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Cholesterol negatively regulates IL-9-producing
CD8" T cell differentiation and antitumor activity

Xingzhe Ma'*, Enguang Bi**, Chunjian Huang?, Yong Lu'®, Gang Xue', Xing Guo?, Aibo Wang?, Maojie Yang?, Jianfei Qian'®, Chen Dong?®,
and Qing YI'®

CD8" T cells can be polarized into IL-9-secreting (Tc9) cells. We previously showed that adoptive therapy using tumor-
specific Tc9 cells generated stronger antitumor responses in mouse melanoma than classical Tc1 cells. To understand why
Tc9 cells exert stronger antitumor responses, we used gene profiling to compare Tc9 and Tcl cells. Tc9 cells expressed
different levels of cholesterol synthesis and efflux genes and possessed significantly lower cholesterol content than Tcl
cells. Unique to Tc9, but not other CD8* or CD4* T cell subsets, manipulating cholesterol content in polarizing Tc9 cells
significantly affected IL-9 expression and Tc9 differentiation and antitumor response in vivo. Mechanistic studies showed
that IL-9 was indispensable for Tc9 cell persistence and antitumor effects, and cholesterol or its derivatives inhibited IL-9

expression by activating liver X receptors (LXRs), leading to LXR Sumoylation and reduced p65 binding to /[9 promoter.
Our study identifies cholesterol as a critical regulator of Tc9 cell differentiation and function.

Introduction
Cancer immunotherapies using adoptive T cell transfer have
achieved great success (Rosenberg et al., 2008; Restifo et al.,
2012). CD8* T cells play a central role in antitumor immunity,
and many studies have focused on improving the effectiveness
of transferred CD8* T cells, such as priming transferred
T cells with different cytokines (Klebanoff et al., 2004, 2005;
Hinrichs et al., 2008), transferring tumor-specific CD8* T
cells at various stages of differentiation (Gattinoni et al., 2005,
2011), manipulating signaling pathway and transcription
factors (Gattinoni et al., 2009; Miyagawa et al., 2012), and using
immune checkpoint blockade (Topalian et al., 2015) or combined
treatment (Twyman-Saint Victor et al., 2015; Yang et al., 2016).
Similar to helper CD4* T cell subsets, CD8* T cells are
capable of differentiating into Tcl, Tc2, Tc9, and Tcl7 cells
under various cytokine conditions, each of which has a unique
cytokine secretion and transcription factor expression pattern
(Mittriicker et al., 2014). Among the CD8* T cell subsets, Tcl
cells or CTLs are the best-characterized effector CD8* T cells
that play a crucial role in clearance of intracellular pathogens
and tumors, whereas the function of Tcl7 cells on tumor
growth remains controversial (Garcia-Hernandez et al., 2010;
Zhang et al., 2014b). We have previously reported that Tc9
cells, a newly established CD8* T cell subset, exerted stronger
antitumor effects compared with Tcl cells after adoptive

transfer, and these effects were associated with prolonged
persistence and conversion to IFN-y- and granzyme-B (Gzmb)-
secreting cells in vivo (Hinrichs et al., 2009; Visekruna et
al., 2013; Lu et al., 2014; Mittriicker et al., 2014). However,
it is unclear how Tc9 cells are programmed to possess
these properties. Having knowledge would accelerate new
strategies to improve the efficacy of CD8* T cells for clinical
trials. The aim of this study was to elucidate the underlying
mechanisms. Using gene profiling, we observed that Tc9 cells
expressed a significantly different level of genes responsible
for cholesterol synthesis and efflux than Tcl cells. Tc9 cells had
significantly lower levels of intracellular cholesterol than Tcl
cells and modulating cholesterol content, via pharmacological
manipulation or by regulating cholesterol synthesis or efflux
genes, in CD8* T cells promoted or impaired IL-9 expression
and Tc9 differentiation as well as their antitumor responses
in vivo. Interestingly, this seemed to be unique to Tc9 cells,
because manipulating cholesterol did not significantly affect
the differentiation of other CD8* or CD4* T cell subsets,
including Th9 cells, in vitro. Our mechanistic studies showed
that IL-9 was critical for Tc9 cell persistence and antitumor
function in vivo, and cholesterol or its derivative oxysterols
regulated IL-9 expression through liver X receptor (LXR)
Sumoylation-NF-«B signaling pathways in the cells.
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Results

Tc9 cell differentiation is associated with a low cholesterol
reprogramming profile

Our previous study showed that tumor-specific Tc9 cells displayed
greater antitumor effects than Tcl cells after adoptive transfer
(Lu et al., 2014). To elucidate the underlying mechanisms, we
performed microarray analyses of in vitro polarized mouse Tc9
and Tcl cells for24 hand analyzed the data with Ingenuity Pathway
Analysis (IPA). The top increased canonical pathways in Tc9 cells
included CD28, ICOS-ICOSL, TGF-B, and IL-9 signaling, which
was consistent with the known Tc9 (Th9) phenotype (Kaplan,
2013; Lu et al., 2014). Importantly, we found that PPARa/RXRa
signaling, which has multiple functions, including lipid, glucose,
and fatty acid metabolism, etc., was significantly decreased in
Tc9 cells (Fig. 1 A). IPA analysis of PPARa/RXRo downstream
signaling revealed that one striking feature associated with
Tc9 cells was the distinct patterns of cholesterol-associated
gene expression, i.e., low cholesterol synthesis and high efflux
gene expression profiles compared with Tcl cells (Fig. 1, B
and C). To confirm the microarray results, we examined by
quantitative RT-PCR (qRT-PCR) the expression of some key genes
responsible for cholesterol synthesis, efflux, and transport. First,
the expression of 3-hydroxy-3-methylglutaryl-CoA reductase
(Hmgcr), a rate-limiting enzyme in cholesterol synthesis within
the mevalonate pathway (Sharpe et al., 2014), was significantly
lower in Tc9 cells than in Tcl cells (Fig. 1 D). Consistently, the
expression of squalene epoxidase (Sgle), which is downstream
of Hmgcr, was down-regulated in Tc9 cells as compared with Tcl
cells. The expression of Srebf2, which preferentially activates
genes involved in cholesterol biosynthesis and uptake (Horton
et al., 2002; Maxwell et al., 2003), was not changed (Fig. 1 D).
Second, Tc9 cells displayed increased expression of cholesterol
efflux genes Abcal and Abcgl, without significant changes
in the transport genes Idol and Ldlr, suggesting that Tc9 cells
had active cholesterol export (Fig. 1, E and F). To determine
whether the changes in gene expression were associated with
cellular cholesterol level, Filipin III staining was used to directly
determine the relative cholesterol level by confocal microscopy
(Fig. 1, G and H) and flow cytometry (Fig. 11), and cholesterol
content in Tcl and Tc9 cells was determined by oxidation-based
quantification (Fig. 1]). As expected, Tc9 cells had significantly
lower cellular cholesterol content than Tcl cells, suggesting that
low cholesterol content probably favors Tc9 differentiation.

Cholesterol negatively regulates Tc9 cell differentiation and
IL-9 expression

To determine whether cholesterol plays a negative role in Tc9
cell differentiation, we manipulated cholesterol content during
Tc9 differentiation by adding cholesterol to the cell culture or
by using B-cyclodextrin (B-CD), which is widely used in studies
(Christian et al., 1997; Yang et al., 2016) to reduce cellular
cholesterol content. The effects of manipulating cholesterol
were determined by flow cytometry for Filipin III (Fig. S1 A),
a cholesterol oxidation-based method (Fig. S1 B), and confocal
microscopy (Fig. S1 C). Microarray analysis showed that
manipulating cholesterol content induced a remarkable change
in II19 expression, but not other cytokines, in differentiating Tc9
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cells (Fig. 2 A and Fig. S1 D). IL-9 was significantly up-regulated
by B-CD treatment, but was suppressed by addition of cholesterol,
suggesting that cholesterol has a specific and negative effect on
IL-9 expression in differentiating Tc9 cells. Consistently, qRT-
PCR showed that II9 mRNA expression was remarkably (50,000-
fold, based on expression in Tcl cells being 1) up-regulated in
Tc9 cells upon B-CD treatment (Fig. 2, B and C). B-CD treatment
slightly up-regulated I19 gene expression in Tcl cells (20-fold;
Fig. S2 A), in other CD8* T cell subsets (40-fold; Fig. 2 C), and
in CD4* T cell subsets (two- to threefold; Fig. S2 B). In contrast,
addition of cholesterol significantly inhibited II9 expression in
Tc9 cells, but had minor effects on other T cell subsets (Fig. 2, B
and C). Furthermore, we examined the effects of manipulating
cholesterol on IFNy production in Thl or Tcl cells, IL-9 production
in Th9 cells, and IL-17 production in Th17 or Tcl7 cells. Results
showed that cholesterol manipulation had minor or no effects
on Thi, Tcl, Th17, and Tcl7 cell differentiation or the cytokine
production (Fig. S2, B-D). Manipulating cholesterol affected, to
certain extent, IL-9 production in Th9 cells, but had much greater
effect on Tc9 cells (Fig. S2, B and E). These findings suggested
that manipulating cholesterol content significantly affects the
differentiation of Tc9 cells, but only has a minor effect on Th9 or
other CD4* or CD8* T cell subsets.

We performed a series of experiments to confirm the impact
of manipulating cholesterol on Tc9 cells. Results showed that
B-CD up-regulated whereas cholesterol down-regulated II9 gene
expression in Tc9 cells in a dose-dependent manner (Fig. 2 D and
Fig. S2 F). Flow cytometry (Fig. 2, E and F) and ELISA (Fig. 2 G)
confirmed these results. To determine the translational poten-
tial of these findings, we examined the impact of manipulating
cholesterol on human Tc9 cells. Consistent with mouse results,
B-CD up-regulated, whereas cholesterol down-regulated, II9
gene expression (Fig. S2 G) and IL-9 production in human Tc9
cells (Fig. 2, H and I). Because CD8* T cells have the capacity for
secondary expansion after a reencounter with antigen (Janssen
et al., 2005), we tested IL-9 production in Tc9 cells at 24 and
48 h after restimulation. The IL-9 level remained high in B-CD-
treated Tc9 (B-CD-Tc9) cells, but was low in cholesterol-treated
Tc9 (Cho-Tc9) cells (Fig. 2 J). Moreover, after 5 d of polarization
in the presence of cholesterol or B-CD, Cho-Tc9 and B-CD-Tc9
cells were washed and then cultured in normal T cell culture
medium for another 5 d; still, these B-CD-Tc9 cells maintained
high 119 expression, whereas Cho-Tc9 cells had low II9 expres-
sion (Fig. S2 H). Furthermore, simvastatin and lovastatin, two
inhibitors of Hmgcr that are available as generic products for
reducing plasma cholesterol (Tobert, 2003), were used to deter-
mine whether inhibiting endogenous cholesterol biosynthesis
could also up-regulate IL-9 expression in Tc9 cells. Similar to
B-CD treatment, both simvastatin and lovastatin up-regulated
IL-9 expression and production in Tc9 cells (Fig. 2, K and L; and
Fig. S2, I-K). Furthermore, we used shRNAs to knockdown cho-
lesterol synthesis gene Hmgcrand efflux gene Abcal (Fig. S3 A),
which were the most significantly changed genes in Tc9 cells
(Fig. 1, C and D). Hmgcr gene knockdown efficiently decreased
cholesterol content (Fig. S3 B) and dramatically increased IL-9
expression (Fig. 2 M) and production (Fig. 2 N) in Tc9 cells.
Addition of cholesterol reversed the effect of Hmgcrknockdown
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Figure 1. Tc9 cells display low cholesterol synthesis and high cholesterol efflux gene expression patterns and low cholesterol content compared
with Tcl cells. CD8" T cells were in vitro stimulated and differentiated with CD3/CD28 antibodies in the presence of corresponding polarizing cytokines.
(A) IPA analysis of canonical signaling pathways in Tc9 versus Tcl cells, 24 h after in vitro differentiation. (B and C) Microarray analysis of cholesterol-related
gene expression in Tc9 versus Tcl cells, 24 h after in vitro differentiation. Results represent percentage of total gene changes in each indicated group (B) and
relative expression of representative genes (C). Microarray analysis represents two independent experiments. (D-F) qRT-PCR analysis of the expression of
cholesterol synthesis genes Hmgcr, Sqle, and Srebf2 (D), efflux genes Abcal and Abcgl (E), and transport genes Idol and Ldlr (F) in Tc9 versus Tcl cells at
indicated time points. (G-1) Relative cholesterol content in Tc9 versus Tcl cells determined by Filipin 11l staining at day 3 after in vitro differentiation, using
confocal microscopy (G), relative quantification of confocal data (H), and flow cytometry (). MFI, mean fluorescence intensity. (J) Cholesterol quantification of
Tc9 versus Tl cells using a cholesterol oxidation-based method at indicated days after stimulation and differentiation. Experiments were performed with at
least three biological replicates and are representative of at least three independent experiments. Data are presented as mean + SEM. ¥, P < 0.05; **, P < 0.01.

that cholesterol is detrimental to Tc9 cell differentiation and
IL-9 expression.

(Fig. 2, M and N). On the contrary, cholesterol content was sig-
nificantly increased (Fig. S3 B) while IL-9 expression (Fig. 2 O)
and production (Fig. 2 P) were decreased in Abcal-knockdown

Tc9 cells. Removal of cholesterol reversed the effect of Abcal Reducing cholesterol enhances Tc9 cell persistence and

knockdown (Fig. 2, O and P).

To reconfirm that high cholesterol repressed Tc9 differ-
entiation, Apoe™/~ mice, an atherosclerosis-prone transgenic
mouse with high plasma and cellular cholesterol levels (Zhang
et al., 2014a) were used. IL-9 expression and production were
both impaired in Tc9 cells from Apoe™~ as compared with WT
mice (Fig. S3 C). Collectively, these data clearly demonstrated

Ma et al.
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antitumor activity in an IL-9-dependent manner in vivo

Compared with Tcl cells, Tc9 cells persist longer in vivo after
transfer (Lu et al., 2014). Therefore, we sought to determine
whether cholesterol modulation could further improve the per-
sistence and antitumor activity of Tc9 cells. Pmel-1-derived Tcl,
Tc9, B-CD-Tc9, or Cho-Tc9 cells were transferred into MC38-gp100
tumor-bearing C57BL/6 mice (Fig. S4 A). We collected blood at
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Figure 2. Cholesterol negatively regulates while reducing cholesterol enhances Tc9 cell differentiation. CD8* T cells were in vitro stimulated and dif-
ferentiated with CD3/CD28 antibodies under corresponding polarizing conditions, with indicated treatments during the entire process. (A) Microarray analysis
of Tcl, Tc9, B-CD-Tc9, and Cho-Tc9 cell cytokine and cytokine receptor expression at day 5 after in vitro differentiation. (B) qRT-PCR analysis of /19, Il4, 1110,
1121, and Ifng expression in Tc9, B-CD-Tc9, and Cho-Tc9 cells at day 5 after in vitro differentiation. (C) qRT-PCR analysis of /9 expression in Tc0, Tcl, Tc2, Tc9,
and Tc17 cells with or without B-CD or Cho treatment at day 5 after in vitro differentiation. (D) Transcriptional levels of /19 in Tcl, Tc9, B-CD-Tc9, and Cho-Tc9
cells at day 5 after in vitro differentiation. (E and F) Flow cytometry analysis of IL-9-producing cells in Tcl, Tc9, B-CD-Tc9, and Cho-Tc9 cells at day 4 after in
vitro differentiation. (G) ELISA quantification of IL-9 production in supernatants of Tcl, Tc9, B-CD-Tc9, and Cho-Tc9 cells at day 4 after in vitro differentiation.
(H and 1) Flow cytometry analysis of IL-9-producing cells in Tcl, Tc9, B-CD-Tc9, and Cho-Tc9 cells differentiated from human blood CD8* T cells at day 4 after
in vitro differentiation. B-CD or cholesterol was present during the entire culture process. (J) In vitro differentiated Tcl and Tc9 cells with indicated treatments
were counted, and the same number of cells were taken and restimulated at day 5 for another 1 or 2 d. Supernatants were collected and examined for IL-9
production by ELISA. (K and L) Transcriptional levels of /(9 expression (K) and ELISA quantification of IL-9 production (L) in Tc, Tc9, simvastatin-treated Tc9,
and lovastatin-treated Tc9 cells at day 4 after in vitro differentiation. Simva, simvastatin; Lova, lovastatin. (M and N) Transcriptional levels of /(9 expression
(M) and ELISA quantification of IL-9 production (N) in Tc9 (Ctrl), Hmgcr-knockdown (shRNA #1 and #2, two different shRNAs) Tc9, and cholesterol-treated
Hmgcr-knockdown (#2 + Cho) Tc9 cells at day 5 after in vitro differentiation. (O and P) Transcriptional levels of /9 expression (0) and ELISA quantification of
IL-9 production (P) in Tc9 (Ctrl), Abcal-knockdown (shRNA #1 and #2, two different shRNAs) Tc9, and B-CD-treated Abcal-knockdown (#2 + B-CD) Tc9 cells
at day 5 after in vitro differentiation. Experiments were performed with at least three biological replicates and are representative of at least two independent
experiments. 3-CD, B-cyclodextrin-treated; Cho, cholesterol-treated. Data are presented as mean + SEM. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001.

various time points and examined the percentage and number  (Fig. 3 A), confirming that Tc9 cells persisted better in vivo versus
of transferred Tc9 or Tcl cells. The number of Tc9 cells was sig-  Tcl cells. Compared with Tc9 cells, B-CD-treated Tc9 cells per-
nificantly greater than the number of Tcl cells at each time point  sisted even longer, whereas cholesterol-treated Tc9 cells had poor

Ma etal. Journal of Experimental Medicine
Cholesterol negatively regulates Tc9 cells https://doi.org/10.1084/jem.20171576

220z 1snbny £z uo3senb Aq 4pd-9/G1 2102 Wel/0900.L L/SSS1/9/G1LZ/pd-ejomie/wal/Bio ssaidni//:dpy woy papeojumoq

1558



A Tel Teo [-CD-Tea Chio-Teg = Tel G 250
1 ws | ] 856 75 100 - Tch T
.' 1 - ’@ * oo (-CD-Te8  PES = .+
’ =]
e ¥ u @ Q|3 %an' = Cho-Tcd a”* g - -
= 8 ]
= *% Ted e # €150
2k ® eFe:
T T T 8 8 - = 100 dedke
o |1 218 ETHE 588 o2 4 p-CD = ] - 3 e
5 ~ |1 R R - e oo ¥ 8 T O£
h - IO IR 9w 2 2w 2 2 %0
2 1 - B FEZ _—,] 1 * Cho ? .& 9
2 R ! ¢ ib i DA 2% - ® pEs Teo pB-CD Cho
Thylt gy ¥ -Tc -Ted
B Tel To8 p-CDTe8  ChoTod H .
0.49 7.08 57 450 5% =Tl =t
& F 3 = -Teg 5
- £ § o= -CO-Ted pBSQ . & £ 150
e g i w =
i g = Cho-Ted h s 5
sl |l [l [le] |32 ol
-E 100
Thyt 1 b Tcd * F; ¢ 2 k3
=k x g
Si P y 50
" T @ 2
94 Tl Tco p-CD-Tca Cho-Tcs il 2
- T — o
580/ 46.6 507/ V| 478 /) w § Sim
f | | fizi) §$ o | PBS Ted T
\d N g .i' W %
- g i ok = i 8
F3 | - N | o5 e
=3 | H Z i il ot Tcg ShRNA Hmger SHRNA Abcal 3% 10
r mTed i o
] + L -~ = 12
8.8 — || 298 o [-CO-Ted et S £ 45
I O ()| 8- = ChoTes . B AONET S
Laer 1] Dy 150 PU .
= ! # |1 . 8 a8 “F o,
5 i 1 0 = o B [
] 1 z
Thyi e oo Thyt.1 EE o &
o =}
D 30 250 = ShRENA Hmger
x = ShRNA Abcal
300 &
e 2~ 200 * ot
T2 250 se -7y J 00
P v 150 €9 3-CO-Teg
ol 23 = Cho-Ta FES ’ g 2%
e O 100 Toin
1) jl " @By !
= - o (-] =
Z nE o5 l E- E% 50 * = 150
o b = 0 ShRNA Hmger & Q g
Ten ” k2 .g 100
E 2500 | —m— PBS F 2500 | —m— PBS P . 2 5
—8— Tci @ Tk S _?cgbca
O Tea :
= 2 2000 { —O— Ted 0
T o —&— (-C0-Tch T —&— Sim-Ted PBS Tcd ShRNAShRNA
E —A— Cho-Ted E Hmger Abcal
E 1500 E 1500 el e
i
5 1000 I, g 1000
g =
= 5
500 |x- = 500
&
0 0
01 2 3 4 5 68 7 8 0 12 3 4.5 6 7 8

Weeks post Tumor Challenge Weeks post Tumor Challenge

Figure 3. Reducing cholesterol enhances Tc9 cell persistence and potentiates its antitumor activity in vivo. (A-E) Pmel-1-derived Tcl, Tc9, B-CD-Tc9,
and Cho-Tc9 cells were in vitro differentiated for 5 d and then transferred into MC38-gp100 tumor-bearing mice. Persistence of the transferred T cells was
assessed by collecting tail vein blood at 14 and 28 d after transfer using FACS analysis (A). At day 28, tumors in each group were resected, the percentage
of tumor-infiltrating transferred total (B) or IFN-y- and GzmB-producing T cells (C), and the number of tumor-infiltrating transferred IFN-y- and GzmB-pro-
ducing cells (D; cell number was normalized to 100 mg tumor tissue) were detected by FACS. Tumor size was measured with calipers and calculated (E).
(F) Pmel-1-derived Tcl, Tc9, and Sim-Tc9 cells were transferred into MC38-gp100 tumor-bearing mice. Tumor size was measured with calipers. (G) Pmel-1-
derived Tc9, B-CD-Tc9, and Cho-Tc9 cells were transferred into B16 tumor-bearing mice. After 16 d, mice were sacrificed to enumerate the tumor foci in the
lung. (H) Pmel-1-derived Tc9 or Sim-Tc9 cells were transferred into B16 tumor-bearing mice. After 16 d, tumor foci in the lung were counted. (I) Pmel-1-derived
Tc9, Hmger-knockdown (shRNA Hmgcr) Te9, and Abcal-knockdown (shRNA Abcal) Te9 cells were transferred into lung B16 tumor-bearing mice. After 7 d, blood
was collected to analyze the percentage of transferred cells. (J) Pmel-1-derived Tc9, Hmgcr-knockdown (shRNA Hmgcr) Tc9, and Abcal-knockdown (shRNA
Abcal) Tc9 cells were transferred into lung B16 tumor-bearing mice. After 16 d, mice were sacrificed to enumerate the tumor foci in the lung. T cell persistence
and tumor growth experiments were performed with five mice per group and are representative of at least two independent experiments. Data are presented
as mean + SEM. *, P < 0.05; **, P < 0.01.

survival (Fig. 3 A). At the end of the fourth week after transfer,
significantly higher numbers of B-CD-Tc9 cells, compared with
Tc9 or Tcl cells, were also detected in tumors (Fig. 3 B).

Because Tc9 cells convert to IFN-y- and GzmB-producing
cells in vivo (Lu et al., 2014), we examined whether cholesterol
modulation could also have an impact on the percentage and total
number of IFN-y- and GzmB-producing Tc9 cells. Although cho-
lesterol modulation did not affect the percentages of IFN-y- and
GzmB-producing Tc9 cells in vivo (Fig. 3 C), a significantly higher
number of IFN-y- and GzmB-producing Tc9 cells was detected in
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tumors of mice injected with B-CD-Tc9 cells than those injected
with Tc9 or Cho-Tc9 cells (Fig. 3 D). Significantly lower numbers
of IFN-y- and GzmB-producing Tc9 cells were detected in tumors
from mice injected with Cho-Tc9 cells than those injected with Tc9
cells (Fig. 3 D). At 4 wk after adoptive transfer, among tumor-in-
filtrating Tc9 and Tcl cells, cholesterol content remained the low-
est in B-CD-Tc9 cells (Fig. S4 B), and B-CD-Tc9 cells maintained
high I19 expression (Fig. S4 C). To determine why the number of
the T cells differed in vivo among Tc9, B-CD-Tc9, and Cho-Tc9,
we examined the status of T cell proliferation and apoptosis. No
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significant difference was observed in Tc9 proliferation; how-
ever, B-CD-Tc9 cells displayed decreased apoptosis, and Cho-Tc9
cells displayed increased apoptosis as compared with control Tc9
cells (Fig. S4, D and E), suggesting that Cho-Tc9 cells had poor
survival versus control Tc9 and B-CD-Tc9 cells in vivo. Finally, we
determined the antitumor activity of these cells. B-CD-Tc9 cells
displayed the best antitumor activity among all groups (Fig. 3E).
We also evaluated simvastatin-treated Tc9 cells (Sim-Tc9) and
found that Sim-Tc9 cells, similar to B-CD-Tc9 cells, also had anti-
tumor activity superior to that of Tc9 cells (Fig. 3 F). To confirm
the results, we repeated the experiments in a metastatic lung
tumor model (Fig. S4 F). Again, B-CD-Tc9 (Fig. 3 G) and Sim-Tc9
(Fig. 3 H) cells displayed the best antitumor activity among Tc9
cells, and Cho-Tc9 cells exerted weaker antitumor activity in vivo
than Tc9 cells (Fig. 3, E and G).

To confirm the results, Hmgcrand Abcal knockdown Tc9 cells
were used in vivo. The results showed that Hmger-knockdown
Tc9 cells had significantly longer persistence and better antitu-
mor activity than Tc9 cells in tumor-bearing mice, whereas the
in vivo persistence and antitumor function of Abcal-knockdown
Tc9 cells were drastically impaired in comparison with Tc9 cells
(Fig. 3,Iand]).

Because a high level of cholesterol is harmful to Tc9
differentiation in vitro and its antitumor activity in vivo, it is
interesting to determine whether B-CD-Tc9 cells could function
well in host with high levels of cholesterol. We transferred
B-CD-Tc9 cells into tumor bearing WT or Apoe™~ mice and
examined their persistence and antitumor effects. Deficiency of
Apoe slightly accelerated tumor growth in the host without T cell
transfer. B-CD-Tc9 cells displayed slightly impaired persistence,
but still exerted a strong antitumor activity in Apoe™-, as compared
with WT mice (Fig. S4, G and H). These results suggest that host
cholesterol does not significantly impair the function of the T cells.

IL-9 is indispensable for Tc9 cell survival and

persistence in vivo

Because persistence and antitumor function seemed to posi-
tively correlate to IL-9 production in Tc9 cells, we hypothesized
that IL-9 was indispensable for Tc9 persistence and antitumor
activity in vivo. To test this hypothesis, we used Pmel-1-WT and
Pmel-1-119/--mice (bearing MC38-gpl00 tumor) that received
adoptive transfer of Pmel-1-WT-Tc9, Pmel-1-119~/~-Tc9, Pmel-1-
1197/--B-CD-Tc9, or Pmel-1-119~--Cho-Tc9 cells. Tc9 cells derived
from I19/--mice do not express II9, but express high levels of the
119 transcription factors Irf4 and Pu.1 (Fig. S4I). Compared with
WT-Tc9 cells, significantly lower numbers of 119/--Tc9 cells were
detected in the blood of WT mice, and the numbers of these cells
in I197/- mice were even lower (Fig. 4, A and B). No significant dif-
ference was found in the numbers of Tc9, B-CD-Tc9, or Cho-Tc9
cells derived from 119/~ mice. Similar results were obtained from
tumor-infiltrating-transferred Tc9 cells (Fig. 4 C). These find-
ings suggested that the prolonged survival of Tc9 cells in vivo
depends on Tc9- and host-derived IL-9, and modulating choles-
terol does not affect Tc9 cell function when the T cells secrete
no IL-9. Although IL-9 deficiency in Tc9 cells did not affect their
conversion to IFN-y- and GzmB-producing cells in vivo (Fig. 4 D),
the total number of tumor-infiltrating Thyl.1*CD8* IFN-y- and
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GzmB-producing I19/~-Tc9 cells was significantly lower than
WT-Tc9 cells (Fig. 4 E). Indeed, although these T cells showed
similar proliferative capacity, I19/~-Tc9 cells displayed increased
apoptosis compared with WT-Tc9 cells (Fig. S4,] and K), indicat-
ing poor survival of 119/~-Tc9 cells in vivo. Thus, these results
clearly showed that IL-9 plays a vital role for Tc9 cell survival and
persistence in vivo.

To reconfirm that IL-9 secretion helps Tc9 cells to persist lon-
ger in vivo, we used the CRISPR/Cas9 technology to knock in a
GFP complete coding sequence at the C terminal of IL-9 mRNA
by providing a GFP template plasmid as described in Fig. S4, L
and M. The percentage of GFP* CD8* T cells was much higher in
B-CD Tc9 cells as compared with control Tc9 cells in vitro (Fig.
S4 N). Furthermore, we sorted out the GFP* CD8* T cells from
control and B-CD Tc9 cells and transferred them into tumor-bear-
ing mice. Similarly, the percentages of GFP* donor CD8* T cells
and mean fluorescent intensity of total donor CD8* T cells were
much higher in $-CD Tc9 cells as compared with control Tc9 cells
at both day 5 and day 12 after transfer (Fig. S4, O and P). Thus,
these results prove that IL-9 secretion does help Tc9 cells to per-
sist longer in vivo.

Consistent with poor persistence, I197/--Tc9 cells also dis-
played a compromised antitumor effect compared with WT-Tc9
cells in both subcutaneous MC38-gpl00 (Fig. 4 F) and B16 lung
metastatic (Fig. 4 G) mouse models, indicating that IL-9 is
required for Tc9-mediated antitumor effects in vivo. To confirm
these results, Tc9 cells from II9r~/~ mice were used. II9r~7/~-Tc9
cells did not express II9r (Fig. S4 Q), but secreted large amounts
of IL-9 (Fig. S4 R), indicating that IL-9 signaling in the T cells was
deficient. As expected, II9r/~-Tc9 cells also had compromised
antitumor activity, and reducing cholesterol in these cells had no
effect on their antitumor response in vivo (Fig. 4 H). Collectively,
these results indicated that IL-9 and IL-9 signaling in Tc9 cells are
indispensable for Tc9 cell persistence and antitumor activity in
vivo and that cholesterol modulates the differentiation and func-
tion of Tc9 cells by regulating the expression of IL-9.

Cholesterol-derived oxysterols inhibit IL-9 expression via

LXR Sumoylation

Next, we elucidated the mechanisms underlying cholester-
ol-mediated regulation of IL-9 expression in Tc9 cells. First, we
examined whether modulation of cholesterol affected TCR sig-
naling in the cells, because cholesterol is important for regulating
TCR signaling (Swamy et al., 2016; Yang et al., 2016). However,
no significant differences in TCR signaling were found in Tc9,
B-CD-Tc9, or Cho-Tc9 cells (Fig. S5 A). Second, because cholesterol
manipulation by B-CD, lovastatin, or simvastatin did not affect the
expression of the I[9transcription factors Irf4 and Pu.1 (Fig. S5 B),
we ruled out the involvement of these transcriptional factors. To
understand how cholesterol regulates IL-9 expression in the cells,
we again used IPA analysis to examine the gene microarray data
obtained from CD8* T cells with and without cholesterol treat-
ment. Interestingly, we found that only LXR/RXR signaling was
activated (Fig. 5 A) in the T cells after cholesterol treatment, sug-
gesting that cholesterol-induced inhibitory effect may be medi-
ated by the LXR/RXR signaling. Because cholesterol derivatives
participate in various signaling pathways (Traversari etal., 2014),
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Figure 4. IL-9 is indispensable for Tc9 cell survival and persistence in vivo. (A-F) Tc9, B-CD-Tc9, and Cho-Tc9 cells from Pmel-1 WT or Pmel-1-19~/~ mice
were transferred into MC38-gp100 tumor-bearing WT or /[97/~ mice as indicated. Persistence of the cells was determined using FACS analysis by collecting tail
vein blood for consecutive 4 wk after transfer (A and B). In B, statistical comparison was always made with control Tc9 cells. (C-E) At day 28, tumors in each
group were resected and the percentage of tumor-infiltrating transferred total (C) or IFN-y- and GzmB-producing T cells (D) and the number of tumor-infiltrating
transferred IFN-y- and GzmB-producing cells (E; cell number was normalized to 100 mg tumor tissue) were detected by FACS. Tumor size was measured with
calipers and calculated (F). (G) Tc9 cells from Pmel-1WT mice and Tc9, B-CD-Tc9, or Cho-Tc9 cells from Pmel-1-/19/- mice were transferred into B16 tumor-bear-
ing mice. After 16 d, tumor foci in the lung were counted. (H) Tc9 or B-CD-Tc9 cells from Pmel-1\WT or Pmel-1-/(9r/~ mice were transferred into MC38-gp100
tumor-bearing mice. Tumor size was measured with calipers and calculated. T cell persistence and tumor growth experiments were performed with five mice
per group and are representative of at least two independent experiments. Data are presented as mean + SEM. *, P < 0.05; **, P < 0.01. NS, not significant.

we differentiated Tc9 cells in the presence of cholesterol, various 22(R)-hydroxycholesterol and 22(S)-hydroxycholesterol are
oxysterols, and sterol-related compounds to determine whether ~ stereoisomers (Joseph et al., 2003). Our results showed that
cholesterol derivatives inhibited IL-9 expression. Indeed, choles-  22(R)-hydroxycholesterol inhibited IL-9 expression and produc-
terol and all oxysterols, including 22(R)-hydroxycholesterol, but  tion, but 22(S)-hydroxycholesterol did not (Fig. 5, B and C). The
not 22(S)-hydroxycholesterol or other cholesterol derivatives, different effects of these two stereoisomers on IL-9 expression
inhibited I9 mRNA expression and IL-9 secretion (Fig.5,Band C).  led us to focus on their functions. Oxysterols can activate LXRs,
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Figure5. Oxidized cholesterol-mediated LXR activationinhibits IL-9 expression. CD8" T cells were in vitro stimulated and differentiated with CD3/CD28 antibodies
under the Tc9-polarizing condition with the indicated treatments during the entire process. (A) IPA analysis of canonical signaling pathways in 24 h-cultured CD8* cells
treated, with or without cholesterol. Microarray analysis data represents two independent experiments. (B and C) qRT-PCR of //9 mRNA expression (B) and ELISA detec-
tion of IL-9 production (C) in Tc9 cells at day 4 after in vitro differentiation with indicated treatments. Shaded bars represent IL-9 expression in control Tc9 and Tc9 cells
treated with 22(R)- or 22(S)-hydroxycholesterols. (D) IL-9 expression (left) and production (right) in Tc9 cells with or without TO or GW3965 (GW) treatment as indicated
at day 4 afterin vitro differentiation. (E) ELISA detection of IL-9 production in Tc9 cells with or without B-CD and TO or GW treatment at day 4 after in vitro differentiation.
(F-H) CD8" T cells from Lxra™/~ mice were in vitro stimulated and differentiated with CD3/CD28 antibodies under the Tc9-polarizing condition for 1d and then transfected
with LXRB siRNA for 1d, followed by indicated treatments for additional 2 d. Lxra knockout and LXRB knockdown efficiency were examined before treatment (F), and
IL-9 production was measured under the indicated conditions (G and H). Experiments were performed with at least three biological replicates and are representative of
at least two independent experiments. Data are presented as mean = SEM. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001.
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which are “cholesterol sensors” (Joseph et al., 2003; Traversari
et al., 2014). 22(R)-hydroxycholesterol can act as a LXR ligand,
whereas 22(S)-hydroxycholesterol is inactive (Joseph et al.,
2003). These data further suggest that LXR signaling mediates
the effect of cholesterol on the suppression of IL-9 expression. To
confirm whether LXRs were involved in regulating IL-9 expres-
sion, we used two synthetic LXR agonists, T0901317 (TO) and
GW3965 (Bettowski, 2008), to activate LXRs in differentiating
Tc9 cells. Both TO and GW3965, similar to the effects of oxys-
terols, significantly inhibited IL-9 expression and production
in Tc9 cells (Fig. 5 D). Moreover, we treated B-CD-Tc9 cells with
TO or GW3965 during differentiation, and both abrogated -CD-
mediated up-regulation of IL-9 expression in Tc9 cells (Fig. 5 E).
Together with IPA analysis, these results demonstrated that LXR
signaling mediates IL-9 inhibition by cholesterol. To determine
whether cholesterol-mediated inhibition of IL-9 expression in
Tc9 cells was LXR dependent, we isolated CD8* T cells from Lxra~/~
mice and knocked down their Lxrb gene with siRNA (Fig. 5 F),
because both LXRa and LXRP may be important in regulating
IL-9 expression (Joseph et al., 2003). Tc9 cells deficient in LXRs
secreted significantly more IL-9 than WT-Tc9 cells (Fig. 5 G).
Cholesterol or TO inhibited IL-9 expression in WT-Tc9, but not
in LXR-deficient Tc9 cells (Fig. 5 G). Consistently, although 8-CD
up-regulated IL-9 expression in Tc9 cells, whereas TO abrogated
such an effect, these agents had no effect on IL-9 production in
LXR-deficient Tc9 cells (Fig. 5 H). Thus, these results indicated
that cholesterol-mediated inhibition of IL-9 production in Tc9
cells indeed depends on LXRs.

Next we investigated how LXRs regulated IL-9 expression
in CD8* T cells. Because LXR activation repressed II9 transcrip-
tion (Fig. 5 D), we examined whether cholesterol manipulation
with B-CD and TO treatment could affect LXR expression and
its modification by Sumoylation. Although no differences were
observed in LXRs and Sumol, -2, and -3 expression upon -CD
and TO treatment (Fig. 6 A and Fig. S5 C), B-CD repressed Sumoy-
lation of LXRa (Sumo2 and -3) and LXRP (Sumol). TO treatment
abrogated the effects of f-CD on LXR Sumoylation. To determine
whether Sumoylation could directly inhibit IL-9 expression, the
Sumoylation inhibitor 2-D08 was used. As expected, 2-DO08 sig-
nificantly increased IL-9 expression and production in treated
cells (Fig. 6, B and C). To verify whether LXR Sumoylation medi-
ated the inhibition of IL-9 expression, LXRB-knockdown CD8* T
cells from Lxra~/- mice were used (Fig. S5 D). As expected, 2-D08
was no longer able to up-regulate IL-9 production in these T cells
(Fig. 6 D), indicating that LXR Sumoylation inhibits IL-9 produc-
tion in Tc9 cells.

Finally, we attempted to identify transcription factors down-
stream of cholesterol and LXRs that regulated IL-9. We sought
to determine whether NF-«B, which was reported to be import-
ant for CD4* Th9 cell differentiation (Xiao et al., 2012), may also
play a role in Tc9 cells. First, a luciferase reporter assay was per-
formed to examine which NF-«B subunits bind and transcribe
the I19 gene. As shown in Fig. 6 E, p65, but not other members of
the NF-«B complex, strongly activated II9 transcription. Inter-
estingly, inhibition of Sumoylation by either 8-CD or 2-D08 did
not affect p65 expression or nuclear translocation (Fig. 6 F), but
significantly increased the binding of p65 to one of the NF-«B
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binding sites on the II9 promoter in Tc9 cells as demonstrated
by ChIP assay (Fig. 6 G). To determine whether the enhanced
p65 binding was indeed induced by inhibition of LXR Sumoy-
lation, another ChIP assay was performed. As shown in Fig. 6 H,
inhibition of Sumoylation by either B-CD or 2-D08 significantly
increased p65 binding on the II9 promoter in WT-Tc9, but not in
LXR-deficient Tc9 cells. Hence, these data indicated that choles-
terol-induced LXR Sumoylation inhibits IL-9 expression, at least
in part, by reducing the binding of p65 to II9 promoter in the cells.

Discussion

This study reports an interesting and novel finding that choles-
terol or its derivatives play an important role in Tc9 cell differen-
tiation and function in vivo. We showed that Tc9 cells expressed
different levels of genes responsible for cholesterol synthesis and
efflux, and Tc9 cells had a significantly lower level of cholesterol
content than Tcl cells. Modulating cholesterol content in CD8*
T cells promoted or impaired IL-9 expression and Tc9 cell dif-
ferentiation as well as their antitumor responses in vivo. These
effects were unique to Tc9 cells because manipulating cholesterol
had only minor or no effects on other subsets of CD4* and CD8*
T cells, including Th9 cells. Our results further showed that Tc9
cells deficient in IL-9 or IL-9 receptor had significantly impaired
in vivo persistence and antitumor effects as compared with
WT-Tc9 cells, indicating the importance of IL-9 and IL-9 signaling
for the persistence and antitumor function of Tc9 cells. Further-
more, I197/--Tc9 cells transferred into 119/~ mice displayed worse
persistence than cells transferred into WT mice, suggesting that
host-derived IL-9 also plays a role in Tc9 cell function. Finally,
our mechanistic studies showed that cholesterol or its derivative
oxysterols regulated IL-9 expression through LXR Sumoylation
and NF-«B signaling pathways.

A lipid anabolic program is required for membrane biosyn-
thesis and cellular growth during T cell activation. Cholesterol
modulates the function of membrane proteins, participates in
membrane trafficking, and regulates transmembrane signaling.
Cholesterol metabolites also act as signal transducers (Ikonen,
2008; Spann and Glass, 2013). Recent studies show that inhi-
bition of cholesterol esterification can enhance T cell receptor
clustering and signaling in CD8" T cells, whereas other studies
suggest that cholesterol sulfate represses T cell activation by
inhibiting the phosphorylation of intracellular immunoreceptor
tyrosine-based activation motifs in TCRs (Wang et al., 2016; Yang
et al., 2016). Yang et al. reported that inhibition of cholesterol
esterification (which increased free cholesterol content in cells)
enhanced the antitumor function of CD8* T cells, indicated by
increased immunological synapse formation, TCR signaling, and
enhanced GzmB and IFN-y secretion. In contrast, in our study,
reducing cholesterol content under the Tc9-polarizing condition
significantly potentiated the antitumor function of Tc9 cells,
which was associated with longer in vivo persistence and higher
IL-9 production as compared with control Tc9 or Tcl cells. This
discrepancy in the results may be caused by differences in cho-
lesterol metabolism across specific cytokine differentiation or
polarization conditions in CD8* T cells (Yang et al., 2016). Hu et al.
also reported that sterol metabolism could generate endogenous

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20171576

220z 1snbny £z uo3senb Aq 4pd-9/G1 2102 Wel/0900.L L/SSS1/9/G1LZ/pd-ejomie/wal/Bio ssaidni//:dpy woy papeojumoq

1563



A B-CD-Tc9
Tc9
| Ti
Gl p-CD-Tco §-CD-Tco
Sumol y Tc9 ; Tc9
u IP: LXRa ' % Ctrl TO we IPLXRE '™ ctl TO we:
Sumo2/3 e -Isumo‘t i -| Sumo?
LXR o 15 kD - l Sumo2/3 15 kD - Sumo2/3
50 kD I LXRa 50 kD| I LXRp
50 kD LXR p
37 kD p-actin
*%*
B c D ! E
é = 10000 Fokk F 10000 kb E
2 e E ) B 3000
o i=4 * NS ]
& 40 £ s000 = e T = 2500 -5
>< =
s 30 s S =
g2 T 6000 £ ¢ 2000
x ' = g £ 1500
E ] g 5}
o 4 Fk 2 o 5 i
=5 S &) 1000
w o — @ H
2 2 o 2000 2 % 500
B = = 3
& o 0 1000 € o
2008 0 5 20puM 2.008 0 5 20uM 2D08 0 20 020 0 20 0 20 ]
P s o o el Ctrl p50 p52 p65 RelB C-Rel
SHLXRP == - o -+ 4
wWT Lxra
F G ! ._._TT;ECC _TTI:CCCC H WT
-
—] AGGAAAACCCC | =] GGGAAAAACCC 5 55, = Lia-
Cytoplasm Nucleus % 448 438 65 55 E * * NS
Ctrl p-CD 2-D08 Ctrl p-CD 2-D08 0
75 KD - s e k os * - & 20 *x B NS
= : g
s 2 o« 0 g
£ - T 49
Lamin A % 10 o E 05
2 05 0z &
™ 7]
o [ Xs] ® 0o
= 0 p-CD 2-D08 0 (-CD 2-D08 si-scramble + + + - - -

Figure 6.

siLXRp - - - + + +
2D0s 0 0 20 0 0 20
gp-CD 0 20 0 0 20 O

LXR activation-induced LXR-Sumoylation inhibits IL-9 expression. CD8* T cells were in vitro stimulated and differentiated with CD3/CD28

antibodies under the Tc9-polarizing condition, with indicated treatments during the entire process. (A) Western blot analysis of Sumol, -2, and -3 and
LXRa/-B expression (left), and IP analysis of LXR and Sumo interaction and expression under indicated treatments (right) at day 4 after in vitro differentiation.
(B and C) qRT-PCR (B) and ELISA (C) analyses of IL-9 expression or production, with or without 2-D0O8 treatment at day 4 after in vitro differentiation. (D) CD8*
T cells from Lxra™/~ mice were in vitro stimulated and differentiated with CD3/CD28 antibodies under the Tc9-polarizing condition for 1 d and then transfected
with LXRB siRNA for 1 d, followed by the indicated treatments for additional 2 d. IL-9 production was measured under the indicated conditions. (E) Dual-lucif-
erase analysis examined the impact of p50, p52, p65, RelB, and C-Rel overexpression on the /19 promoter in 293T cells. (F) Western blot analysis of p65 protein
expression under B-CD or 2-D08 treatment at day 4 after in vitro differentiation. (G) P65 binding site prediction on the /(9 promoter and ChIP analysis with
p65 as baiting antibody under B-CD or 2-D08 treatment at day 4 after in vitro differentiation. (H) ChIP analysis of p65 binding under B-CD or 2-D08 treatment
and indicated LXR deficiency conditions at day 4 after in vitro differentiation. Experiments were performed with at least three biological replicates and are

representative of at least two independent experiments. Data are presented as mean + SEM. *, P < 0.05; **. P < 0.01; ***, P < 0.001.

RORYy agonists, and cholesterol precursors are endogenous RORy
agonists that control Th17 differentiation (Hu et al., 2015), which
provides evidence that cholesterol-related metabolites can regu-
late T cell differentiation.

IL-9 was initially considered as a Th2-specific cytokine
(Stassen et al., 2012). Later, the discovery of IL-9-secreting Th9
(Dardalhon et al., 2008; Veldhoen et al., 2008) and Tc9 (Lu et al.,
2014) cells brought a new life to the cytokine. In addition to CD4*
and CD8* T cells, osteoblasts (Xiao et al., 2017), mucosal mast cells
(Shik et al., 2017), and type 2 innate lymphoid cells (Rauber et
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al., 2017) have also been reported to produce IL-9. However, the
links between IL-9 and cancer progression are still elusive. IL-9
has been reported to promote the progression of many tumors
in mice (Renauld et al., 1994) and humans (Fischer et al., 2003),
whereas we and others showed that neutralizing IL-9 by inject-
ing IL-9 antibodies to melanoma-bearing mice promoted tumor
growth (Lu et al., 2012, 2014). Furthermore, our previous (Lu et
al., 2014) and current study demonstrate a critical role of IL-9 in
the antitumor function of Tc9 cells. Although IL-9-producing T
cells have been identified in humans (Schlapbach et al., 2014),
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and IL-9 was reported to promote the survival and function of
human tumor-infiltrating T cells (Parrot et al., 2016), the role of
IL-9 in antitumor response in human cancer remains elusive.

In our study, we used two generic products, simvastatin and
lovastatin (Tobert, 2003), to reduce plasma cholesterol. Accord-
ing to the guidelines on cholesterol management (Grundy et al.,
2004), simvastatin can be given to adults at 40 mg daily, which
is comparable to the concentration (2 uM) used for CD8* T cell
treatment in our study. In addition, IL-9 expression and produc-
tion in human Tc9 cells can also be dramatically up-regulated by
reducing cholesterol, demonstrating the translational potential
to boost the antitumor function of Tc9 cells in human cancer.

Cholesterol homeostasis is tightly regulated by coordination
of increasing and removing intracellular cholesterol (Spann and
Glass, 2013). During these processes, many intermediates and
derivatives are produced that participate in different signaling
pathways. Oxysterols are generated during cholesterol metabo-
lism through both enzymatic reactions and autoxidation. They
regulate diverse cellular processes through transcription factors
such as the LXRs and sterol regulatory element-binding proteins,
and the G protein-coupled receptor EBI2. LXRs regulate choles-
terol homeostasis by modulating expression of various genes, in
particular, genes associated with cholesterol efflux (Abcal and
Abcgl), thus eliminating excess cellular cholesterol (Spann and
Glass, 2013; Traversari et al., 2014; Tall and Yvan-Charvet, 2015).
It is unknown, however, whether LXR signaling can regulate
IL-9 expression. The different effects of the oxysterols 22(R)-hy-
droxycholesterol and 22(S)-hydroxycholesterol on IL-9 pro-
duction indicate a potential relationship between LXRs and II9
transcription, which led to our finding that II9 transcription was
negatively regulated by the oxysterol-LXR-NF-«B axis. Although
the oxysterols endogenously generated by cholesterol metabo-
lism could also initiate cholesterol efflux processes (i.e., up-reg-
ulating Abcal gene expression; Zhang et al., 2013), our results
showed that oxysterol-initiated feedback could not reverse cho-
lesterol-induced IL-9 repression in Tc9 cells.

Although T cell transfer has been successful in the treat-
ment of hematologic malignancies, great challenges remain in
solid tumor immunotherapy. The limitation for tumor-infiltrat-
ing lymphocytes is the isolation and expansion with a conven-
tional Tcl condition. CAR-T cells are generated by engineering
TCRs in T cells and have been shown to have powerful killing
efficiency in hematologic malignancies (Shank et al., 2017). We
have demonstrated that Tc9 cells exhibited an antitumor effect
superior to that of traditional Tcl cells in solid tumor models (Lu
et al., 2014). To provide new strategies to improve the efficacy
of CD8* T cells for clinical trials, the mechanism underlying this
superior antitumor effect must be deciphered. One of the rea-
sons for the superior antitumor effectiveness of Tc9 cells is their
long-term functional persistence, which was not observed in Tcl
cells (Kalos and June, 2013; Perica et al., 2015; Baruch et al., 2017).
Because the role of Thi7 cells in cancers remains controversial,
we did not include this population for comparison in our study.
By reducing cholesterol during Tc9 cell differentiation in vitro,
better Tc9 cells, with much longer persistence than normal Tc9
cells, were generated. These improved Tc9 cells retained the abil-
ity to convert to IFN-y- and GzmB-expressing cells in vivo and
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exerted a stronger antitumor effect compared with control Tc9
or Tcl cells. Our study suggests that modulation of cholesterol
may be an effective approach to improve the antitumor efficacy
of adoptively transferred Tc9 cells, highlighting the importance
of targeting lipid metabolism in cancer immunotherapy.

Materials and methods

Reagents and plasmids

Antibodies for flow cytometry were purchased from eBioscience.
Antibodies for Western blot against Srebpl, Srebp2, LXRs, and
Sumol, -2, and -3 were purchased from Abcam, and other Western
blot antibodies were purchased from Cell Signaling Technology.
Cytokines were purchased from R&D Systems, and neutraliza-
tion antibodies were purchased from Bio X Cell unless otherwise
indicated. Cholesterol, 24(S)-hydroxycholesterol, 25-hydroxy-
cholesterol, 7B-hydroxycholesterol, 20a-hydroxycholesterol,
3B-Hydroxy-5-cholesten-7-one, 22(R)-hydroxycholesterol,
22(S)-hydroxycholesterol, 5B-Cholestan-3pB-ol, 5a-Cholest-7-en-
3B-ol, 5,24-Cholestadien-3f-ol, 5-a-cholestane, B-cyclodextrin,
simvastatin, lovastatin, and 2-D08 were purchased from Sigma-
Aldrich. TO and GW3965 were purchased from Cayman Chemical.
Overexpression plasmids were purchased from Addgene unless
otherwise indicated. All experiments were conducted according
to the manufacturer’s protocols unless otherwise indicated.

Mice

C57BL/6 mice were purchased from the National Cancer Institute.
B6.Cg-Thyla/Cy Tg(TcraTcrb)8Rest/] (Pmel-1), B6.129P2-
Apoetm1Unc/] (Apoe~), and B6.129S6-Nr1h3tmi1Djm/] (Lxra™")
were purchased from the Jackson Laboratory. Pmel-1-119-/~ mice
and Pmel-1-II9r~/~ mice were produced by crossing Pmel-1 mice
with 1197/~ mice or II9r/- mice. All experiments complied with
protocols approved by the Institutional Animal Care and Use
Committee at the Cleveland Clinic.

Cell purification and culture

T cells were isolated with EasySep Mouse CD8* T Cell Isolation kit
or EasySep Mouse CD4* T Cell Isolation kit (STEMCELL Technol-
ogies, Inc.). Cells were stimulated and cultured with plate-bound
anti-CD3 (2 pg/ml) and soluble anti-CD28 (1 pg/ml) antibodies in
Th1/Tcl-, Th2/Tc2-, Th9/Tc9-, Th17/Tcl7-, and T reg cell-polariz-
ing conditions, respectively, with or without indicated treatments.
After 3 d of differentiation, cells were transferred into a new well
and cultured in normal T cell medium for another 2 d. In some
experiments, splenocytes from Pmel-1mice were directly stimu-
lated with hgp100 peptide in Th1/Tcl-, Th2/Tc2-, Th9/Tc9-, Th17/
Tcl7-, and T reg cell-polarizing conditions, respectively. For the
restimulation assay, after 5 d of differentiation, cells were counted
and normalized to the counted cell number and then stimulated
again with phorbol myristate acetate (50 ng/ml; Sigma-Aldrich)
and ionomycin (500 ng/ml; Sigma-Aldrich) for indicated times.

Th1/Tcl-, Th2/Tc2-, Th9/Tc9-, Th17/Tc17-, and Treg
polarizing-conditions

Cells were differentiated with plate-bound anti-CD3 (2 mg/ml)
and soluble anti-CD28 (1 mg/ml) or hgpl00,5 33 peptide (1 mg/ml;
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Genscript) in the presence of indicated cytokines: Th1/Tcl cells:
IL-2 (10 ng/ml), IL-12 (10 ng/ml), and anti-IL-4 mAbs (5 pg/ml);
Th2/Tc2 cells: IL-4 (10 ng/ml) and anti-IFNy mAbs (10 ug/ml);
Th9/Tc9 cells: IL-4 (10 ng/ml), TGF-B (1 ng/ml), and anti-IFNy
mAbs (10 pg/ml); Th17/Tc17 cells: IL-6 (30 ng/ml), TGF-B (2.5 ng/
ml), anti-IL-4 mAbs (5 pg/ml), and anti-IFNy mAbs (10 ug/ml); T
reg cells: TGF-B (5 ng/ml) and IL-2 (10 ng/ml).

Human Tc9 cells

Peripheral blood mononuclear cells (PBMCs) from healthy donors
were purchased from Gulf Coast Regional Blood Center. Informed
consent was obtained for all subjects. PBMCs were isolated from
buffy coat of healthy donors (Gulf Coast Regional Blood Center)
by density gradient cell separation. Naive CD8" T cells were iso-
lated from PBMCs by negative selection kit (STEMCELL Technol-
ogies, Inc.) and stimulated with human T-activator CD3/CD28
Dynabeads (Invitrogen) with human IL-4 (10 ng/ml), human
TGF-B1 (1 ng/ml), and anti-IFNy (10 pg/ml) for 5 d. Cells were
restimulated with PMA and ionomycin for 4 h with brefeldin A
for intracellular IL-9 staining (phycoerythrin-anti-human IL-9;
MH9A4; BioLegend). The study was approved by the Institutional
Review Board at the Cleveland Clinic.

Gene microarray

Microarray analysis was performed using the Affymetrix WT
Plus expression platform at the Gene Expression and Genotyping
Facility at Case Western Reserve University.

qRT-PCR
Total RNA from T cells was extracted with TRIzol RNA isolation
reagents (Invitrogen) or an RNeasy Mini kit (QIAGEN),
followed by cDNA synthesis with the High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems). qRT-PCR was
conducted with SYBR Select Master Mix (Applied Biosystems).
Expression was normalized to the expression of the mouse
housekeeping gene Gapdh.

Primers used are listed: Hmgcr forward: 5-CACAATAACTTC
CCAGGGGT-3', Hmgcr reverse: 5'-GGCCTCCATTGAGATCCG-3';
Sqle forward: 5'-GATGGGCATTGAGACCTTCT-3', Sqle reverse:
5'-TTTAAAAGAGCCCGACAGGA-3’; Srebf2 forward: 5'-CTTTGA
TATACCAGAATGCAG-3', Srebf2reverse: 5-CAGGCTTTGGACTTG
AGGCTG-3'; Abcal forward: 5'-GCTGCAGGAATCCAGAGAAT-3,
Abcal reverse: 5-CATGCACAAGGTCCTGAGAA-3'; Abcgl for-
ward: 5-TTTCCCAGAGATCCCTTTCA-3', Abcgl reverse: 5'-ATC
GAATTCAAGGACCTTTCC-3'; Idol forward: 5-CCTGCCAAGAGG
GACTCTTTA-3', Idol reverse: 5'-ACCGCCTTAAACTGAGGGTC-3;
LdIr forward: 5-CTAGCGATGCATTTTCCGTC-3’, LdIr reverse:
5'-GTCATCGCCCTGCTCCTT-3’; II9 forward: 5-AACAGTCCCTCC
CTGTAGCA-3', Il9reverse: 5'-AAGGATGATCCACCGTCAAA-3; 114
forward: 5-CGAGCTCACTCTCTGTGGTG-3', I/4 reverse: 5'-TGA
ACGAGGTCACAGGAGAA-3'; 1110 forward: 5-TGTCAAATTCAT
TCATGGCCT-3', I110 reverse: 5'-ATCGATTTCTCCCCTGTGAA-3';
1121 forward: 5-AAAACAGGCAAAAGCTGCAT-3', 1121 reverse:
5'-TGACATTGTTGAACAGCTGAAA-3'; IFNy forward: 5-TGAGCT
CATTGAATGCTTGG-3', IFNy reverse: 5'-ACAGCAAGGCGAAAA
AGGAT-3’; GzmB forward: 5-CATGTAGGGTCGAGAGTGGG-3',
GzmB reverse: 5'-CCTCCTGCTACTGCTGACCT-3'; Irf4 forward:
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5-CAAAGCACAGAGTCACCTGG-3', Irf4 reverse: 5-TGCAAGCTC
TTTGACACACA-3'; Pu.1 forward: 5-TGCAGCTCTGTGAAGTGG
TT-3', Pu.l reverse: 5'-AGCGATGGAGAAAGCCATAG-3'; II9r for-
ward: 5'-AGCAGACCCAGCTGTAGATCA-3’, II9r reverse: 5'-CCC
TGGGAAGATGCATTG-3'.

Cholesterol content measurement

Cellular cholesterol content was measured using the Cholesterol
Cell-Based Detection Assay kit (Cayman) and Amplex Red cho-
lesterol assay kit (Invitrogen). For the cell-based detection assay,
cells were stained with Filipin III and then examined using both
confocal microscopy and flow cytometry. For cholesterol quantifi-
cation, sterols were extracted with a sterol extraction kit (Sigma)
and then analyzed using the Amplex Red cholesterol assay.

Flow cytometry

Cells were stimulated with phorbol myristate acetate and ion-
omycin and treated with brefeldin A (Biolegend) for 4 h before
staining for intracellular cytokines with the BD Fixation/Perme-
abilization Solution kit. A CFSE dilution assay was performed
using the CellTrace CFSE Cell Proliferation kit, according to the
manufacturer’s protocol. Cell surface markers were stained in
flow cytometry staining buffer for 30 min on ice, washed twice,
and results were then acquired using BD Calibur, BD Fortessa, or
Miltenyi MACSQuant systems. Data were analyzed with Flow]Jo
software (TreeStar).

Tumor models

Mice were injected subcutaneously in the abdomen with 5 x
106 MC38-gpl00 tumor cells. At 8 d after tumor injection, mice
(five per group) were treated with adoptive transfer of 2 x 10
indicated CD8* T cells, followed by iv. injection of 5 x 10° pep-
tide-pulsed, bone marrow-derived dendritic cells, generated as
previously described (Lu et al., 2014). rhIL-2 was given at 6 x 10°
U1i.p. daily for four doses after T cell transfer. As indicated, cyclo-
phosphamide (Sigma-Aldrich) was administrated i.p. as a single
dose at 250 mg/kg 1 d before T cell transfer. Mice were sacrificed
atindicated days and analyzed. In some experiments, transferred
T cells were sorted for indicated tissues. Tumor size was calcu-
lated as 0.5 x length x width?.

In the B16 melanoma metastatic model, mice were injected i.v.
with 10° B16 cells 2 d before adoptive transfer of 5 x 10° indicated
CD8* T cells. At day 15 or 16 after tumor injection, mice were sac-
rificed and metastatic lung foci were counted.

T cell cytotoxicity

B16 target cells for Pmel-1 CD8* T cells were labeled with 5 uM
CFSE, whereas MC38 nontarget cells were labeled with 0.5 uM
CFSE as the control. Bl6-target or MC38 nontarget control cells
were incubated in duplicate with the Pmel-1 CD8* T cells at dif-
ferent effector-to-target ratios. After 24 h, cells from each target
and control well were mixed and analyzed by FACS. Percent spe-
cific lysis was calculated as (one target/control) x 100%.

Western blot and immunoprecipitation assays
Cell lysates and immunoblot were performed as previously
described (Ma et al., 2015). Immunoprecipitation was conducted
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according to the manufacturer’s procedure (Abcam) and followed
by Western blot analysis.

RNA interference of Lxrb

SiRNA targeting Lxrb was purchased from ThermoFisher and
transfected into T cells with Lipofectamine RNAIMAX Transfec-
tion Reagent (ThermoFisher).

Viral transduction

Hmgcr and Abcal shRNAs were synthesized and cloned into
PLKO.1-GFP lentiviral vector. Viruses were packaged in 293T cells
transfected with Lipofectamine 2000 (Life Science). Viral super-
natant was harvested from day 1 to day 3, filtered with a 0.45-ym
filter, concentrated with PEG-it Virus Precipitation Solution,
and stored at -80°C till use. Tc9 cells were mixed with virus and
10 pg/ml protamine sulfate (Sigma) in a 24-well plate, followed by
centrifugation at 1,800 rpm at 32°C for 2 h. After 2 h incubation,
fresh culture medium was replaced. 3 d later, the cells and super-
natant were harvested and followed by indicated experiments.
ShRNA oligos: ShHmgcr 1 forward: 5-CCGGGAACTTTGCAATCT
AAGTTTACTCGAGTAAACTTAGATTGCAAAGTTCTTTTTG-3/,
ShHmgcr 1 reverse: 5-AATTCAAAAAGAACTTTGCAATCTAAG
TTTACTCGAGTAAACTTAGATTGCAAAGTTC-3'; ShHmgcr 2 for-
ward: 5-CCGGGAGAATGTGATCGGATATATGCTCGAGCATATATC
CGATCACATTCTCTTTTTG-3', ShHmgcr 2 reverse: 5'-AATTCA
AAAAGAGAATGTGATCGGATATATGCTCGAGCATATATCCGATCA
CATTCTC-3"; ShAbcal 1 forward: 5'-CCGGCGCAGATATACCTAGCA
TAACTCGAGTTATGCTAGGTATATCTAGCGTTTTTG-3’, ShAbcal
1 reverse: 5'-AATTCAAAAACGCTAGATATACCTAGCATAACTCGA
GTTATGCTAGGTATATCTAGCG-3"; ShAbcal 2 forward: 5'-CCGGGA
GTGCCACTTTCCGAATAAACTCGAGTTTATTCGGAAAGTGGCACT
CTTTTTG-3', ShAbcal 2 reverse: 5'-AATTCAAAAAGAGTGCCACTT
TCCGAATAAACTCGAGTTTATTCGGAAAGTGGCACTC-3".

Luciferase reporter assay

Mouse II9 promoter (from -895 to 5) was synthesized and sub-
cloned into pGL4.10 vector (Promega). Luciferase was measured
with the Dual-Luciferase Reporter Assay System according to the
manufacturer's instructions (Promega).

ChIP assay

SimpleChIP Plus Enzymatic Chromatin IP kits were used for
chromatin immunoprecipitation assays according to the manu-
facturer’s protocol and measured by qRT-PCR. Chip primers: 119
promoter negative control, Forward: 5'-GCCTGCAAGTTTCTG
GACAA-3', reverse: 5'-GAATATGGGTGGGAGTGGGT-3'; NF-«B
(approximately 65 to -55) forward: 5'-TCTGGAACTCAGTCTACC
AGC-3' NF-kB (approximately -65 to -55), reverse: 5'-TGGGCA
CTGGGTATCAGTTTG-3'; NF-«B (approximately -448 to -438) for-
ward: 5'-TTACAGGGGTGGTAATGAAGG-3', NF-«B (approximately
-448 to -438) reverse: 5'-GCAATCAAGTAAACTGAGGCT-3'.

CRISPR/Cas9 mediated IL-9-GFP reporter cell construction

CD8* T cells were isolated from OT-I mice and stimulated under
Tc9 or B-CD-Tc9 condition with plate-coated anti-CD3 and solu-
ble anti-CD28 antibodies. On day 2, the cells were infected with
IL-9 guide RNA lentivirus. On day 3, the cells were transfected
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with Cas9 and GFP template plasmids by electroporation kit
(VPA-1006; Lonza). Cells were cultured for additional 2-3 d
under Tc9 or B-CD-Tc9 condition for further experiments. The
target sequence of II9 guide RNA is 5'-TACCAAATGCTAGCTAGC
CC-3’ and was cloned into pCRISPR-LvSGO03 plasmid. The Cas9
nuclease containing plasmid is CP-LvCINU-01. DNA donor tem-
plate plasmid for homology-directed repair of double-strand
breaks is pDonor-D04 containing GFP ¢cDNA with II9 homology
sequences on both ends. All sequences and plasmids were com-
mercially designed and constructed by Genecopoeia.

Data and materials availability
The microarray data
GSE100422 and GSE111033.

accession numbers are

Statistical analyses

For statistical analysis, Student’s t test was used. A P value less
than 0.05 was considered statistically significant. Results are
presented as mean + SEM unless otherwise indicated.

Online supplemental material

Fig. S1 depicts the impact of cholesterol modulation on IL-9
expression in CD8* T cells. Fig. S2 depicts the impact of cho-
lesterol modulation on CD8* or CD4* T cells. Fig. S3 depicts the
knockdown efficiency and cholesterol concentration in Tc9,
shRNA Hmgcr Tc9, and shRNA Abcal Tc9 cells. Fig. S4 depicts the
tumor models and cholesterol, IL-9 level, and T cell proliferation
and apoptosis after adoptive transfer and experimental scheme
of guide RNA, Cas9, and GFP template plasmid delivery to mouse
CD8* T cells for genome editing and phenotypic characterization
by flow cytometry. Fig. S5 shows the effect of cholesterol modu-
lation on TCR signaling, Th9/Tc9 transcription factor expression,
and expression of LXRs and Sumol, -2, and -3 in Tc9 cells.
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