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Potential Utility of Synthetic D-Lactate
Polymers in Skin Cancer

Anushka Dikshit', Jungi Lu', Amy E. Ford', Simone Degan', Yingai J. Jin', Huiying Sun’,
Amanda Nichols?, April K.S. Salama®, Georgia Beasley’, David Gooden’ and Jennifer Y. Zhang'*°

Increased breakdown of glucose through glycolysis in both aerobic and anaerobic conditions is a hallmark
feature of mammalian cancer and leads to increased production of L-lactate. The high-level lactate present
within the tumor microenvironment is reused as a crucial biofuel to support rapid cancer cell proliferation,
survival, and immune evasion. Inhibitors that target the glycolysis process are being developed for cancer
therapy. In this study, we report an approach of using synthetic D-lactate dimers to inhibit melanoma and
squamous cell carcinoma cell proliferation and survival. We also provide in vivo evidence that intratumoral
injection of D-lactate dimers induced an innate immune response and inhibited subcutaneous melanoma
xenograft growth in immunodeficient mice. Our findings support a potential utility of D-lactate dimers in skin

cancer treatment and therefore warrant further mechanistic studies.
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INTRODUCTION

Enhanced glucose breakdown through glycolysis and
consequently increased lactate production are hallmark fea-
tures of mammalian cancer (de la Cruz-Lopez et al., 2019;
Feng et al., 2017; Garcia-Canaveras et al., 2019). The high-
level lactate, up to 30—40 mM in the tumor microenviron-
ment (TME) versus 1.5—3 mM in healthy tissues (Colegio
et al., 2014), serves as a biofuel crucial for cancer cell pro-
liferation and progression (Lu et al., 2015; San-Millan and
Brooks, 2017). In addition, lactate enhances angiogenesis
(Ruan and Kazlauskas, 2013) and inhibits innate and adap-
tive immune cell activities against cancer cells (Brand et al.,
2016; Colegio et al., 2014; Feng et al., 2017; Fischer et al.,
2007). Strategies that aim to block glycolysis using small-
molecular inhibitors of glycolytic enzymes (e.g., lonid-
amine and sodium dichloroacetate) and glucose analogs
(e.g., 2-deoxy-glucose) have long been recognized as po-
tential cancer therapeutics (Adeva et al., 2013; de la Cruz-
Lopez et al., 2019; Garcia-Canaveras et al., 2019). These
strategies have shown promise, but their clinical benefit is
often limited in part by the off-target effects and difficulties in
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achieving high-dose delivery to tumor sites (Adeva et al.,
2013; Feng et al., 2017; Garcia-Cafaveras et al., 2019).

Human cells predominantly produce L-lactate, and L-lactate
is precipitated by D-lactate polymers (Goldberg, 2011;
Goldberg and Weinberg, 2018), stereoisomers commonly
produced by the gut microbiome (Mayeur et al., 2013). It was
previously reported that synthesized polymers of D-lactate
formed stereocomplexes with L-lactate, leading to depletion
of plasma level L-lactate. In addition, D-lactate dimers
(DLADs) showed selective toxicity toward cervical and neu-
roblastoma cancer cells, sparing normal fibroblasts in culture
(Goldberg, 2011). In this study, we examined the effects of
DLADs on cultured melanoma and squamous cell carcinoma
(SCQ) cells, which are known to exhibit increased glycolysis
(Houles et al., 2018; Ratnikov et al., 2017; Sun et al., 2010).
We also examined the effects of DLADs on melanoma
xenograft growth on immunodeficient mice.

RESULTS

To assess effects on skin cancer, we first performed 3-(4,5-
dimethylthiazol-2-y1)-2,5 diphenyl tetrazolium bromide—based
cell growth analyses of melanoma cells. We found that
DLAD inhibited the growth of A375 and A2058 human
melanoma cells in a dose—response manner (Figure Ta).
Next, we performed live and dead cell analysis by costain-
ing with calcein-AM (Olympus BX41, Center Valley, PA)
(green) and ethidium homodimer-1 (red), respectively.
Microscopic images showed that 1-day treatment of 10 mg/
ml DLAD resulted in complete cell death (Figure 1b).
Consistently, DLAD inhibited mitochondria function in a
dose—response manner, as shown by staining with the
mitochondria  activity—dependent  red-fluorescent dye
CMXRos (Figure 1c).

Next, we examined the in vivo effects of DLAD using
subcutaneous melanoma xenografts generated with A2058
and A375 human melanoma cells in immunodeficient nude
mice. When the tumors (n = 6—10 per group) reached a size
of 166—200 mm?, we treated them by intratumoral injections
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of DLAD or PBS solvent control. We observed that tumors
treated with DLAD showed an acute immune response
within 24 hours after injection, and the inflamed areas
resumed a normal skin appearance by the third week
(Figure 2a). As expected, A375 and A2058 control tumors
exhibited linear growth, reaching the end-point by the third
week (Figure 2b and ¢). In contrast, those treated with DLAD
at 25, 50, and 100 mg/ml doses were mostly regressed by the
third week (Figure 2b and c).

L-lactic and D-lactic acids as well as their synthetic
polymers are highly acidic (pK, 3.8). To assess whether DLAD
effects were merely a result of acidity, we synthesized L-lactate
dimers (LLADs), which are equally acidic as DLAD but do
not form stereocomplexes with L-lactate (Goldberg, 2011). We
found that although intratumoral injections of LLAD reduced
tumor growth, the inhibition was significantly less effective
than that of DLAD treatment (Figure 2¢). By immunostaining,
we found that DLAD-treated tissues were less proliferative
than PBS- and LLAD-treated tissues, as indicated by the
reduced number of Ki-67—positive cells (Figure 2d and e).
These results indicate that DLAD treatment inhibits melanoma
growth in vivo, and this biological effect is attributed to prop-
erties unique to DLAD and unlikely a mere result of acidity.

Consistent with the wounding response shown in Figure 2a,
tumors treated with DLAD had increased infiltrations of F4/
80" and CD45" innate immune cells, as shown by immuno-
staining (Figure 3). Thus, DLAD treatment inhibits melanoma
growth and increases immune responses in vivo.

To further assess whether the biological activity of DLAD
requires acidic pH, we used sodium phosphite dibasic to
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control the pH. We found that DLAD after neutralization with
sodium phosphite dibasic to pH 5.5 retained the growth
inhibitory effects on A375 and A2058 melanoma cells when
normalized to cells treated with equivalent concentrations of
hydrochloric acid also adjusted with sodium phosphite
dibasic to pH 5.5 (Figure 4a). Next, we examined whether
DLAD has a potential utility in nonmelanoma skin cancers,
which constitute the majority (>95%) of skin cancer. By 3-(4,5-
dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide—based
growth analysis, we found that DLAD showed dose-response
effects on all SCC cell lines examined, including A431, Fadu,
and CAL27. By 72 hours after treatment of DLAD at 3.75 mg/ml
concentration, SCC cells were lifted with minimal metabolic
activity, whereas fibroblasts remained attached and showed a
flattened growth curve (Figure 4b). Finally, we explored
various biologically suitable buffer systems and determined
that compared with sodium phosphite dibasic (pK, 6.8—7.2),
2-(4-[2-hydroxyethyl]piperazin-1-yl)ethanesulfonic acid (HEPES)
(pKa1 3 and pK,, 7.5) has high solubility and capacity in
adjusting pH under changes in carbon dioxide concentra-
tions during cell culture. We found that after adjustment to
pH 6.2 with HEPES buffer, equivalent concentrations of
hydrochloric acid—HEPES and DLAD-HEPES both slowed
cell proliferation. However, DLAD-HEPES was more
effective than hydrochloric acid—HEPES in inhibiting the
proliferation of CAL27 cancer cells and displayed a sub-
stantially reduced toxicity to normal fibroblasts compared
with that to SCC cells (Figure 4c). When neutralized to pH
7.0, both hydrochloric acid and DLAD were no longer toxic
toward cancer cells and normal fibroblasts (Figure 4c).
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Figure 2. DLAD inhibits melanoma growth in mice. (a) Representative images were taken 1 day and 2 weeks after intralesional injection of PBS or DLAD (100
mg/ml). (b) Subcutaneous A375 melanoma growth on immunodeficient mice. Melanoma nodules (n = 5—6 per group) were treated with three intratumoral
injections of PBS vehicle control or 25, 50, and 100 mg/ml DLAD delivered every other day. The graph depicts the average tumor size + SD. (c) Subcutaneous
A375 and A2058 melanoma growth on immunodeficient mice. Subcutaneous melanoma (n = 6—10 per group) was treated with 3—5 injections of PBS, DLAD,
or LLAD (50 mg/ml) every other day. The graph depicts the average tumor size + SD. Note that the measurements included wounded areas, which explains the
initial growth of A375 tumors. (d) Immunostaining for Ki-67 (orange) and nuclei (blue). Graphs represent the average percent of Ki-67—positive cells. In total,
7—10 images per group were analyzed. Bar = 50 pm. DLAD, D-lactate dimer; LLAD, L-lactate dimer.

These results indicate that DLAD is toxic to melanoma and
nonmelanoma cancer cells and that an increased speci-
ficity of DLAD toxicity to cancer cells versus to normal cells
may be achieved at a mildly acidic environment with a pH
around 6.2.

In summary, we have identified DLAD as a potential
treatment for skin cancer using in vitro and in vivo models of
melanoma and SCC. Treatment with DLAD inhibited

melanoma growth and induced a robust activation of the
innate immunity as evidenced by the acute wounding
response and the increased infiltration of CD45" and F4/80"
innate immune cells. These results warrant further investiga-
tion to understand the molecular mechanisms responsible for
DLAD-induced killing of cancer cells as well as the effects of
DLAD on the tumor vasculature and immune cells within and
outside of the TME.
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Figure 3. DLAD induces immune cell infiltration. Immunostaining of A2058
subcutaneous melanoma xenografts treated with PBS or DLAD (25 mg/ml) for
F4/80 and CD45 (orange) and nuclei (blue). Bar = 100 pm. Ab, antibody;
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F4/80
Nuclei

CD45
Nuclei

2nd Ab Con

DISCUSSION

Although the mechanism of cancer cell killing remains un-
clear, one hypothesis is that DLAD sequesters extracellular
L-lactate, preventing its uptake and utilization by cancer cells
for rapid energy production and biosynthesis. However, it is
possible that the DLAD may itself enter cancer cells and
directly disrupt cellular metabolism. In addition, DLAD may
interfere with the cellular metabolism of noncancer cells
within the TME that support cancer cell proliferation and
survival. These include the tumor vasculature and the innate
and adaptive immune cells that rely on L-lactate for angio-
genesis (Ruan and Kazlauskas, 2013) and immune inactivity
toward cancer cells (Brand et al., 2016; Colegio et al., 2014;
Feng et al., 2017; Fischer et al., 2007), respectively. Again,
DLAD effects on TME cells may be linked to the depletion of
extracellular L-lactate and direct uptake by TME cells, lead-
ing to disruption of metabolic pathways.

The in vitro data showed that the biological effects of
DLAD require an acidic condition (pH < 7.0). In this regard,
TME (pH 6.7—7.1) is generally more acidic than differenti-
ated normal tissues (pH 7.4), and acidosis of TME is
commonly considered tumorigenic and important for tumor
invasion, metastasis, immune evasion, and neoangiogenesis
(Tannock and Rotin, 1989; Webb et al., 2011). On one hand,
extracellular acidosis (pH < 6.7) is found to trigger human
melanoma cell senescence (Bohme and Bosserhoff, 2020).
DLAD has a pK, < 4, and intralesional administration of
DLAD likely decreases TME extracellular pH to well below
6.7 and therefore induces senescence. Contrary to the acidic
environment of TME, the intracellular pH of cancer cells is
generally more alkaline (pH > 7.2) than that of normal cells
(pH 7.2), and this characteristic is crucial for cancer cell
proliferation and survival (Webb et al., 2011). This reversed
pH gradient of extracellular acidosis and intracellular alka-
lization represents a cancer cell hallmark and is hence
recognized as a potential target for cancer therapy (Persi
et al.,, 2018; Webb et al., 2011). Potential entrance of
DLAD into cancer cells will lead to acidification of the
intracellular space and may therefore represent another
mechanism of cancer cell killing.

Systemic acidosis is detrimental to human health. Thus, we
anticipate that DLAD is not suitable for systemic treatment. In
contrast, despite local toxicity, systemic toxicity was not
apparent in mice that received multiple intralesional
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injections of DLAD, implicating that intralesional delivery of
a similar quantity of DLAD to cubic centimeter size tumors
will unlikely induce systemic adversity in the human body.
Synthetic lactate oligomers are biodegradable and have been
widely used in medical products and dermal fillers (Liu et al.,
2019), further supporting the feasibility of DLAD for cancer
treatment.

It was recently reported that gut microbiomes modulate the
outcome of melanoma response to PD-1 inhibitor immuno-
therapy. Specifically, commensal bacteria enriched in the
anabolic pathways are associated with a favorable outcome
for patients with melanoma (Gopalakrishnan et al., 2018;
Matson et al., 2018). An emerging question is whether gut
microbiomes act through common metabolites such as
lactate to modulate cancer immune responses and whether
DLAD has beneficial effects on this process. Understanding
the effects of DLAD on local and systemic adaptive immunity
will ascertain the utility of DLAD as a local adjuvant therapy
that enhances systemic therapies such as PD-1/PD-L1 and
CTLA-4 immune checkpoint inhibitor therapies as well as
BRAF/MAPK/extracellular signal—regulated kinase kinase
oncokinase inhibitors and oncolytic therapies (Bai and
Flaherty, 2020).

Skin cancer is the most common form of human cancer,
and the incidence and the economic burden for treating
melanoma and nonmelanoma skin cancer are skyrocketing
(Guy et al., 2015a; Rogers et al., 2015) (https://www.cancer.
org/cancer/skin-cancer.html). In 2011, the cost for skin can-
cer treatment was around $8.1 billion ($4.8 for non-
melanoma skin cancer and $3.3 billion for melanoma) in the
United States (Guy et al., 2015b) and is expected to increase
substantially by 2030 (Guy et al., 2015b). The most common
treatments for primary skin cancer are tumor destruction with
electrodesiccation and curettage, cryosurgery, simple exci-
sion, and Mobhs surgery (Chren et al., 2013). The use of bio-
logical agents has increased over the recent years. Among
these are 5-fluorouracil, imiquimod, ingenol mebutate, and
retinoid (Cullen et al., 2020) as well as small-molecule in-
hibitors of the Shh pathway (Tang et al., 2011) and immune
checkpoint inhibitors such as cemiplimab (Migden et al.,
2018). Topical and intralesional treatments allow for higher
drug levels at the tumor site than systemic agents (Cullen
et al., 2020), alleviating systemic toxicity and potentially
reducing overall cost. It is conceivable that with additional
studies, DLAD may offer a new treatment option for skin
cancer.

MATERIALS AND METHODS

Cell culture and reagents

A375, A2058, A431, CAL27, and Fadu cells were obtained from
ATCC (Manassas, VA) through Duke Cell Culture Facility (Durham,
NC). Primary fibroblasts were isolated from surgically discarded
foreskin samples obtained by an exempt Institutional Review Board
protocol approved by the Duke University (Durham, NC). Patient
consent for experiments was not required because the United States
laws consider human tissue left over from surgery as discarded
material. All cells were cultured and maintained in DMEM with 10%
fetal bovine serum and x1 antibiotic/antimycotic (100 units/ml of
penicillin, 100 pg/ml of streptomycin, and 0.25 pg/ml of Gibco
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Figure 4. DLAD retains toxicity to cancer cells at pH 6.2. (@) MTT cell growth analysis. A375 melanoma cells were treated with increasing concentrations (2.5,
5, 10 mg/ml) of Na,PO,-neutralized DLAD or LLAD for 24 h. Graphs represent the average optical reading (OD595) + SD. (b) MTT-based cell growth analysis of
A431, CAL27, and Fadu cancer cells as well as normal dermal fibroblasts treated with escalating doses of DLAD for 24, 48, and 72 h. (c) MTT-based cell growth
analysis of CAL27 cancer cells and normal dermal fibroblasts treated with 20 mM DLAD for 72 h. DLAD (20 mM) was neutralized with HEPES buffer to pH 6.2
and pH 7. Sodium chloride and HCI were used for controls. The graph represents the averages of relative cell growth normalized to respective controls at pH 7 +

SD. P-values were obtained by two-tailed Student’s t-test. DLAD, D-lactate dimer;

h, hour; HCl, hydrochloric acid; HEPES, 2-(4-[2-hydroxyethyl]piperazin-1-yl)

ethanesulfonic acid; LLAD, L-lactate dimer; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide; Na,POy,, disodium phosphate; NaHPO;,
sodium hydrogen phosphate; OD, optical density; SCC, squamous cell carcinoma.

Amphotericin B) (Thermo Fisher Scientific, Waltham, MA) in a 37 °C
incubator supplemented with 5% carbon dioxide.

Lactate dimer synthesis

The synthesis of dimeric D-lactic acid was previously described in
United States patent (US10034895B2) and was accomplished in five
steps. The synthesis began with tert-butyldiphenylsilyl protection of
commercial D-(+)-methyl lactate. The ester was hydrolyzed to
furnish the silyl-protected D-lactic acid, which was then coupled to
benzyl (S)-(—)-lactate through Mitsunobu alkylation. The silyl group
was removed in the presence of acetic acid/tetra-n-butylammonium
fluoride. Catalytic hydrogenolysis of the benzyl group gave the

D-lactic acid dimer. The composition and purity of each interme-
diate as well as the final dimer were determined by liquid
chromatography—mass spectrometry (electrospray ionization) and
high field TH/13C nuclear magnetic resonance spectroscopy.

Cell growth and survival assay

For 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide
assay, melanoma cells (A375 and A2058), SCC cells (A431, CAL27,
and Fadu), and primary human dermal fibroblasts were seeded at
8 x 10 cells per well in a 96-well plate, and after 24 hours, cells
were treated in triplicates with increasing concentrations of DLAD
or LLAD for 24, 48, and 72 hours. Cells were then incubated with 5
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pl 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide
(20 mg/ml, Sigma-Aldrich, St Louis, MO) for 2 hours, and media
were then replaced with DMSO. Absorbance was measured at 595
nm using a plate reader (Synergy H1, BioTek Instruments, Winooski,
VT).

For MitoTracker red CMXRos staining, A375 cells were treated
with increasing concentrations of DLAD (2.5, 5, 10 mg/ml) for 24
hours and then incubated with CMXRos fluorescent dye (Thermo
Fisher Scientific). Images were taken using an Olympus BX41 fluo-
rescent microscope (Olympus, Tokyo, Japan). For live/dead cell
staining, A375 cells were seeded in a 35-mm cultures dish. The next
day, cells were treated with increasing concentrations of DLAD (2.5,
5, 10 mg/ml) for 24 hours and then incubated with calcein-AM and
ethidium homodimer-1 (Thermo Fisher Scientific) for 30 minutes for
detection of live and dead cells, respectively. Staining was visualized
using an Olympus BX41 fluorescent microscope.

Animal studies

Animal studies were performed in compliance with Duke Animal
Care and Use Committee. Nude immunodeficient mice were ob-
tained from the Duke Cancer Center Isolation Facility (Durham, NC).
Subcutaneous tumors were generated by injection of A2058 and
A375 human melanoma cells (20,000 cells in 100 pl PBS-to-matrigel
[3:1]1) (BD Bioscience, Franklin Lakes, NJ) on both flanks of the nude
mice. When the tumors became palpable, intratumor injections of
PBS, DLAD, and LLAD were administered at 5—10% tumor volume
to reach 25—50 mg/ml (n = 6—10 per group) every other day for
up to 3 weeks. Tissue samples were collected at the end-point
and embedded in optimal cutting temperature compound for
cryosectioning.

Protein analysis by immunostaining

For immunofluorescent staining, 5—6 pum thick cryosections were
fixed in cold 100% methanol for about 20 minutes, blocked with
10% horse serum, incubated with primary antibodies against Ki-67
(MA5-14520, Thermo Fisher Scientific), CD45 (Sc-53665, Santa
Cruz Biotechnology, Dallas, TX), and F4/80 (123103, BioLegend,
San Diego, CA), followed by detection with Florescent Dylight-555—
conjugated secondary antibodies and counterstained with DAPI
(Thermo Fisher Scientific). Images were taken with the Olympus
BX41 fluorescent microscope.

Statistical analysis

Cell growth data presented in the figures were obtained from at least
three independent experiments and presented as the mean £ SD.
Tumor growth analyses were performed in two separate experiments
with 6—10 subcutaneous tumors per group. The statistical difference
in means between groups was evaluated in R Foundation for Sta-
tistical Computing (R Foundation, Vienna, Austria) using a two-tailed
Student’s t-test unless specified otherwise, and P < 0.05 was
considered statistically significant.
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