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Abstract

mMTOR drives tumor growth but also supports T cell function, rendering the applications of mMTOR
inhibitors complex especially in T cell malignancies. Here we studied the effects of the mTOR
inhibitor rapamycin in mouse EL4 T cell lymphoma. Typical pharmacologic rapamycin (1-8
mg/kg) significantly reduced tumor burden via direct suppression of tumor cell proliferation and
improved survival in EL4 challenge independent of anti-tumor immunity. Denileukin diftitox
(DD)-mediated depletion of regulatory T cells significantly slowed EL4 growth in vivo ina T cell-
dependent fashion. However, typical rapamycin inhibited T cell activation and tumor infiltration in
vivo and failed to boost DD treatment effects. Low dose rapamycin (LD, 75 pg/kg) increased
potentially beneficial CD44hiCD62L+ CD8+ central memory T cells in EL4 challenge, but
without clinical benefit. LD rapamycin significantly enhanced DD treatment efficacy, but DD plus
LD rapamycin treatment effects were independent of anti-tumor immunity. Instead, rapamycin up-
regulated EL4 IL-2 receptor in vitro and in vivo, facilitating direct DD tumor cell killing. LD
rapamycin augmented DD efficacy against B16 melanoma and a human B cell lymphoma, but not
against human Jurkat T cell lymphoma or ID8agg ovarian cancer cells. Treatment effects
correlated with IL-2R expression, but mechanisms in some tumors were not fully defined. Overall,
our data define a distinct, biphasic mechanisms of action of mTOR inhibition at doses that are
clinically exploitable, including in T cell lymphomas.
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Introduction

The serine/threonine kinase, mammalian target of rapamycin (mTOR), is an important
regulator of cell growth, metabolism and stress responses (1) with increased activation in
many cancers (2), including B cell and T cell hematologic malignancies (3,4). Treating
cancers with rapamycin (sirolimus), a small molecule mTOR inhibitor, or related mTOR
inhibitors collectively called rapalogues, is thus a reasonable cancer treatment strategy.
Rapalogues are approved to treat certain carcinomas, but with generally modest efficacy (5).

Human B cell (6) and T cell (4,7) malignancies express activated mTOR that can drive their
growth. Distinct rapalogues have shown efficacy against them /in vitroor in
immunocompromised mice (8,9), suggesting direct anti-tumor effects. Rapalogues have
some clinical activity in mantle cell lymphoma (9,10), a type of B cell lymphoma, but there
are few studies of their clinical effects in T cell lymphomas.

Aside from inhibiting tumor mTOR to slow tumor growth directly, mTOR inhibition also
augments conventional (11,12) and y& T cell (13) functions that can affect anti-cancer
immunity (14). We show here that rapamycin has bimodal and novel treatment effects
against murine EL4 T cell lymphoma. At typical pharmacologic doses, rapamycin inhibited
tumor mTOR and slowed EL4 lymphoma growth /77 vivo through direct effects on tumor
cells, but reduced immune T cell activation. Low dose (LD) rapamycin improved anti-tumor
immunity against EL4 when combined with a vaccine plus immune checkpoint blockade
(14). However, we found that LD rapamycin did not affect /n vivo EL4 growth, minimally
inhibited tumor mTOR, but did not blunt immune T cell activation /in vivo.

EL4 was refractory to many immunotherapies but responsive to Treg depletion. We tested
the 1L-2/diphtheria toxin fusion protein, denileukin diftitox (DD) (15,16), as regulatory T
cell (Treg) depletion immunotherapy and found that typical rapamycin doses did not
improve Treg depletion as immunotherapy, as T cell activation was blunted. By contrast, LD
rapamycin improved DD treatment efficacy, but unexpectedly, this LD effect did not require
anti-tumor immunity. Instead, rapamycin increased tumor expression of interleukin-2
receptor (IL-2R) that improved killing of tumor cells by DD, which binds this receptor. We
used mouse B16 melanoma, ID8agg ovarian carcinoma, human NMO001 EBV-transformed B
cell lymphoma and human Jurkat CD4* T cell lymphoma lines in additional rapamycin
studies, where we found that rapamycin improved DD efficacy only in IL-2R expressing
tumor cells. The mTOR inhibitor, temsirolimus improved DD-mediated cytotoxicity against
IL-2R-expressing human B cell lymphoma line NMOQO01, but not against the Jurkat human
CD4* T cell line lacking I1L-2R. We thus demonstrate an unexpected mechanism for mTOR
inhibitor use in cancer combination immunotherapy and show distinct, biphasic mechanisms
of rapamycin action at typical versus low doses of rapamycin, with similar temsirolimus
effects.
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Materials and Methods

Mice

Cell lines

Wild type (WT), male & TCR (T cell receptor) knock out (KO), interferon-y KO, § TCR
KO, $Rag2 (recombinase activating gene 2) KO, Prfl (perforin) KO on the C57BL/6J
background (BL6) were purchased from Jackson Labs. Male BL6 Foxp3PTR mice were
from Alexander Rudensky, University of Washington and used for studies shown. Female
WT, B8 TCR KO and Foxp3PTR mice were used as noted. Mice were maintained in specific
pathogen-free conditions, provided a normal diet and water ad /ibitum and used when 8-16-
weeks old. All animal studies were approved by our Institutional Animal Care and Use
Committee.

Mouse EL4 lymphoma, B16F10 melanoma and human Jurkat CD4* T cell lymphoma cells
were purchased from the ATCC in 2012, 2008 and 1987, respectively. Mouse 1D8 was a gift
from George Coukos (University of Pennsylvania) in 2004, from which we developed the
highly aggressive 1D8agg subline (our unpublished data). NMO0O01 is a human EBV-
transformed B cell lymphoma line generated as we described (17) in 2015. Cell lines were
not independently validated. All murine lines are on the BL6 background and all cells were
cultured in medium RPMI-1640 containing 4 mM L-glutamine, 100 Units/ml penicillin and
100 pg/ml streptomycin, 10 mM HEPES, 1 mM sodium pyruvate and 10% fetal bovine
serum, in a 5% CO», humidified atmosphere at 37° C. The pAcGFP1-C1 plasmid was used
to generate EL4 cells stably expressing GFP (EL4-GFP) using the Cell Line Nucleofector
Kit (Lonza) according to the manufacturer’s instructions. 48 hours after transfection, cells
expressing GFP were sorted using a BD FACSAria flow cytometer with FACSDiva software
(BD Bioscience), and then maintained in medium containing G418 (1 mg/ml) for selection.
ID8agg cells expressing luciferase were generated with the luciferase-encoding plasmid
pGL4.51 (Promega) with Attractene transfection reagent and selected with G418 (1 mg/ml).
ID8agg-luciferase is derived from a single cell clone and maintained in G418 (0.2 mg/mL)
after initial selection.

Tumor challenges and assessments

Treatments

On day 0, mice were challenged with 40,000 EL4-GFP or 50,000 EL4, or 500,000 B16F10
cells subcutaneously (s.c.) on both shaved flanks. Tumor growth was measured every other
day using calipers and volume calculated as (length x width?)/2. ID8agg was given on day 0
as 4 x 108 cells by intraperitoneal (i.p.) injection and growth was assessed by luciferase
bioluminescence. Mice were sacrificed when s.c. tumors reached a volume of 1500 mm3, or
weight was >30% baseline for ID8agg for survival, or at times indicated for other studies. In
bone marrow studies, 1x10® EL4-GFP cells were injected intravenously and mice were
sacrificed 5 days later.

Days indicated are after tumor challenges. Mice were injected with 100 pg of aB7-H1
(clone 10F.9G2), aPD-1 (clone RMP1-14) or aCTLA-4 (clone 9H10, all from BioXCell)
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monoclonal antibodies intraperitoneally (i.p.) on days 4, 7 and 12. aCD25 (250 ug, clone
PC-61.5.3, BioXCell) was administered i.p. on day 2. Denileukin diftitox (DD, Eisai), a
fusion protein of diphtheria toxin and human interleukin-2 (IL-2) (18), that depletes mouse
Tregs to treat distinct carcinomas (15,16,19), was given 5 pg i.p. every 4 days for EL4
challenge, and every 5 days for B16 and 1D8agg challenge. Foxp3PTR mice engineered to
allow Treg-specific depletion using diphtheria toxin (15) were injected i.p. with 1 ug/kg
diphtheria toxin every 3 days starting on day 4. Rapamycin (LC Laboratories) or vehicle
control (0.25% Tween 80 + 0.25% PEG400) was given i.p. daily for 5 consecutive days/
week at indicated doses starting on day 4, for times indicated. Rapamycin at 1-8 mg/kg is
defined as typical, and 0.075 mg/kg as low dose (LD).

Flow cytometry

Tumors were isolated and digested with 1.67 Winsch units/ml Liberase TL (Roche) and 0.2
mg/ml DNase | (Roche) in RPMI-1640 at 37° C for 30 min. Tumors, tumor draining lymph
nodes (TDLN) or spleens were stained and analyzed on a BD LSR 11 flow cytometer using
FACSDiva software. For intracellular staining, cells were fixed and permeabilized with
Foxp3/transcription factor buffer (eBioscience) per manufacturer’s directions. Anti-mouse
antibodies were against CD4 (Tonbo); CD8a (Life Technologies); B7-H1, CD132 (BD
Biosciences); Foxp3, Ki-67, Vp12 TCR, ICOS (eBioscience); and CD3, CD25, CD44,
CD62L, CD122, PD-1, Annexin V (Biolegend). Antibodies against human CD25, CD122
and CD132 were from Biolegend. We used Ghost Dye UV 450 viability dye (Tonbo), and
Dead Cell Apoptosis Kit with Annexin V Alexa Fluor 488 and propidium iodide
(Invitrogen). In the CD3* gate, EL4 cells were GFP*VB12* and distinguished from resident
GFP™VR12™ T cells. In specific experiments, EL4 cells were stimulated in 96-well round
bottom plates using CD3/CD28 heads (Dynabeads Mouse T cell activator, Invitrogen) for 24
hours at 1 bead:5 EL4 cells, before staining for CD25 and CD122.

Immunoblotting

Snhap-frozen tumor tissues were homogenized in RIPA buffer (20 mM Tris—HCI pH 8.0, 150
mM NaCl, 1 mM disodium EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM -
glycerophosphate, 1% Triton-X100) plus 1 mM phenylmethylsulphonyl fluoride and Halt
protease and phosphatase inhibitor cocktail (Thermo Scientific), and handled as we
described for the bullet blender protocol (20) (5 min at speed 10 with beads; Next Advance).
Lysates were centrifuged at 14,000 rpm, 4° C for 10 min, transferred into pre-chilled
Eppendorf tubes and protein concentrations were determined by the Bradford method
(Thermo). 50 ug protein was separated on 4-15% sodium dodecyl sulfate polyacrylamide
gels (BioRad), transferred to PVDF membranes (GE Technologies), blocked in Tris-buffered
saline (pH 7.4) plus 0.1% Tween-20 and 5% skim milk, and incubated overnight at 4° C
with 1:1000 diluted phospho- and/or total antibodies against rpS65240/244 4E-Bp1T37/46
P70 S6 KinaseT" 389, and AktS473 (all from Cell Signaling) plus anti-mouse B-Actin or a-
Tubulin (Santa Cruz Biotechnology) as a loading control. Membranes were incubated with
HRP-conjugated antibodies at ambient temperature for 1 h. Proteins were detected by
enhanced chemiluminescence (Pierce). Band quantification was done with Image J software
(National Institutes of Health).
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In vitro DD sensitization and proliferation assays

Suspension cell (EL4, Jurkat, NM0O01) proliferation was monitored by the colorimetric
water-soluble tetrazolium salt (CCK8) assay using a Cell Counting Kit-8 (Sigma Aldrich)
according to the manufacturer’s instructions. Adherent cell proliferation was measured by
MTT assay. EL4 (1000-2000 cells/well), B16F10 (500-1000 cells/well), Jurkat or NM001
B cell lymphoma (20,000-40,000 cells/well) cells were seeded in triplicate into 96-well
plates and treated with rapamycin alone (0.625-80 nM) or rapamycin (100-200 pg/ml) +
DD (250 ng/ml) and blocking anti-mouse CD25 (10 pg/ml) (BioXCell) and anti-mouse
CD122 (10 ug/ml) (BioLegend) antibodies or temsirolimus (200-500 pg/ml) (Sigma
Aldrich). After specified incubation times, 5 mg/ml MTT or CCK8 solution was added and
optical density was measured at 570 nm for MTT or 450 nm for CCK8 in a microplate
reader. Absolute numbers of live cells were counted in triplicate on a hemocytometer using
Trypan blue.

Statistics

Statistical analyses were performed using GraphPad Prism 6. For tumor growth, treatments
were compared by two-way ANOVA. Survival was determined by the method of Kaplan and
Meier and analyzed with the log-rank test. Student’s ¢test (for two independent groups) or
one-way ANOVA (for three or more groups) was used for other single measurements as
indicated. P<0.05 was considered significant.

Results

Typical rapamycin treats EL4 T cell lymphoma in vivo

mTOR is comprised of two complexes, mMTORC1 and mTORC2, that mediate distinct
functions through specific signaling molecules (21). Rapamycin and rapalogues are
considered primarily to inhibit mTORCL1 (12,22). As activated mTORC1 (increased p-
rpS65240/244) and mTORC?2 (increased p-AktS273) was seen in EL4 cells compared with
normal spleen T lymphocytes (Fig. 1A), we assessed rapamycin EL4 treatment effects.
Typical rapamycin at 8 mg/kg significantly reduced subcutaneous EL4 tumor growth in WT
mice, increased survival (Fig. 1B), and protected against intravenous EL4 challenge (Suppl.
Fig. 1).

IFN-y, v8 T cells and adaptive immunity are dispensable for typical rapamycin protection
against EL4

Because rapamycin can improve conventional T cell (12,22-24) and y& T cell anti-tumor
immunity (13), we assessed immune contributions to treatment effects. We challenged
syngeneic IFN-y KO, & TCR KO (lacking y6 T cells) and Rag2 KO mice (lacking T and B
cells) with subcutaneous EL4 and treated with typical rapamycin. Strikingly, in each case
typical rapamycin decreased EL4 tumor burden equivalent to WT (Fig. 2A-C), suggesting
that its treatment efficacy was independent of tumor-specific immunity. In support, we found
that in WT mice, typical rapamycin significantly decreased effector (CD44NMCD62L") CD4*
and CD8* T cells in TDLNs (Fig. 2D, Suppl. Fig. 2A) and decreased tumor-infiltrating
CD3* T cells (Fig 2E, Suppl. Fig. 2B).

Cancer Res. Author manuscript; available in PMC 2018 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal. Page 6

Typical rapamycin inhibits tumor mTORC1 in vivo and directly inhibits tumor cell
proliferation

As data suggested direct tumor effects, we tested rapamycin effects /n vitro, at
concentrations achievable in blood of typical rapamycin-treated mice (25). Rapamycin dose-
dependently reduced EL4 tumor cell proliferation without obvious apoptosis induction
(<1.5%) in vitro (Fig. 3A). Consistent with /n vitro data, typical rapamycin also decreased
Ki67* (proliferating) EL4 tumor cell prevalence without significant apoptosis induction in
vivo (Suppl. Fig. 3A, Fig. 3B). Consistent with /n vitroresults, typical rapamycin (1 mg/kg)
significantly reduced tumor mTORC1 (p-rpS65249/244 ' n_n70S6kinaseT389) without
detectable mTORC?2 effect (p-Akt3473) in EL4 cells recovered and tested ex vivo. Despite
almost complete suppression of some mTORC1 targets, the mTORC1 target p-4E-BP1T37/46
was not affected, suggesting differential effects on specific mTORCL targets (Fig 3C, Suppl.
Fig. 3B). As an additional test of direct tumor effects, we cultured EL4 cells with rapamycin
for 2 days /n vitro. Treated and untreated tumor cells were challenged into the same mouse
on opposite flanks, as depicted on the left in Fig. 3D. Tumors from rapamycin pre-treated
cells grew more slowly versus paired control cells (Fig. 3D), confirming that rapamycin anti-
T cell lymphoma effects can be directly on tumor cells. Therefore, typical rapamycin
suppresses T cell lymphoma mTORC1 signals /7 vivo and inhibits tumor cell growth in this
model through direct tumor cell effects independent of host tumor-specific immunity.

Low dose (LD) rapamycin inhibits tumor mTORCL1 without clinical benefits in vivo

As typical rapamycin directly inhibited tumor mTORC1 and growth but impaired T cell
activation, whereas lower rapamycin doses can improve immunotherapy against EL4 (14),
and improves immunity to pathogens (25,26), we assessed if reducing rapamycin could
augment clinical efficacy. Rapamycin 2 mg/kg was as clinically effective as 8 mg/kg (Suppl.
Fig. 4A). 1 mg/kg rapamycin was less effective but nonetheless significantly decreased EL4
tumor burden (Suppl. Fig. 4B). Rapamycin as low as 0.075 mg/kg (LD) still suppressed
tumor mTORC1 (p-rpS65240/244 n-n70S6kinaseT389) in EL4 cells recovered and tested ex
vivo (Fig. 3C), but 0.075 mg/kg or 0.25 mg/kg rapamycin did not delay EL4 growth /n vivo
(Suppl. Fig. 4B), despite increasing prevalence and numbers of CD8* T cells with a central
memory phenotype (CD44MCD62L*) in TDLN (Suppl. Fig. 4C).

Regulatory T cell (Treg) depletion with DD treats EL4 lymphoma

We and others have shown that Treg depletion effectively treats epithelial carcinomas
(27,28), including with the fusion immunotoxin denileukin diftitox (DD) (15). DD
significantly delayed EL4 tumor growth and increased survival (Fig. 4A). DD reduced
CD3*CD4*Foxp3* Tregs in spleen, TDLNs and tumors as expected (Fig. 4B), but increased
Treg ICOS (inducible T cell costimulator) expression (Fig. 4C) associated with increased
Treg suppression (29). Adding anti-ICOS or anti-ICOSL antibodies did not improve DD
clinical effects (not shown). DD is indicated to treat CD25* T cell malignancies, thought to
be due to direct tumor cytotoxicity (18,30,31), but DD protection was abrogated in 6 TCR
KO mice lacking all T cells (Fig. 4D), suggesting that direct tumor cytotoxicity was not an
important treatment mechanism, which appeared to be T cell dependent. In support, in EL4-
bearing Foxp3PTR mice, in which we can specifically deplete Tregs with diphtheria toxin
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(15,32), specific Treg depletion significantly reduced tumor growth (Fig. 4E), consistent
with Treg depletion as a mechanism for DD treatment effects against EL4.

EL4 is refractory to many other anti-cancer immunotherapies

Given T cell toxicities of typical rapamycin, potentially improved T cell functions with LD
rapamycin and reports that LD improves antigen-specific T cell functions (14,25), we asked
if LD rapamycin would improve treatment for EL4 in combination with immunotherapies
showing promise in epithelial carcinomas (33,34). We thus also assessed EL4 for other
candidate tumor immunotherapy targets by flow cytometry and found that EL4 cells
expressed low B7-H1 (PD-L1) and high PD-1, but negligible CD25 and CTLA-4 (Suppl.
Fig. 5A). Treatments of EL4-bearing WT mice with aPD-L1, aPD-1, aCD25 or aCTLA-4
antibodies at doses that we and others have established to treat epithelial carcinomas
(19,35,36) were ineffective in reducing subcutaneous EL4 tumor growth (Suppl. Fig. 5B-C).
We therefore focused on Treg depletion as an immunotherapy strategy for further studies.

LD rapamycin improves clinical efficacy of DD against EL4 independent of anti-tumor

immunity

Given impaired T cell activation and tumor infiltration with typical rapamycin, we expected
that it would not improve DD efficacy against EL4, and confirmed that (not shown).
However, as Treg depletion improves anti-tumor immunity (15), we hypothesized that LD
rapamycin would improve DD treatment effects by improving anti-EL4 immunity, based on
LD rapamycin effects in studies of an anti-EL4 vaccine plus anti-CTLA-4 (14). We tested
this concept by treating EL4-bearing WT mice with DD, LD rapamycin or both. The DD
plus LD rapamycin combination decreased tumor growth and increased survival
significantly better than either single agent as predicted (Fig. 5A). To assess expected
immune factors contributing to clinical efficacy of this combination, we challenged Rag2
KO (lacking tumor-specific immunity), IFN-y KO and Prf1 KO mice (lacking perforin, and
thus with compromised anti-tumor cytotoxicity) with EL4 and treated with LD rapamycin
plus DD. Unexpectedly, the combination of LD rapamycin and DD reduced tumor growth in
Rag2 KO, IFN-y KO and Prfl KO mice as potently as in syngeneic WT mice (Fig. 5B),
suggesting a T cell and anti-tumor immunity independent mechanism. As DD kills I1L-2
receptor (IL-2R)* cells, and not Tregs specifically (15), we attempted to confirm Treg-
specific effects by challenging Foxp3PTR mice (genetically engineered so that Tregs are
specifically depleted with diphtheria toxin) with EL4. Unexpectedly, though, LD rapamycin
did not improve clinical effects of Treg-specific depletion (Fig. 5C), suggesting a Treg-
independent effect of the fusion toxin.

Rapamycin up-regulates IL-2R expression on EL4 cells in vitro and in vivo

As LD rapamycin unexpectedly did not require anti-tumor immunity to improve DD clinical
efficacy, we asked if LD rapamycin could sensitize EL4 to direct DD cytotoxic effects. We
cultured EL4 cells /in vitrowith DD + rapamycin 200 pg/ml, corresponding to the expected
in vivo serum concentration using LD rapamycin (versus ~3-15 ng/ml for typical
rapamycin) (22). DD plus rapamycin at 200 pg/ml reduced EL4 cell survival and growth /n
vitro greater than either DD or rapamycin alone (Fig. 5D), consistent with rapamycin-
mediated EL4 sensitization to DD.
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The IL-2R consists of CD25 (IL-2Ra chain), CD122 (IL-2R chain) and CD132 (common
v chain). DD acts primarily by binding CD25, but CD122 (and CD132 to a lesser extent)
can participate (37). EL4 cells cultured in vitro with rapamycin alone at 200 pg/ml did not
significantly alter expression of the IL-2R components CD25 or CD122 (baseline ~4%
CD25" of which about 1/3 co-express CD122). aCD3/aCD28 bead stimulation alone
increased CD25™" cells to ~11% (of which about half co-expressed CD122), whereas upon
stimulation with aCD3/aCD28 beads, rapamycin increased CD25 expression significantly
(11% versus 16.6%, the further increase solely in CD122 co-expressing cells, Fig. 5E). /n
vivo, LD rapamycin strongly increased CD25 expression on EL4 tumor cells recovered and
tested ex vivo (Fig. 5F). However, rapamycin effects on DD-mediated cytotoxicity were not
abrogated /n vivo by aCD25 antibody blockade alone (Suppl. Fig. 6).

LD rapamycin boosts DD cytotoxicity against B16F10 without augmenting IL-2R

expression

To understand if effects were specific to EL4, or hematologic malignancies, we challenged
WT mice with B16F10 melanoma cells and found that DD or LD rapamycin alone were not
effective, but the combination was significantly superior to either agent alone (Fig. 6A,
Suppl. Fig. 7). /n vitro, rapamycin also boosted DD-mediated cytotoxicity in a CD25/
CD122-dependent fashion in EL4 and B16F10 (Suppl. Fig. 8) consistent with altered CD25
and CD122 expression by flow cytometry in EL-4 (Fig. 5E). B16F10 expression of CD25 or
CD122 was minimal and did not increase significantly after /n vitro culture in rapamycin
and in fact CD25 mean fluorescence intensity was slightly reduced (Suppl. Fig. 9). Because
we did not detect significant rapamycin-mediated increase in EL4 IL-2R without activation
through the T cell receptor (Fig 5E), we tested /in vivo rapamycin effects on IL-2R in B16, as
there is no known protocol to activate B16 cells /n vitro. Surprisingly, we did not find a
significant increase in IL-2R* B16 prevalence and saw a slight decrease in mean
fluorescence intensity (Suppl. Fig. 10) as was seen /n vitro (Suppl. Fig. 9A). ID8agg did not
express basal or rapamycin-induced IL-2R (Suppl. Fig. 9B) and did not respond /n7 vivoto
DD + LD rapamycin (Fig. 6B). Thus, carcinomas can respond to this strategy, although not
always with a detectable rapamycin-mediated increase in IL-2R /n vivo.

To examine human relevance to hematologic malignancies we found that the human NM001
B cell lymphoma line expressed basal and rapamycin-inducible CD25 and CD122 while the
human Jurkat CD4* T cell lymphoma cell line expressed basal CD122 but minimal CD25
that was significantly inducible /in vitro with sufficient rapamycin (Fig. 7A, B). Nonetheless,
NMO001 B lymphoma was susceptible to rapamycin-augmented DD-mediated cytotoxicity /n
vitro (Fig. 7C) whereas Jurkat was not (Fig. 7D).

Temsirolimus reproduces some rapamycin effects on CD25 expression and cytotoxicity
enhancement in human cancer cells

Rapamycin is FDA-approved to prevent organ allograft rejection but not for cancer treatment
(13,38). Temsirolimus is a rapalogue that is FDA-approved to treat renal cell carcinoma (39).
To test comparability of temsirolimus, we cultured human B cell lymphoma NMOO1 cells or
Jurkat T lymphoma cells with temsirolimus, DD or both. Temsirolimus did not increase
CD25 and CD122 expression on NMO001 or Jurkat (Suppl. Fig. 11) but it did improve DD-

Cancer Res. Author manuscript; available in PMC 2018 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal. Page 9

mediated cytotoxicity against NMO0O1 (Fig. 7E). Antibodies blocking human IL-2 from
binding human IL-2R are not reported and thus, IL-2R-related mechanisms could not be
specifically assessed in human cells.

Discussion

Rapamycin was originally approved to prevent renal allograft rejection by reducing T cell
activation, and thus has been considered immunosuppressive (12,40). However, much recent
work now shows that mTOR inhibition can improve T cell functions (12,13,26,40-42), such
as enhancing virus- or tumor-specific T cell immunity in mice (25,43). The rapalogue
everolimus improved antibody responses to influenza vaccine in elderly humans (40).
Rapamycin was recently shown to boost anti-CTLA-4 plus tumor vaccination in this mouse
EL4 T cell lymphoma by improving anti-tumor immunity (14).

There is therefore much interest in mTOR inhibition in cancer therapy given successes of
immunotherapy and the potential for mTOR inhibition to improve tumor-specific immunity.
We undertook these studies to fill the information gap on rapalogue treatment effects against
T cell lymphomas, expecting that rapalogues could further augment immunotherapy for
them. We also made important insights into rapamycin effects on B cell lymphomas and
carcinomas.

We used mouse EL4 as a relevant T cell lymphoma model as it overexpresses mTOR. Over a
range of pharmacologically achievable doses, rapamycin suppressed EL4 mTOR and
directly inhibited its growth /n vitroand in vivo. Nonetheless, these typical rapamycin doses
also suppressed T cell activation, which could be detrimental in combination with
immunotherapies.

EL4 is highly aggressive, a concept that we extend by showing its refractoriness to many
approaches to immune checkpoint blockade as immunotherapy. However, DD was approved
to treat T cell lymphomas, and we have shown that it also depletes Tregs in mice (15,16,19)
and humans (44), which could useful in immunotherapy. To capitalize on these DD features,
we treated EL4-bearing mice with DD and found significant clinical treatment effects that
appeared to be T cell dependent. We further showed that typical rapamycin doses did not
improve DD treatment effects, which we considered likely due to rapamycin-mediated T cell
inhibition. We thus used the LD rapamycin dose shown to augment anti-EL4 immunity in a
vaccine plus aCTLA-4 model (14). When we found that LD rapamycin plus DD was better
than either individual agent, we expected to show that efficacy was from improved anti-
tumor immunity.

Surprisingly, LD rapamycin plus DD effects against EL4 did not require tumor-specific
immunity, or interferon-y or perforin, other important mediators of anti-tumor immunity. We
thus considered that rapamycin could sensitize EL4 cells to DD-mediated cytotoxicity. We
then showed that rapamycin increased T cell capacity to augment EL4 expression of IL-2R
components that bind DD, and confirmed this as a mechanism for augmented EL4
cytotoxicity /n vitro. Anti-CD25 antibody alone failed to reverse LD rapamycin + DD effects
on EL4 challenge /in vivo, which could be due to the need for simultaneous CD122 blockade
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or effects of anti-CD25 on anti-tumor immune cells, such as Tregs (28), among other
considerations.

We further found that LD rapamycin augmented DD treatment of the mouse B16 melanoma
line B16F10 but not the ID8agg ovarian carcinoma line /n vivo. Mechanistic studies showed
that rapamycin improved IL-2R-dependent DD-mediated cytotoxicity against EL4 and
B16F10 /n vitro, tumors in which we found basal IL-2R expression and /in vivo efficacy of
the combination. By contrast, ID8agg expressed negligible IL-2R that was not rapamycin-
inducible, and rapamycin did not boost DD-mediated cytotoxicity /n vitro, or augment in
vivo combinatorial clinical efficacy. Nonetheless, IL-2R expression on B16F10 was
minimal, and did not increase /n vivo. It is possible that the mechanism for B16 treatment
effects /n vivo could also include altered DD affinity, cellular survival mechanisms or anti-
tumor immunity (14). Although rapamycin did not increase IL-2R on unstimulated EL4 cells
in vitro, it did in vivo, and after in vitroEL4 T cell receptor activation. Thus, additional /n
vivo factors could contribute to augmenting IL-2R expression, DD interactions or rapamycin
signals that facilitate DD-mediated tumor cytotoxicity in some tumors, an area that requires
additional study.

To test human relevance, we assessed human T cell (Jurkat) and B cell (NM001) lymphoma
lines. NM001 was basal IL-2R* and underwent rapamycin-mediated augmentation of IL-2R
and DD-mediated cytotoxicity /n vitro. Jurkat was IL-2R low, but sufficient rapamycin
augmented its IL-2R expression. Nonetheless, rapamycin did not boost DD-mediated
cytotoxicity. The common feature for lymphoma or carcinoma cells that responded to the
combination of LD rapamycin plus DD was IL-2R expression, not whether rapamycin
further augmented IL-2R expression. These data suggest that tumor IL-2R expression is
necessary but not sufficient for rapamycin to enhance DD cytotoxicity. Other factors, such as
the differing mutational landscapes of distinct tumors (45-47) could also alter treatment
effects in ways to be defined.

Since rapamycin is not FDA-approved for cancer, we also tested temsirolimus, which is
FDA-approved for renal cell cancer (39). Temsirolimus augmented DD-mediated
cytotoxicity against NM00L1. Nonetheless, neither rapamycin nor temsirolimus significantly
augmented NMOO1 IL-2R at concentrations that significantly augmented DD-mediated
cytotoxicity. This discordance could be due to altered signaling by DD or rapalogues in
combination, or rapalogue-mediated increased DD affinity or alterations in tumor
metabolism or survival mechanisms that increase susceptibility to cytotoxicity, in addition to
effects on anti-tumor immunity, areas of current investigations.

In summary, we define novel rapalogue effects that could be useful to treat T cell
hematologic malignancies, our original study goal, that also appear to be useful in selected B
cell malignancies and carcinomas. Our proof-of-concept work shows novel rapalogue effects
including augmentation of DD-mediated tumor killing and clinical efficacy. These effects
are manifest at rapamycin doses significantly lower than those currently used clinically,
suggesting that improved clinical outcomes with reduced toxicities are possible. Agents are
FDA-approved and can be easily tested clinically. Assessments of whether LD rapamycin
sensitizes against other cytotoxic agents, and whether it can augment specific
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immunotherapies as we suggest, and assessment of mTOR inhibitors with distinct
mechanisms of action all merit additional attention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Rapamycin effectively treats EL4 lymphoma in a dose-dependent manner
(A) Western blot of lysates from CD3* spleen T cells from naive mice or /n vitro cultured

ELA4 cells. (B) WT male mice were challenged subcutaneously with 40,000 EL4 cells on day
0. Tumor growth (n=8/group, p value, two-way ANOVA) and survival (p value, log-rank
test) of mice treated with rapamycin 8 mg/kg or vehicle control on 5 consecutive days/week
for 2 weeks starting on day 4.

Cancer Res. Author manuscript; available in PMC 2018 January 15.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal. Page 15

A D
&~ 20009 e~ IFN-y KO Control CD4* effector T cells in TDLN
£ -8~ IFN-y KO Rapamycin 20- -
E 15004 -~ wTBL6 Control p =0.03 2 p=0.03
g = WT BL6 Rapamycin s &l ., 159 o a g 154
= 10004 o e Oa o
o g 99 3= 4o
=~ % O (=%
S 5004 T —odp— " o= % .
£ o 5 © —— % %X 5 00
IE o o J-_.E._
0 L] L] c L) L]
8 10 12 14 16 18 20 Control Rapamycin Control Rapamycin
Days after tumor challenge
B
= -e- 3 TCR KO Control CD8* effector T cells in TDLN
E 15004 =B~ 3 TCR KO Rapamycin 61 101 F=i03
= == WT BL6 Control iy p=0.02 gl -
g =+~ \WT BL6 Rapamycin S 4 y ! az °
S 1000+ s =g Ofa e
° [ o o N -%. = n
S s 35 | = = I
S 500+ g é ® 2 5 o2 00
i X
g L o X o _H':_
(= 3] =
0+ 0 T T 0 T T
8 10 12 14 16 18 20 Control Rapamycin Control Rapamycin
Days after tumor challenge
C E CD3* T cells in tumors
“E 1500 == Rag2 KO Control 301 31
E === Rag2 KO Rapamycin , p < 0.0001 NS p = 0.002
) o °£o 1 S E ol !
£ 1000+ 2 201 g3 2
2 »h oo o
'S
2 3% R e
= 5004 o101 o a1
o [} n a =
S = —y— . ° —rap—
0+ 0 T T 0 T T
8 10 12 14 16 18 20 22 Control Rapamycin Control Rapamycin

Days after tumor challenge

Figure 2. Rapamycin treats EL4 independent of interferon-y, y8 T cells or adaptive immunity
(A-C) IFN-y KO, & TCR KO, Rag2 KO and WT male mice (N=8-10/group) were

challenged s.c. with 40,000 EL4 cells. Rapamycin 8 mg/kg or vehicle control, starting on
day 4, was given on 5 consecutive days/week until the day before sacrifice. P values, two-
way ANOVA. WT male mice were treated as above to determine prevalence and numbers of
CD44NCD62L" cells in (D) tumor draining lymph nodes (TDLN) among CD4* or CD8* T
cells and (E) CD3* T cells (GFP~VB12™ cells) within tumors. N= 6/group in D-E. P values,
unpaired ttest. Error bars, mean + SEM. KO, knockout.
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Figure 3. Rapamycin directly inhibits EL4 mTORCL1 signals and proliferation
(A) ELA4 cells were treated with rapamycin or vehicle control for 72 h in vitro and stained

with propidium iodide (PI) and Annexin V to evaluate apoptosis by flow cytometry. MTT
assay was used to assess proliferation. n=6/group. P values, #test. (B) Apoptosis and Ki67
(proliferation marker) of ex vivo tumor cells from Rag2 KO mice after rapamycin treatment
(1 or 8 mg/kg) for 16 days, stained and analyzed by flow cytometry. P values, one-way
ANOVA. (C) EL4-challenged WT mice were treated with rapamycin (0.075 or 1 mg/kg) or
vehicle control daily from day 4 and sacrificed on day 21 with composite quantification
shown from 3 Western blots of tumor lysates. P values, #-test. n=4/group for each blot. Error
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bars, mean + SEM. (D) Tumor volumes and weights of EL4 cells pre-treated with rapamycin
100 nM or PBS for 48 h /n vitro and then injected (40,000 cells) s.c. into WT mice (1 treated
and 1 untreated tumor challenged in one mouse, on opposite flanks, as depicted on the left).
N= 10/group. Tumors were measured with calipers and resected for weight one week later. P
values, unpaired £test.
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Figure 4. DD depletes Tregs, slows EL4 growth and improves survival

(A) Tumor growth and survival of mice treated with DD (5 pg/4 days). P value for tumor
growth, two-way ANOVA. Survival data combined from 2 independent experiments,
analyzed by log-rank test. N=10-12/group. WT mice were challenged with 50,000 EL4 cells
s.c., given 2 doses of DD (5 pg) or PBS on days 4 and 8 and evaluated on day 11 for (B)
prevalence of Foxp3* Tregs from spleen (SP), TDLN and tumors in CD3* gate after gating
out EL4 cells and (C) percentage of ICOS* Tregs in TDLN. P values, unpaired ¢test. (D)
Tumor growth in 6 TCR KO male mice challenged with 50,000 EL4, treated and analyzed
asin (A). (E) Foxp3PTR mice were injected s.c. with 50,000 EL4 cells and treated with
diphtheria toxin (1 pg/kg, starting on day 4) every 3 days. Tumor burden on day 15 shown. P
value, unpaired ¢test. Error bars, mean + SEM. N=10/group.
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Figure 5. LD rapamycin improves DD treatment efficacy independent of anti-EL4 immunity
Mice challenged with 40,000 EL4 cells on day 0. (A) Tumor growth and survival of WT

mice with LD rapamycin (75 pg/kg), DD or both. LD rapamycin administrated daily on days
4-19. DD 5 ug, starting on day 4, given every 4 days until day 16. P values for tumor
growth, two-way ANOVA. Survival analyzed by log-rank test. (B) Rag2 KO, IFN-y KO, and
Prf1 KO mice treated and analyzed as in (A). Long bars, comparison between either control.
Short bars, comparisons of combo treated groups. (C) Foxp3PTR mice challenged with
40,000 EL4 cells and given diphtheria toxin (DT) 1 pg/kg every 3 days from days 4-16, plus
LD rapamycin administrated daily on days 4-19. Tumor growth analyzed by two-way
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ANOVA. Groups of N=8-10/group in A—C. (D) EL4 cells treated with rapamycin 200 pm,
DD 250 ng/ml or both for 5 days. MTT added and OD values measured at 450 nm. Data
were confirmed using actual cell counts (Trypan blue). P value, unpaired ztest. (E) EL4 cells
were incubated with rapamycin 200 pm for 2 days. Cells were then activated with aCD3/
CD28 beads + rapamycin 200 pm for 24 more hours. Representative CD25 and CD122
expression flow cytometry plots of EL4 cells shown. Values in quadrants are percent positive
cells in that quadrant. (F) CD25 expression on EL4 tumor cells from LD rapamycin-treated
male mice compared with control mice tested ex vivo after 16 days. P value, unpaired #test.
Error bars, mean + SEM.
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Figure 6. LD rapamycin improves DD treatment efficacy of B16F10 but not ID8agg tumors
Mice challenged with 500,000 B16F10 cells on both flanks or with 4x106 1D8agg cells i.p.

on day 0. (A) Top: B16 tumor growth, and bottom: survival of WT mice with control, LD
rapamycin (75 pg/kg), DD or both. LD rapamycin administrated daily on days 7-15. DD (5

ug/mouse), starting on day 7, given every 5 days. P values for tumor growth, two-way

ANOVA. Survival was analyzed by log-rank test. N= 10/group. (B) WT mice challenged
with ID8agg-luciferase cells plus LD rapamycin (75 ug/kg), DD or both. LD rapamycin
administrated daily on days 4-21. DD 5 pg, starting on day 7, given every 5 days until day
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17. N=5/group. Arrows indicate DD administrations. Bracketed line encompasses rapamycin
treatment dates. Bioluminescence detected following Luciferin injection IV.
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Figure 7. Rapamycin and DD synergize in reducing NM001 B cell lymphoma but not Jurkat
CD4™ T cell lymphoma cell numbers in vitro

Jurkat CD4* T cell lymphoma (A) and NM0O01 B lymphoma (B) cell lines were treated /n
vitrowith 0, 100 or 200 pg/ml rapamycin for 48 hrs. Representative flow cytometry dot plots
of CD25 and CD122 expression. CD25 mean fluorescence intensity (MFI) of the total live
gate indicated in the lower right. NMO001 B lymphoma (C) and Jurkat cell lines (D) were
cultured for 5 days /n vitroin control medium (Con), 100 pg/ml rapamycin (RA), 250 ng/ml
(DD) or both and cell numbers counted. (E) NM001 B lymphoma cells were cultured for 5
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days in vitro in control medium (Con), 500 pg/ml temsirolimus (TEM), 250 ng/ml (DD) or
both. Viable cells were counted. P value, unpaired #test. Error bars, mean = SEM.
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