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ABSTRACT
Metastatic melanoma is a significant clinical problem with a 5-year survival rate of only 15–20%. Recent
approval of new immunotherapies and targeted inhibitors have provided much needed options for
these patients, in some cases promoting dramatic disease regressions. In particular, antibody-based
therapies that block the PD-1/PD-L1 checkpoint inhibitory pathway have achieved an increased overall
response rate in metastatic melanoma, yet durable response rates are reported only around 15%. To
improve the overall and durable response rates for advanced-stage melanoma, combined targeted and
immune-based therapies are under investigation. Here, we investigated how the natural products called
schweinfurthins, which have selective anti-proliferative activity against many cancer types, impact anti-
(α)PD-1-mediated immunotherapy of murine melanomas. Two different compounds efficiently reduced
the growth of human and murine melanoma cells in vitro and induced plasma membrane surface
localization of the ER-resident protein calreticulin in B16.F10 melanoma cells, an indicator of immuno-
genic cell death. In addition, both compounds improved αPD-1-mediated immunotherapy of established
tumors in immunocompetent C57BL/6 mice either by delaying tumor progression or resulting in
complete tumor regression. Improved immunotherapy was accomplished following only a 5-day course
of schweinfurthin, which was associated with initial tumor regression even in the absence of αPD-1.
Schweinfurthin-induced tumor regression required an intact immune system as tumors were unaffected
in NOD scid gamma (NSG) mice. These results indicate that schweinfurthins improve αPD-1 therapy,
leading to enhanced and durable anti-tumor immunity and support the translation of this novel
approach to further improve response rates for metastatic melanoma.
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Introduction

Immunotherapy is rapidly being adopted as first or second line
therapy for the treatment of cancer. In particular, therapies target-
ing the programmed death 1 (PD-1) checkpoint inhibitor path-
way have shown impressive results in a number of cancers,
including metastatic melanoma, leading to FDA approval of anti-
body-based therapies specific for PD-1 or its ligand PD-L1.1-3 The
PD-1:PD-L1 interaction inhibits T cell survival and function,
leading to reduced T cell function, eventual T cell exhaustion,
and a poorer anti-tumor response.4 PD-1/PD-L1-specific antibo-
dies block the interaction between PD-1 on the surface of T cells
with PD-L1 on the surface of a tumor or antigen presenting cell,
restoring T cell function. In malignant melanoma, the success of
αPD-1 therapy is associated with the presence of intratumoral
CD8+ T cells5 and an IFNγ gene signature.6 Thus, approaches that
lead to recruitment of tumor-specific T cells into the tumor
microenvironment may improve checkpoint inhibitor therapy.7,8

Despite this important advance in melanoma therapy, the
durable response rate following αPD-1/PD-L1 immunother-
apy remains at only 15–20%.9,10 One strategy under investiga-
tion to improve the overall and durable response rates toward
immunotherapy is combination with existing and novel
drugs.11 Currently, ongoing clinical trials are examining the
effects of αPD-1 in combination with anti-cytotoxic T lym-
phocyte-associated molecule-4 (αCTLA-4; ipilimumab), che-
motherapy, radiation and αVEGF therapies to treat various
types of cancer.11 For metastatic melanoma, combination
αPD-1 and αCTLA-4 regimens were approved by the Food
and Drug Administration (FDA) based on data showing that
Nivolumab synergized with Ipilimumab, particularly among
patients with PD-L1 negative tumors, resulting in a greater
benefit compared to either monotherapy.12,13 Our recent work
demonstrates a survival benefit among metastatic melanoma
patients treated with immunotherapy who were also pre-
scribed pan β-blockers,14 a mechanism that can improve
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checkpoint blockade therapy in pre-clinical models.14,15 Pre-
clinical studies performed in clinically relevant melanoma
models support the idea that combining αPD-1-based
immune therapy with targeted therapies, such as mitogen
activated protein kinase (MAPK) and phosphoinositide 3
kinase (PI3K) inhibitors, can improve the overall response
rate.16,17 Based on this evidence, we sought to find possible
synergy between αPD-1 and a novel cancer therapeutic agent.

We have previously studied the potential cancer therapeu-
tic activity of a family of natural products and synthetic
derivatives known as the schweinfurthins. Schweinfurthin
compounds were isolated from tropical plants of genus
Macaranga,18-20 and were investigated by the National
Cancer Institute (NCI),21 our group, and others for anticancer
activity. Early reports from the NCI as well as from our
program indicated that these compounds show selective activ-
ity against specific tumor types as established within the NCI’s
60 human cancer cell line panel.22-29 Cell lines derived from
glioblastoma, renal cancer, and melanoma are highly suscep-
tible to schweinfurthins, while cells derived from lung and
ovarian cancers are typically resistant. This type of activity,
with little or no overlap with the pattern displayed by known
agents, indicates a novel mechanism.30 Schwienfurthins
impact cholesterol metabolism through their effects on the
mevalonate pathway31, which supplies isoprenoid intermedi-
ates for the synthesis of cholesterol. Since targeting the meva-
lonate pathway can influence the immune response,32,33 we
hypothesized that schweinfurthins may improve existing
immunotherapies used to treat cancer. In this report, we
evaluated the ability of schweinfurthins to improve immu-
notherapy in a murine melanoma tumor model that is resis-
tant to αPD-1 monotherapy.

Results

TTI-3114 and TTI-4242 reduce human melanoma cell
line proliferation in vitro

In order to test the activity of the schweinfurthins in melanoma
we used a group of three human melanoma cell lines: UACC-
62, UACC-903 and UACC-257. All three cell lines express the
BRAF V600E mutation. Two of these lines are included in the
NCI 60 cell panel, one of which (UACC-62) showed suscept-
ibility to TTI-4242, and one of which (UACC-257) was
resistant.34 We have recently published the activity of TTI-
3114 in a rat model of chondrosarcoma which has served as
our therapeutic lead compound.35 TTI-4242 was chosen as a
model of second generation schweinfurthin analogs designed to
improve the solubility and other drug-like properties of the
series.34,36 These two compounds, TTI-4242 and TTI-3114,
show highly correlated anticancer phenotypes in the NCI 60
cell line screen suggesting that they exert their anticancer
effects through a similar mechanism. When measuring mito-
chondrial activity as a sign of proliferation, we saw the same
pattern; both TTI-4242 and the compound TTI-3114
(Methylschweinfurthin G) showed strong activity against the
UACC-62 line (EC50 = 10–100 nM, Figure 1(a)), weaker activ-
ity against the cell line UACC-903 (EC50 = 100–1000 nM,

Figure 1(b)) and the weakest activity against the cell line
UACC-257 (EC50 = 1000–10,000 nM, Figure 1(c)).

We also tested these two compounds against the aggressive
murine melanoma cell line B16.F10 in vitro (Figure 1(d)). In
this model, TTI-4242 demonstrated activity with an EC50 in
the 100–1000 nM range comparable to that in the UACC-903
cell line, while TTI-3114 showed less efficacy.

TTI compounds induce calreticulin surface expression in
murine melanoma cells in vitro, indicative of
immunogenic tumor cell death

The induction of immunogenic cell death (ICD) in tumor cells is
associated with the generation of protective anti-tumor immu-
nity, a process associated with activation of antigen presenting
cells that subsequently trigger tumor-reactive T cells.37 Multiple
chemotherapeutic drugs as well as ionizing radiation have been
shown to induce ICD, promoting protective anti-tumor activity
(reviewed in38). Some of the hallmarks of ICD are localization of
the endoplasmic reticulum-resident protein calreticulin to the
plasma membrane, which serves as an “eat me” signal for
phagocytes,39 release of ATP, which triggers cell chemotaxis
and release of the high-mobility group box 1 protein
(HMGB1), a proinflammatory trigger.37 We evaluated the dose
response of calreticulin surface expression onB16.F10melanoma
cells, derived from C57BL/6 mice, to the schweinfurthin analogs
TTI-4242 and TTI-3114. After 24 hours of treatment, a high
proportion of cells remained viable (Figure 2(a)) but both com-
pounds robustly induced surface calreticulin within the viable
cell population (Figure 2(b–d)). Both the percentage of cells
expressing calreticulin (Figure 2(c)) and the level of calreticulin
expression (Figure 2(d)) increased in a dose-dependent manner.
TTI-3114 induced surface calreticulin expression at concentra-
tions above 8 nMwhile TTI-4242 maintained this effect down to
2 nM (Figure 2(d)).We also found that B16.F10 cells treated with
TTI-3114 displayed a dose-dependent decrease in intracellular
ATP with a corresponding increase in extracellular ATP
(Supplementary Figure 1), indicative of ATP release. These
results indicated that schweinfurthin analogs induced multiple
characteristics consistent with the induction of ICD, raising the
possibility that schweinfurthins may synergize with immu-
notherapy for melanoma in vivo.

TTI-4242 administration improves αPD-1 therapy by
delaying melanoma progression and inducing durable
anti-tumor immunity

We tested how schweinfurthin compound TTI-4242 impacted
the efficacy of clinically relevant αPD-1 immunotherapy. C57BL/
6 mice were implanted with B16.F10 cells subcutaneously. Once
tumors became palpable, mice were randomized into four treat-
ment groups: (1) control IgG + Vehicle, (2) αPD-1 + Vehicle, (3)
IgG + TTI-4242, and (4) αPD-1 + TTI-4242. Control IgG or
αPD-1 antibody were administered twice a week for a total of 6
treatments and TTI-4242 or vehicle control was administered for
the first five days (Figure 3(a)). We observed that tumor growth
in control treated mice (Figure 3(b)) was not significantly
impacted by either αPD-1 alone (Figure 3(c)) or TTI-4242
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alone (Figure 3(d)). However, when αPD-1 and TTI-4242 were
provided in a combined therapeutic regimen (Figure 3(e)),
tumor growth was significantly delayed compared to αPD-1
alone (Figure 3(c)) and TTI-4242 alone (Figure 3(d)). In addi-
tion, mice receiving dual αPD-1 and TTI-4242 lived significantly
longer than mice in all other treatment groups (Figure 3(f)). We
also observed that 50% and 100% of tumors in the TTI-4242
alone and αPD-1 + TTI-4242 groups, respectively, showed initial
tumor regression during the period of TTI-4242 administration
(Figure 3(g)). After 42 days, 33.3% (N = 2) of mice in the
combined therapy group remained tumor-free and receipt of a
second, larger dose of 5 × 105 B16.F10 tumor cells did not result
in new tumor growth for at least an additional 60 days (Figure 3
(f–g)). Taken together, these findings suggest that combined
αPD-1 and TTI-4242 provides a greater anti-tumor response
than either treatment alone, in some cases leading to complete
and durable tumor regression and protective immunity to re-
challenge.

TTI-3114 administration induces initial tumor regression
and durable tumor control with αPD-1 therapy

To extend our in vivo results beyond a single schweinfurthin
compound, we tested the efficacy of TTI-3114 with αPD-1
therapy of B16.F10 tumors since this compound showed a
similar, albeit less potent effect on cell proliferation and calre-
ticulin surface expression in vitro (Figure 1). We used the same
experimental design depicted in Figure 3(a) to treat B16.F10
tumor-bearing mice with αPD-1 in combination with TTI-3114.

Tumor growth in control treated mice (Figure 4(a)) was similar
to that of mice treated with either αPD-1 (Figure 4(b)) or TTI-
3114 (Figure 4(c)). Dual αPD-1 + TTI-3114 (Figure 4(d)) sig-
nificantly delayed tumor growth compared to either monother-
apy. This combination therapy also significantly extended
survival compared to all other treatment groups (Figure 4(e)).
Similar to the results with TTI-4242, 60% and 100% of mice that
received TTI-3114 alone or in combination with αPD-1, respec-
tively, showed initial tumor regression (Figure 4(f)) and 37.5%
(N = 3) of mice that received combination therapy remained
tumor free, even following challenge with a second dose of B16.
F10 cells (Figure 4(e–f)).

In order to determine if the immune system plays a role in
the initial TTI-3114-driven tumor regression, we tested the
efficacy of TTI-3114 against B16.F10 tumors in immune
compromised NSG mice which lack functional B, T and NK
cells among other immune deficiencies.40,41 There was no
effect of TTI-3114 on the survival of B16.F10 tumor-bearing
NSG mice (Supplementary Figure 2A) nor were any tumor
regressions observed (Supplementary Figure 2B). These find-
ings suggest that TTI-3114-induced melanoma regression is
immune-mediated.

Tumor regression observed in αPD-1 + TTI-3114 treated
mice is accompanied by complete histological regression

We next determined the extent of histological tumor regres-
sion in mice treated with TTI-3114. Tumor-bearing mice were
treated for five days according to the schedule in Figure 3(a).

a b

c d

Figure 1. Schweinfurthins reduce viability of human and murine melanoma cells in vitro. Human melanoma cell lines UACC-62 (a), UACC-903 (b), and UACC-257 (c)
and murine melanoma cell line B16.F10 (d) were treated with varying concentrations of the schweinfurthin analogs TTI-3114 and TTI-4242 for 48 hours. The viability
of cells was measured by MTT assay. Data represent mean ± SEM.
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We measured palpable tumors on the first day of treatment
and on day 6 when tumors or tissue underlying the area
where the tumors had regressed were collected. H&E stained
tissue sections were prepared for evaluation by a board-certi-
fied dermatopathologist. Consistent with data in Figures 3 and
4, tumors progressed in vehicle treated mice, while tumors
became undetectable by day 6 in 50% (2/4) and 100% (4/4) of
mice that received IgG + TTI-3114 and αPD-1 + TTI-3114,
respectively (Figure 5(a)). All mice treated with vehicle, with
or without αPD-1, had visible tumor upon histological analy-
sis (Figure 5(b,c) and Supplementary Figure 3A, B). Of the
four mice treated with IgG + TTI-3114, three mice had
detectable tumors by H&E staining (Figure 5(d)) while no
tumor cells were observed in one mouse. Evaluation at higher
magnification revealed that tumors from mice treated with
Vehicle (Supplementary Figure 3A) or αPD-1 + Vehicle
(Supplementary Figure 3B) consisted of sheets of atypical
melanocytes while areas of tumor from mice treated with
IgG + TTI-3114 were less dense, with less melanin and pleo-
morphism and contained lymphocytic infiltrate
(Supplementary Figure 3C, D). 50% of mice (2/4) treated
with αPD-1 + TTI-3114 had no detectable tumors by H&E
staining (Figure 5(e)), while the remaining mice had areas of
residual necrotic tumor tissue with infiltrating lymphocytes
(Supplementary Figure 3E, F). Thus 5 days of treatment with
TTI-3114 alone induced tumor regression associated with
lymphocytic inflamation but residual tumor cells remained
that quickly recurred. The addition of αPD-1, however,

promoted a more effective histological regression. Taken
together, we found that a short duration of treatment with
TTI-3114 improved αPD-1 immunotherapy against an aggres-
sive murine melanoma and resulted in histologically complete
responses in a subset of mice.

Schweinfurthins skew the systemic immune cell profile of
B16.F10 tumor-bearing mice

We evaluated how short-duration treatment with schweinfurthins
impacted the composition of immune cells in the spleen of tumor-
bearing mice as a measure of the systemic effects of treatment. To
capture the effects of schweinfurthin administration at a time
when tumors initially regressed, we evaluated immune cell subsets
in the spleen at 24 hours after the fifth day of consecutive treatment
using multicolor flow cytometry (Supplementary Figure 4). Since
most tumors had completely regressed at this time point in mice
that received schweinfurthins, we were unable to compare the
immune profile within the tumors themselves. We examined the
major subsets of cells including T cells, B cells, NK cells, and
myeloid cells. We did not find any consistent changes in the
frequencies of total CD3+ T cells (Figure 6(a)) or CD19+ B cells
(Figure 6(b)) or among the subsets of CD4+ (Supplementary
Figure 5A) or CD8+ (Supplementary Figure 5B) T cells between
the treatment groups. However, we did observe a decrease in the
fraction of NK1.1+ cells (Figure 6(c)). The frequency of CD11c+

cells appeared unaffected by either schweinfurthin tested (Figure 6
(d)). We consistently observed an increase in the proportion of

Figure 2. Schweinfurthins induce expression of surface calreticulin. B16.F10 cells were cultured with increasing concentrations of TTI-4242, TTI-3114 or DMSO control
for 24 hours. Surface calretuculin was measured by flow cytometry. (a) Representative flow cytometry dot plots showing cell viability as measured by 7AAD staining
from samples treated with 125 nM schweinfurthin or vehicle control. Numbers represent the percentage of live cells from single cell gate. (b) Representative flow
cytometry histograms from samples treated with 125 nM schweinfurthin or vehicle control. (c-d) Points represent 3 replicate concentrations ± SEM. Black dot
represents calreticulin surface staining on cells treated only with vehicle. The results are representative of two independent experiments. Significant differences
between TTI-3114 and TTI-4242 were determined by Student’s t test and are shown for values that are * p < 0.05, ** p < 0.01.
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b c

d e

f g

Figure 3. TTI-4242 improves tumor control in mice treated with αPD-1 therapy. (a) Experimental scheme; B16.F10 tumor-bearing mice received 200μg αPD-1 twice a
week for three weeks and/or schweinfurthin (30 mg/kg TTI-4242) for five consecutive days. Control mice received 200μg rat IgG or an equivalent volume of vehicle.
Once tumors became palpable (~ 20mm3), mice were treated with (b) IgG and vehicle, (c) αPD-1 and vehicle, (d) IgG and TTI-4242, (e) αPD-1 and TTI-4242. Days 10
and 20 are indicated with long- and short-dashed lines. N = 6–9/group; p values determined by mixed linear models and shown for pairwise comparisons to αPD-1
+ TTI-4242. (f) Kaplan-meier survival analysis. Arrow indicates the day of challenge (day 42). N = 6–9/group; p values determined by log rank test; pairwise
comparisons between αPD-1 + TTI-4242 and all other groups: ** p < 0.01. (g) The percentage of mice tumor-free (no palpable or visually apparent tumor) in each
treatment group. The experiment was terminated at 100 days post treatment initiation at which point all surviving mice were tumor free.
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CD11b+ myeloid cells following administration of schweinfurthin
(Figure 6(e)). Although this difference was most prominent with
TTI-4242, treatment with TTI-3114 showed a trending, albeit less
significant, increase in CD11b+ cells. Within the CD11b+ subset,
we observed a significant and consistent increase in Ly6G+ cells in
mice treated with either schweinfurthin (Figure 7(a)). Further,
while no consistent effect was detected for Ly6Chi (Figure 7(b))
or Ly6Clo (Figure 7(c)) cells, the Ly6G−Ly6C− subset of CD11b+

cells was dramatically decreased with treatment by either TTI-
4242 or TTI-3114 (Figure 7(d)). These results indicate that

systemic administration of schweinfurthin induces changes within
the cellular composition of the spleen, primarily altering the fre-
quencies of CD11b+ cell subsets. Despite some differential effects
by the two analogs on spleen composition, both provided a similar
anti-tumor effect.

Discussion

Tumor immunotherapy using αPD-1/PD-L1 antibodies has
become the standard treatment for metastatic melanoma due to

a b

c d

e f

Figure 4. TTI-3114 in combination with αPD-1 delays tumor growth. Mice were treated according to the schedule in Figure 3(a) using TTI-3114 (20 mg/kg). Once
tumors became palpable (~ 20mm3), mice were treated with (a) IgG and vehicle, (b) αPD-1 and vehicle, (c) IgG and TTI-4242, (d) αPD-1 and TTI-4242. Days 10 and 20
are indicated with long- and short-dashed lines. N = 6–9/group; p values determined by mixed linear models and shown for pairwise comparisons to αPD-1 + TTI-
3114. (e) Kaplan-meier survival analysis. Arrow indicates the day of challenge (day 39). N = 6–9/group; p values determined by log rank test; pairwise comparisons
between αPD-1 + TTI-4242 and all other groups: ** p < 0.01. (f) The percentage of mice tumor-free (no palpable or visually apparent tumor) in each treatment group.
The experiment was terminated at 100 days post treatment initiation at which point all surviving mice were tumor free.
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its ability to induce clinical regression of disease.1,2 However, only
a small subset of these patients experience durable complete
responses (upper bound of ~20%).9,10 As it is difficult to identify

patients that will achieve this therapeutic benefit, approaches that
expand the clinical efficacy of αPD-1 therapy to additional
patients are urgently needed. Immune related adverse events

a

b c

d e

Figure 5. TTI-3114 promotes histological regression of B16.F10 tumors. Mice were treated as described in Figure 3(a). (a) Tumor size was determined at days 1 and 6
of treatment. Data are representative of 3 independent experiments. (b-e) Representative images from H&E stained sections of formalin fixed tumors (b-d) or a
regressed lesion (e) are shown. (b, c) Tumors from mice treated with vehicle, with or without αPD-1, show sheets of pleomorphic melanocytes characteristic for
melanoma. (d) Representative image of residual tumor from a mouse treated with TTI-3114 alone. (e) Representative image of mice treated with αPD-1 + TTI-3114
having no detectable tumor. Magnification 10x, scale bar represents 100 μm, T = tumor.

ONCOIMMUNOLOGY e1539614-7



(irAEs) also represent a hurdle to effective treatment of patients
with αPD-1 targeted therapies. irAEs range from mild to fatal,
although the rate of high grade irAEs is uniformly ~20% across
cancer types.42 Combination treatments that additively, or

a

b

c

d

e

Figure 6. Schweinfurthins skew splenic immune cell subsets. Mice were treated
for 5 days according to the schedule in Figure 3(a). On day 6, spleens were
harvested and processed for flow cytometry analysis. Samples were gated on
CD45+ 7AAD− cells to show percentage of (a) CD3+, (b) CD19+ and (c)
NK1.1+CD3− (d) CD11c+ cells and (e) CD11b+ cells. Data represent
mean ± SEM; N = 3–5/group; p values determined by one way ANOVA with
Tukey’s multiple comparisons post-test: * p < 0.05, ** p < 0.01, *** p < 0.001.

a

b

c

d

Figure 7. Schweinfurthins skew splenic myeloid cell subsets. Cells from Figure 6
were further gated on CD45+ 7AAD− CD11b+ cells to show percentage of (a)
Ly6G+, (b) Ly6G−Ly6Chi, (c) Ly6G−Ly6Clo and (d) Ly6G−Ly6C− cells. Data represent
mean ± SEM; N = 3–5/group; p values determined by one way ANOVA with
Tukey’s multiple comparisons post-test: * p < 0.05, ** p < 0.01, *** p < 0.001.
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synergistically, improve αPD-1 therapy would be beneficial in two
major ways; by increasing the proportion of patients who benefit
and by reducing the incidence of irAEs, potentially by shortening
the course of therapy. Currently, combinations of αPD-1 with
targeted therapies, radiation, as well as some drugs that induce
ICD such as doxorubicin and oxaliplatin are being explored in this
context.11

Here we demonstrate that schweinfurthins induce transient
tumor regression in a murine model of melanoma but can
combine effectively with αPD-1 immunotherapy to promote
durable complete tumor regressions. This anti-tumor
response to the combined treatment with αPD-1 was quite
robust and consistent, inducing a complete and durable
response in > 30% of mice. This is a highly significant result
given that αPD-1 monotherapy has no benefit in the B16.F10
model. In addition, two schweinfurthin analogs, TTI-4242
and TTI-3114, had a similar impact on tumor progression
in this model, indicating that the outcome is a class effect.

Schweinfurthins are known to modulate several aspects of
cholesterol metabolism,31 but their anti-tumor properties are
only partially defined. While lovastatin directly inhibits the
first enzyme of cholesterol synthesis, β-Hydroxy β-methylglu-
taryl-conenzyme A (HMG-CoA) reductase, schweinfurthins
indirectly reduce the synthesis of cholesterol while also
increasing cholesterol export.43 Others have provided evi-
dence that the schweinfurthins promote cholesterol export
by modulating oxysterol signaling and perturbing the trans-
Golgi network.44,45 We have demonstrated that schwein-
furthins induce tumor cells to behave as if they have a surfeit
of cholesterol, even when this critical metabolite is limiting.31

Treatment of glioblastoma cells with 3-deoxyschweinfurthin B
led to reduction in HMG-CoA reductase but also promoted
increased cholesterol efflux and reduced cholesterol import.
Thus, schweinfurthins have a broader impact on cholesterol
regulatory mechanisms than some of the more well-character-
ized cholesterol inhibitors.

There are several possible ways that schweinfurthins could
enhance the efficacy of αPD-1 therapy including induction of
ICD, elimination of regulatory cells or direct targeting of
effector immune cells. Our results suggest that schwein-
furthins could trigger anti-tumor immunity through the
induction of ICD, potentially by disrupting the Golgi appara-
tus. Recently, the amino acid derivative LTX-401 was found to
target the Golgi apparatus causing extensive structural distur-
bances accompanied by activation of ICD.46 Likewise,
schweinfurthins, including schweinfurthin G (closely related
to TTI-3114), also disrupt the trans-Golgi network,45 provid-
ing a possible link to the induction of ICD. Additionally,
Zoledronate, an inhibitor of the mevalonate pathway enzyme
farnesyl pyrophosphate synthase, was shown to sensitize mul-
tidrug resistant human cancer cells to the effects of doxoru-
bicin-induced ICD which was otherwise repressed.47,48

Similar to what we observed here with schweinfurthin treat-
ment, ICD induced by cancer chemotherapeutics is known to
stimulate CD8+ T cell driven anti-tumor immunity which can
sensitize tumors to checkpoint inhibitor therapy.49-51

It is also plausible that schweinfurthins modify the accu-
mulation or activity of regulatory cells as has been

demonstrated with other classes of cholesterol modulating
drugs.52,53 One such drug, liver-X nuclear receptor beta
(LXRβ) agonist RGX-104, which lowers cholesterol levels
by inhibiting transcription of key genes of cholesterol bio-
synthesis (eg, HMG-CoA reductase), reduced myeloid
derived suppressor cells (MDSC) in both tumor-bearing
mice and cancer patients.54 This study also showed that
RGX-104 in combination with αPD-1 elicits a greater
anti-tumor effect than αPD-1 alone in vivo, but the agonist
had no direct activity on T cells in vitro.54 Our data indi-
cate that schweinfurthins induce a significant shift in mye-
loid cell subsets. The observed increase in splenic CD11b+

cells in schweinfurthin treated mice could be explained by
recruitment of myeloid cells from the circulation.
Recruitment of Ly6G+ cells most likely accounts for this
increase, while Ly6C−Ly6G− cells were most significantly
decreased. This finding suggests that schweinfurthins may
promote a systemic inflammatory response leading to
recruitment of CD11b+Ly6G+cells. Whether these cells
have immune potentiating effects or negative regulatory
effects remains to be determined. For example, increased
numbers of MDSCs (CD11b+Gr-1+) cells in the circulation
are directly related to B16.F10 recurrence following surgical
resection.55 We were unable to evaluate myeloid cell accu-
mulation within the tumors at the 6-day time point since
tumors had already regressed, but we may find differences
in immune cell composition at earlier times following treat-
ment or following treatment of larger tumors.

Our observations alternatively may be explained by direct
effects of schweinfurthins on effector immune cells, including
T cells. The mevalonate pathway plays an important role in
regulating T cell function,56,57 making cholesterol modulating
strategies potential inhibitors or enhancers of T cell driven
anti-tumor immunity. Pre-clinical studies in murine mela-
noma models show that disruption of cholesterol storage
mechanisms by inhibition of the enzyme acetyl-CoA acetyl-
transferase 1 (ACAT1) enhances CD8+ T-cell activity.58

Another study demonstrated that treatment of Tc9 cells with
β-cyclodextrin to lower cholesterol was essential for maintain-
ing IL-9 production, T cell persistence and antitumor effects
following adoptive T cell therapy.59 This study defined that
IL-9 production was inhibited by cholesterol-induced LXR
activation. Our data did not reveal acute changes in splenic
T cell frequencies of schweinfurthin treated mice, although we
cannot rule out potential modulation of T cell function. In
addition, the inability of schweinfurthins to induce initial
tumor regression in NSG mice demonstrates a requirement
for an intact immune system.

Our results in NSG mice contrast with those from a pre-
vious study showing that LM1 chondrosarcomas regress in
immunodeficient Nu/Nu mice following treatment with only
TTI-3114.35 Importantly, the IC50 for TTI-3114 inhibition of
LM1 cells in vitro is 35 nM while that for B16.F10 cells is
about 1 μM (Figure 1(d)). Thus, an effective in vivo dose is
not likely to be safely achieved to directly kill B16.F10 cells but
is achievable for targeting LM1 cells. Importantly, our current
results indicate that tumor cells with low sensitivity to
schweinfurthins, such as B16.F10, can still be effectively
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targeted in immune competent mice as demonstrated by
initial tumor regression. Further triggering of the immune
response by αPD-1 was able to achieve durable tumor regres-
sions, despite this dose limitation.

A likely explanation for the tumor recurrence observed in
the absence of αPD-1 is that the tumors were not completely
eliminated by the short 5-day course of schweinfurthin
administration alone as suggested by our histopathological
observations. A longer course of schweinfurthin therapy
could potentially delay the time to tumor recurrence or
increase the proportion of mice that achieve initial tumor
regression. Likewise, extended administration of schwein-
furthin in combination with αPD-1 could further increase
the proportion of mice completely protected from tumor
recurrence. Taken together, we have identified schweinfurthin
compounds with potent anti-tumor activity that, when com-
bined with αPD-1 immunotherapy can induce long-lived
regression of established murine melanoma. Our observations
encourage further evaluation of schweinfurthin compounds
into the clinic, particularly TTI-3114 and TTI-4242, in com-
bination with αPD-1 therapy.

Materials and methods

Cell culture

UACC-62, UACC-903, and UACC-257 cells were cultured
in RPMI 1640 (Gibco, Gaithersburg, MD) with 10% fetal
bovine serum (FBS; GE Healthcare Life Sciences, Logan,
Utah) and maintained at 37°C and 5% CO2. UACC-62
and UACC-903 cells were obtained from the NCI-
Frederick Cancer DCTD Tumor/Cell Line Repository.
UACC-903 cells were a generous gift from Dr. Jeffrey
Trent (Research Director and President, Translational
Genomics Research Institute, Phoenix, AZ). The murine
melanoma B16.F10 cell line was obtained from the
American Type Culture Collection (ATCC CRL 6475).

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay

Cells were plated in 96-well plates at a cell density of 3,000
(B16.F10), 5,000 (UACC-62/UACC-903) or 8,000 (UACC-
257) cells per well in RPMI media with 10% FBS. The follow-
ing day, media was replaced with phenol red-free RPMI con-
taining 10% FBS and indicated concentrations of TTI-3114
and TTI-4242. Vehicle treatment consisted of 0.1% dimethyl
sulfoxide (DMSO). After 44 hours of incubation, 10 ul of
5 mg/mL MTT salt (Invitrogen, Carlsbad, CA) was added.
Plates were incubated for an additional four hours before
addition of stop solution (80% Isopropanol, 0.1 M HCl, 10%
Triton X-100) to halt reduction of the MTT salt. Following
overnight incubation at 37°C, the optical density of each well
was measured at 570 nm and 690 nm (reference wavelength)
using a SpectraMax i3x Multi-Mode microplate reader
(Molecular Devices). Reduced values (A570-A690) are pre-
sented as percent of control.

In vitro evaluation of calreticulin expression

B16.F10 melanoma cells were seeded at 1.5–2.0 × 105 cells per
well in 24-well plates in RPMI-1640 medium containing stan-
dard supplements and 10% FBS and incubated overnight at
37°C, 5% CO2. Compounds solubilized in DMSO were added
at the indicated concentrations and incubated for a further
24 hours at 37°C, 5% CO2. Control wells were treated with
similar dilutions of vehicle. Cells were trypsinized and washed
with FACS buffer (2%FBS + 0.1% NaN3 in PBS) and seeded at
1–2 × 105 per well in 96-well round-bottom plates. Cells were
stained with rabbit anti-calreticulin polyclonal antibody
(1:100, Abcam ab2907) in FACS buffer for 30 minutes at 4°
C. Following two washes, cells were labeled with goat anti-
rabbit Alexa Fluor 488 (1:500, Thermo Fisher A11070) in
FACS buffer for 30 minutes at 4°C. Cells were washed twice
and labeled with 7-aminoactinomysin D (7AAD; 0.25μg, BD
Pharmingen 51-68981E) in order to exclude non-viable cells.
All samples were immediately run on a BD LSR Fortessa flow
cytometer and the data analyzed using FlowJo software.

Measurement of ATP release

Intra and extracellular release of ATP was measured using a
CellTiter Glo® Luminescent Cell Viability Assay (Promega)
according to manufacturer instructions. Briefly, 1 × 104 B16.
F10 cells were plated in RPMI media supplemented with 10%
FBS in white opaque 96-well tissue culture plates and cultured
overnight to allow cells to adhere. TTI-3114 was diluted in
media and cells were treated in duplicate. After 36 hours of
treatment, culture media was collected from each well for
evaluation of extracellular ATP. 100 μl of CellTiter Glo®
reagent was added to each well containing cells or combined
with 100 μl of collected culture media and rocked for 10 min-
utes to determine intracellular and extracellular ATP concen-
trations, respectively. Luminescence was determined using a
BioTek Synergy H1 microplate reader. A standard curve was
generated using increasing concentrations of ATP (Sigma)
and values were extrapolated using Gen5 software.

Treatment of mice and in vivo tumor growth analysis

All studies with animals were performed in accordance with
institutional guidelines under a protocol approved by the
Penn State College of Medicine Institutional Animal Care
and Use Committee. Female NOD scid gamma (NSG) mice
were bred in house and used between the ages of 6–12 weeks.
C57BL/6J mice were purchased from The Jackson Laboratory
at 6–8 weeks of age, maintained in a HEPA-filtered ventilated
rack system and used within 2 weeks of receipt. Mice were
housed 5 or less per cage, fed and watered ad libitum, and
maintained in a 12-hour light/dark cycle. NSG mice were
provided acidified water. Groups of mice were inoculated
with 1 × 105 freshly cultured B16.F10 tumor cells subcuta-
neously in the left flank. Mice were monitored for the devel-
opment of tumors and when palpable were randomized into
groups. Mice received αPD-1 (clone RMP1-14; BioXCell or
Leinco Technologies, Inc.) or control rat IgG (Sigma) at 200
ug/day intraperitoneally in a volume of 200ul PBS twice per
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week for 3 weeks. Mice received daily i.p. injections of TTI-
4242 at 30 mg/kg or TTI-3114 at 20 mg/kg or vehicle only for
5 consecutive days in a total volume of 100uL. Vehicle for in
vivo delivery of the schweinfurthin compounds consisted of a
ternary mixture of excipients [PEG-400 (35%), propylene
glycol (35%), and pluronic F68 (0.1%) by weight] in water.
The excipients used are generally regarded as safe by the
United States Food and Drug Administration for use in
drug formulations. Tumors were measured with digital cali-
pers and the tumor volume calculated as (length x width2)/2.
Mice were euthanized when the tumor volume exceeded
1500 mm3, developed ascites or necrosis or when mice
became lethargic. Where indicated, mice that exhibited com-
plete tumor regressions were re-challenged subcutaneously in
the left flank with 5 × 105 freshly cultured B16.F10 tumor cells
and tumor development monitored.

Immune cell analysis

The spleens from B16.F10 treated mice were dissected into
RPMI supplemented with 10% FBS and maintained on ice.
Spleens were processed as previously described.60 Briefly,
spleens were passed through a wire mesh to form a single
cell suspension. Aliquots of ~ 2 x 106 cells were stained with
commercially available antibodies prior to analysis on a LSRII
or LSR Fortessa flow cytometer (BD Biosciences) in the Penn
State Cancer Institute Flow Cytometry Shared Resource.
Samples were stained with 7AAD prior to analysis to elim-
inate dead cells. Data were analyzed using FlowJo software
(v10.4, FlowJo, LLC). Antibodies used include: CD45.2-BV480
(clone 104), CD4-APC-Cy7 (clone RM4-5), CD8-BV786
(clone 53–9.7), NK1.1-BV421 (clone PK136), CD3-PE (clone
145-2C11), CD11c-BV786 (clone HL3), CD19-APC (clone
1D3) and CD11b-PECy7 (clone M1/70), F4/80-BV711 (clone
T45-2342), Ly6C-APC-Cy7 (clone AL-21), Ly6G-FITC
(clone1A8). Antibodies were purchased from BD
Biosciences, BioLegend, eBioscience or Tonbo Biosciences.
Live cells were gated on the CD45.2+/7AAD− population
and a detailed gating strategy is shown in Supplementary
Figure 4. The gating strategy for myeloid cells was based on
Rose et al.61

Histology

Mice were euthanized and tumors were dissected from the mice
(where applicable). In mice with full tumor regression, tissue
underlying where the tumor had been growing was collected.
This surrounding tissue was visually inspected for pigmentation
prior to formalin fixation and paraffin embedding. Briefly,
excised tissue was immersed in 10% neutral buffered formalin
for at least 24 hours followed by transfer into 70% ethanol for at
least 24 hours. Tissue was embedded in paraffin, and 6 μm
sections stained with hematoxylin and eosin (H&E) in the
Penn State College ofMedicine ComparativeMedicine histology
core lab. Stained sections were evaluated by a board certified
dermatopathologist who was blinded to the sample identifica-
tion. Images were collected on an Olympus BX51 Microscope
using cellSense standard software.

Statistics

Differences in tumor growth curves were evaluated by linear
mixed models for longitudinal analysis and Kaplan-Meier
survival curves were evaluated by log rank test. Student’s t
tests were used to determine the differences between treat-
ments for in vitro studies involving two treatment groups.
When four treatment groups were compared for flow cyto-
metry studies one way ANOVA with Tukey’s multiple com-
parisons post-test were used. p values less than 0.05 were
considered significant. All data were analyzed using
Graphpad Prism (version 7) or SAS (version 9.4) software.
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