAM-1 (BioLegend) and an Alexa Fluor
594—conjugated goat anti-rat secondary antibody (Invitrogen). To visualize
differences in VCAM-1 staining, the VCAM-1 antibody was titrated down to
subsaturating levels. 5-pum sections of kidney were fixed as above and stained
with purified rabbit anti-mouse CD31 (Abcam), rat anti-mouse CD31
(eBioscience), rabbit anti-mouse IRF-1 (Santa Cruz Biotechnology, Inc.), rat
anti-mouse CD45 (BioLegend), or rat anti-mouse VCAM-1. Slides were
then stained with Alexa Fluor 594—conjugated goat anti—rat and Alexa Fluor
488—conjugated donkey anti—rabbit secondary antibodies (Invitrogen). Pro-
Long Gold antifade reagent with DAPI (Invitrogen) was applied to sections
immediately before mounting and imaging. Immunofluorescence images
were acquired with an Axiovert 200M fluorescence microscope (Carl Zeiss)
equipped with an ORCA-AG digital camera (Hamamatsu Photonics) using
Volocity software (PerkinElmer). A DAPI filter was used to detect nuclei, an
FITC filter was used to detect Alexa Fluor 488—stained cells, and a tetramethyl-
rhodamine isothiocyanate filter was used to detect Alexa Fluor 594—stained
cells. To analyze renal tissue, the number of CD45" leukocytes infiltrating
into or immediately abutting individual glomeruli (identified by morphol-
ogy under phase microscopy) were counted. 20-25 glomeruli were counted
per mouse and averaged.

Statistical analysis. Data are expressed as means £ SEM. Statistical com-
parisons were made using the Students ¢ test. Comparisons between multiple
groups were made using ANOVA with Tukey’s post-hoc test. In all experi-
ments, unless otherwise stated, P < 0.05 was considered statistically significant.
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