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A B S T R A C T   

Chemotherapy resistant high grade serous ovarian cancer remains a clinically intractable disease with a high rate 
of mortality. We tested a novel glycosylated antitumor ether lipid called L-Rham to assess the in vitro and in vivo 
efficacy on high grade serous ovarian cancer cell lines and patient samples. L-Rham effectively kills high grade 
serous ovarian cancer cells grown as 2D or 3D cultures in a dose and time dependent manner. L-Rham efficacy 
was tested in vivo in a chicken allantoic membrane/COV362 xenograft model, where L-Rham activity was as 
effective as paclitaxel in reducing tumor weight and metastasis. The efficacy of L-Rham to reduce OVCAR3 tumor 
xenografts in NRG mice was assessed in low and high tumor burden models. L-Rham effectively reduced tumor 
formation in the low tumor burden group, and blocked ascites formation in low and high tumor burden animals. 
L-Rham demonstrates efficacy against OVCAR3 tumor and ascites formation in vivo in NRG mice, laying the 
foundation for further development of this drug class for the treatment of high grade serous ovarian cancer 
patients.   

Introduction 

Chemotherapy resistant disease remains the primary cause of patient 
mortality and morbidity among human epithelial ovarian cancer (EOC)1 

patients. High-grade serous ovarian cancer (HGSOC) accounts for 70% 
of all EOCs [1], and is the most lethal histological subtype [2,3]. While 
initially responsive to the apoptosis-inducing drugs used as standard of 
care, carboplatin and paclitaxel, 75% of HGSOC patients will relapse 
within 18 months. Although additional lines of chemotherapeutics are 
routinely used, these treatments ultimately fail [2]. As such, there is a 
clinical demand for novel therapeutics capable of killing chemoresistant 
EOC cells. We developed compounds called Glycosylated Antitumor 
Ether Lipids (GAELs) that kill numerous human cancer cell types 
through an apoptosis-independent mechanism [4–8]. Furthermore, we 

determined that chemotherapy-resistant EOC cells are exquisitely sen
sitive to these drugs [5], suggesting that they can bypass the mecha
nisms HGSOC cells use to evade carboplatin- and paclitaxel-induced cell 
death. We propose that GAELs may be developed as a new drug class to 
reduce the burden of cancer for HGSOC patients [5,9]. 

GAELs are a subclass of antitumor ether lipids (AEL) and are 
distinguished by the presence of an anomeric sugar moiety in the 
molecule. The prototypic AEL 1-O-Octadecyl-2-O-methyl-rac-glycero
phosphocholine (ET-18-OCH3) [10], a representative of the alkylyso
phospholipid subclass, showed promise in clinical trials, but was 
ultimately not widely embraced as a novel chemotherapy for treating 
human cancer [11–13]. This is most likely due to the susceptibility of 
AELs to anti-apoptotic mechanisms utilized by cancer cells. Our initial 
studies with GAELs, primarily with D sugar analogues [4–9,14,15] also 
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showed great promise in their ability to kill a wide range of human 
cancer cell lines, but a lack of activity in vivo hampered their develop
ment as treatment agents [16]. Metabolic inactivation was likely due to 
glycosidase cleavage of the carbohydrate moiety, a problem shared by 
many carbohydrate-based molecules [17,18]. Our previous structur
e/activity studies that aimed to improve the activity and metabolic 
stability of GAELs led to the development of two distinct types of 
L-GAELs distinguished by the position of critical amino moiety in the 
molecule that is required for activity. One type has the sugar attached to 
the C-3 position of the glycerol backbone with the amine attached at the 
C-2 position of the sugar [19], while the other has the sugar attached at 
the C-2 position of glycerol and the amine attached to the C-3 position of 
the glycerol [20]. The L-sugar-linked GAEL analogues [20] are not 
susceptible to circulating and cellular glycosidases in vivo, and are likely 
to retain the sugar linkage that is essential for activity, and potentially 
have high efficacy in vivo. 

The current investigation focused on evaluating the effects of a 
recently developed GAEL, 3-amino-1-O-hexadecyloxy-2R-(O–α-L- 
Rhamnopyranosyl)-sn-glycerol (L-Rham; Fig. S1)[20] on chemonaïve, 
chemosensitive and chemoresistant HGSOC cell lines and primary 
samples derived from HGSOC patient ascites. Activity of L-Rham was 
tested using HGSOC cells grown as 2-dmensional (2D) adherent mono
layers and as 3D spheroids or aggregates [5,21]. These in vitro studies 
were complemented by testing L-Rham tolerability and efficacy in vivo 
using chicken chorioallantoic membrane (CAM) COV362 xenograft and 
murine OVCAR3 xenograft models. This research demonstrates L-Rham 
efficacy to reduce the burden of HGSOC in vivo and provides a founda
tion to develop this class of drugs further for the treatment of HGSOC 
patients. 

Materials and methods 

Ethics approval statement for human samples 

This study included the collection and use of HGSOC ascites-derived 
patient samples after receiving patient consent (University of Manitoba 
Research Ethics Board, #HS19242). 

Cell culture 

All cell lines and primary HGSOC cell samples were maintained at 
37 ◦C with 5% CO2/95% air, and grown as previously described [5,21]. 
The CaOV3 (RRID:CVCL_0201) and OVCAR3 (RRID:CVCL_0465) cell 
lines were cultured from frozen stocks obtained from the ATCC (Man
assas, VA, USA); TOV1946 (RRID:CVCL_4062) were received from the 
OVCAN collection; COV362 (RRID:CVCL_2420) were purchased form 
SIGMA and frozen stocks made after first passage. All experiments were 
conducted with cells thawed from frozen stocks. Known characteristics 
of the HGSOC patient samples are listed in Table S1. Regarding sample 
nomenclature, cells isolated from serial paracentesis samples of the same 
patient have the same number followed by a letter (e.g., EOC 183E, EOC 
183I, EOC 183 J). Letters may not be contiguous due to samples used for 
other research projects or failure of the sample to grow in culture. 

Drugs 

3-amino-1-O-hexadecyloxy-2R-(O–α-L-Rhamnopyranosyl)-sn-glyc
erol (L-Rham) was synthesized as described in Ogunsina et al. [20]. 
L-Rham stocks for in vitro experiments were heated to 60 ◦C in a water 
bath to solubilize the lipids prior to dilution in growth medium or 0.9% 
saline for addition to the cells or mice. Carboplatin (Tocris Bioscience) 
was reconstituted in sterile water. Sterile water or 0.9% saline was used 
as vehicle controls where applicable. 

Determination of cytotoxicity of L-Rham on HGSOC cells 

The effects of the GAELs on the viability of the HGSOC cell lines and 
primary cell samples grown as adherent monolayers or as non-adherent 
aggregates or spheroids were determined as previously described [5,6, 
19,20]. Briefly, equal numbers of the cells were dispersed into six wells 
for each condition into 96-well plates, with 2 wells per condition 
without cells used as a blank for the fluorescent viability assay. After 24 
h for adherent cultures or 48 h for non-adherent cultures, the wells were 
incubated with the compounds (0–30 µM) for specified times. Following 
incubation with drug, cell viability was measured using PrestoBlue Cell 
Viability reagent (Invitrogen) according to manufacturer’s protocol and 
fluorescence (540/590 nm) measured with a plate reader (Molecular 
Probes). Values from the wells without cells (blank wells) were sub
tracted from the corresponding sample wells and cell viability was 
compared relative to the vehicle control samples set to 100%. Thus, 
relative cell viability of 0% indicates that there are no viable cells. 
Relative fluorescence units were input into Prism9 for statistical analysis 
and generation of graphs. The results represent the mean ± standard 
deviation of a minimum of 3 independent experiments with 6 samples 
per experiment. 

To measure caspase-dependent cell death, cells were plated in 96- 
well plates and allowed to adhere overnight prior to drug treatment. 
Cells were pre-treated for 1 h with the pan-caspase inhibitor Q-VD-OPh 
(Q-VD; 10 μM; MedChem Express) followed by addition of L-Rham or 
carboplatin without or with the inhibitor for an additional 48 h (or 72 h 
for carboplatin). Cell viability was determined using PrestoBlue Cell 
Viability reagent as outlined above. Wells with media but no cells were 
treated in similar fashion and the values utilized as blank. 

Chorioallantoic membrane (CAM)/COV362 xenograft assay and drug 
toxicity 

Experiments with chick embryos comply has been recognized as an 
alternative to mouse xenografts for in vivo experiments by the National 
center for the Replacement, Refinement and Reduction of Animals in 
Research (NC3R, UK) and all experiments complied with European 
Directive 2010/63/EU. The efficacy and toxicity of L-Rham on COV362- 
derived tumors in a chicken CAM xenograft model was independently 
assessed by INOVOTION SAS, France (www.inovotion.com) on a fee-for- 
service basis. Fertilized White Leghorn eggs are incubated at 37.5 ◦C 
with 50% relative humidity for 9 days. At this time (E9), the chorioal
lantoic membrane (CAM) was dropped by drilling a small hole through 
the eggshell into the air sac, and a 1 cm2 window was cut in the eggshell 
above the CAM. An inoculum of 3 × 106 COV362 cells was added onto 
the CAM of each egg. Twenty-one eggs were used for each condition 
(because of some early egg deaths, just after grafting or some bad tumor 
grafts, data was collected in less than 21 eggs per group). Eggs were then 
randomized into 4 groups. Group 1 = Vehicle (0.9% saline); Group 2 =
50 µM paclitaxel; Group 3 = 200 µM L-Rham; Group 4 = 400 µM L-Rham. 
At day 10 (E10), COV362 tumors began to be detectable. They were then 
treated for the next 8 days. Every two days (E11, E13, E15, E17) tumors 
were treated by placing 100 μl of vehicle or drug onto the tumor. At day 
18 (E18) the upper portion of the CAM was removed, washed in PBS and 
then directly transferred in paraformaldehyde and fixed for 48 h. The 
tumors were then carefully cut away from normal CAM tissue and 
weighed. A one-way ANOVA analysis with post-hoc tests was done to 
assess if the drug treatments had an effect compared to vehicle. 

In parallel, a 1 cm2 portion of the lower CAM was collected from half 
of the available samples to evaluate the number of metastasis cells. 
Genomic DNA was extracted from the CAM, and analyzed by qPCR with 
specific primers for human Alu sequences. Statistical analysis was 
directly done on data from the Bio-Rad CFX Manager 3.1 software. 

Drug toxicity was determined by measuring the number of embryos 
alive at the end of the treatment period and identifying any visible 
macroscopic abnormalities in the embryos. 
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Drug tolerability studies in mice 

In vivo drug tolerability studies were conducted by the BC Cancer 
Agency Investigational Drug program (BCCA-ID). Animals were main
tained according to the Canadian Council on Animal Care, and institu
tional ethical approval for research with animals was received prior to 

the initiation of these studies (University of British Columbia, A18- 
0290). All animals were maintained in a temperature-controlled envi
ronment at 22 ◦C on a 12 h light:12 h darkness schedule and provided 
with food and tap water ad libitum. The acute response, tip-toe gait, 
lethargy, piloerection and respiration in addition to body weight mea
surements were recorded to assess negative drug effects. 6–8-week-old 

Fig. 1. HGSOC cell viability after L-Rham treatment. A. 
Dose response of established HGSOC cell lines treated 
with L-Rham for 48 h. Cells were grown as adherent 
monolayers. For A, B and C cells were grown as adherent 
monolayers, and for D, E and F cells were grown as non- 
adherent cell aggregates or spheres (depending on the 
individual sample). The dashed lines indicate 50% cell 
viability. Asterisks (*) indicate significant difference 
from vehicle treated cells. B. Dose response of chemo
sensitive and chemoresistant HGSOC patient samples 
treated with L-Rham for 48 h. C. COV362 morphologic 
response to increasing doses of L-Rham at 48 h. Note 
vesicle formation (arrowheads) at 5 μM L-Rham. D, E. 
Dose response of chemosensitive HGSOC patient samples 
treated with L-Rham for 48 h. F. Alteration in spheroid 
morphology in response to increasing doses of L-Rham at 
48 h. Solid bar ¼ 100 μm.   
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female NOD-Rag1null IL2rgnull (NRG) mice (3 per condition) were used. 
Mice received drug by intraperitoneal (i.p.; 15–40 mg/kg) or intrave
nous (i.v.; 1–50 mg/kg) injection on M/W/Fx2 or every 4 days for 4 
injections (Q4Dx4), and then clinically monitored for an additional 14 
days. Animal health was monitored and necropsy was performed after 
termination. Body weight was quantified as an indirect measure of 
general health. 

In vivo drug efficacy studies in mice 

Xenograft studies were conducted through the BCCA-ID. 6–8 week 
old female NRG mice (six per condition) were injected i.p. with 10 × 106 

OVCAR3 cells in 200 µL and drug treatments were initiated 7 days (low 
tumor burden) or 40 days (high tumor burden) post OVCAR3 cell in
jection (Q4Dx8). Animals were terminated due to ill-health, tumor 
progression, or reaching the pre-determined study endpoint. Necropsy 
was conducted and the presence of ascites and tumor(s) within the 
peritoneal cavity was noted. 

Results 

Measuring sensitivity of HGSOC cells to L-Rham 

The ability of L-Rham to affect cell viability was assessed using 
different HGSOC cell lines (CaOV3, COV362, OVCAR3, TOV1946) and 
primary HGSOC cell samples (N = 11) isolated from patients that were 
chemonaïve, chemosensitive, or chemoresistant (Table S1). Chemo
resistance is defined as responding to platinum drugs for less than 6 
months, or as disease progression following the last line of chemo
therapy. HGSOC cells were grown as 2D or 3D cultures. The inhibitory 
concentration to inhibit viable cell numbers to 50% (IC50) for the 
established HGSOC cell lines grown as 2D cultures ranged from 
~4.2–7.1 µM after 48 h of treatment (Fig. 1A). L-Rham concentrations of 
10 µM were sufficient to kill all the cell lines with the exception of 
COV362 which required 12.5 µM to eliminate all the cells. 

HGSOC patient cell samples grown as 2D cultures showed similar 
responses to each other (Fig. 1B); however, they were more sensitive 
than the established HGSOC cell lines with IC50 ranging from ~1.6–2.8 
µM. Complete cell death was observed at 5 µM for all the patient samples 
except EOC EOC180 which required a concentration of 7.5 µM to 
eliminate all the cells. The morphological response to L-Rham was 
similar in cell lines such as COV362 (Fig. 1C) or primary patient samples 
(Fig. S2). 

To gain insight into how L-Rham may affect cells growing in non- 
adherent (3D) cultures where the cells form large aggregates or spher
oids, similar to those shown in Moraya et al. [5], HGSOC patient samples 
were plated in ultra-low attachment plates. After 48 h, aggregates/
spheres were treated with increasing doses of L-Rham for 48 h. Samples 
that were chemonaïve or chemosensitive (Fig. 1D) exhibited a range of 
sensitivity (IC50 = 4.8–13 µM). Concentrations require to kill all the cells 
ranged from 10 µM for EOC 118, 20 µM for EOC 180 and 30 µM for EOC 
360. Similarly, a range of sensitivity was observed for samples obtained 
from patients clinically defined as chemoresistant (IC50 range, 1.4–13.8; 
Fig. 1E). While some samples showed similar sensitivity when grown as 
adherent or non-adherent cultures (EOC 183E, EOC 183I, EOC 183 J) 
others showed a difference in their sensitivity (EOC 180A, EOC 230). For 
example, the IC50 for chemonaïve EOC 180A as a 2D culture was ~2.7 
µM, but was ~13 µM when grown as a 3D spheroid. This is not unex
pected since cells grown as non-adherent cultures typically exhibit a 
higher threshold to the cell killing effects of chemotherapeutic drugs [5]. 
Concentrations required to kill the cells after 48 h incubation ranged 
from 5 to 20 µM depending on the cell sample. It is worth noting that 
L-Rham was capable of killing all the cells regardless of their 
chemosensitivity. 

After 48 h, loss of sphere integrity in the L-Rham treated samples was 
evident compared to vehicle treated samples (Fig. 1F). At 5 µM L-Rham, 

cells on the periphery of the sphere dissociate and the spheres appear 
less compacted. Greater loss of sphere compaction is apparent with 
increasing dose of L-Rham. Loss of sphere compaction correlates with 
the decreased cell viability (Fig. 1D and E), similar to what we previ
ously observed when breast cancer (BT-474) or prostate cancer (Du-145) 
stem cell-derived spheroid were treated with different GAEL compounds 
[6]. These results clearly show that L-Rham is capable of causing the cell 
death in vitro of HGSOC cells obtained from patients clinically defined as 
chemonaïve, chemosensitive, or chemoresistant. 

Previous research from our laboratories showed that GAELs induce 
cell death that is not dependent on the caspase cascade [4,5,7]. To 
determine if this was also characteristic of L-Rham cytotoxicity on 
HGSOC cells, the CaOV3, COV362, and OVCAR3 cell lines were treated 
with increasing doses of L-Rham in the absence or presence of the pan 
caspase inhibitor Q-VD-OPh (Q-VD; 10 µM). Similar to our previous 
results [5], the presence of Q-VD did not alter the degree of cell death 
induced by L-Rham, but Q-VD efficiently inhibited caspase-dependent 
cell death induced by carboplatin (Fig. S3). 

Temporal sensitivity of HGSOC cells to L-Rham 

Our previous work demonstrated effective cell killing of human 
breast cancer (BT-474) or prostate cancer (DU-145) cell spheroids over 
time [6]. To evaluate a temporal effect on HGSOC patient samples, we 
initially examined the cell killing effect of L-Rham on chemonaïve (EOC 
16B, EOC 58) and chemoresistant (EOC 16H) HGSOC patient samples 
for 96 h. The IC50 ranged between 1 and 1.75 µM (Table 1), with the 
chemoresistant sample (EOC 16H) showing the greatest sensitivity. 
Analysis of an additional chemonaïve (EOC 180; Fig. 2A) and chemo
resistant (EOC 73C; Fig. 2B) sample grown as spheroids showed a 
consistent leftward shift in sensitivity over time (up to 96 h) after a 
single drug treatment at 0 h. Specifically, the IC50 for EOC 180 changed 
from 13.4 µM at 48 h to 8.7 µM at 96 h. Similarly, the IC50 for EOC 73C 
changed from 14.3 µM at 48 h to 7.8 µM at 72 h. The concentration of 
L-Rham required to kill all the cells also decreased with increasing time 
of incubation. These results demonstrate that treatment with L-Rham is 
effective over time on chemonaïve and chemoresistant HGSOC patient 
samples. 

Effect of L-Rham on a chorioallantoic membrane (CAM)/COV362 
xenograft 

While we demonstrated the ability of GAELs to kill a wide variety of 
human cancer cells in vitro [4–9,15,19,20,22], our next step was to test 
the efficacy of a GAEL in an in vivo system using L-Rham as a model 
GAEL. The efficacy and toxicity of L-Rham on COV362-derived tumors 
was tested in a chicken CAM xenograft model (experimental timeline 
shown in Fig. 3A). Due to the potential of reagents to diffuse throughout 
the entire egg, high drug concentrations are used. Given the volume of 
an egg, 200 µM and 400 µM of L-Rham diffused throughout the egg 
would be roughly equal to 0.44 and 0.88 µM in ovo, respectively. 
Paclitaxel (50 µM; 0.11 µM in ovo) was used as a positive cell killing 
agent for comparative purposes. Compared to vehicle treated COV362 

Table 1 
Percent viability of primary EOC cells grown as 3D spheroids after treatment 
with increasing concentrations of L-Rham over 96 h.  

(µM L-Rham) EOC 16B EOC 16H EOC 58 

Vehicle 100 100 100 
0.25 84.9 ± 15.04 78.22 ± 7.91 99.18 ± 8.68 
0.5 62.67 ± 6.19 73.15 ± 9.49 105.36 ± 0.93 
1.0 74.18 ± 0.12 50.85 ± 9.3 81.55 ± 7.5 
1.5 18.95 ± 9.89 22.92 ± 9.13 60.36 ± 6.37 
2.0 7.53 ± 6.17 5.89 ± 3.36 20.16 ± 8.19 
3.0 8.43 ± 0.91 6.41 ± 2.01 8.36 ± 8.26 
4.0 9.10 ± 4.38 – 4.71 ± 2.17  
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tumors, tumor weight was reduced by treatment with L-Rham (14–18%) 
to the same extent as paclitaxel-treated tumors (15% reduction; Fig. 3B 
and Table S2). Similarly, the extent of COV362 metastasis through the 
CAM showed L-Rham had the same efficacy as paclitaxel in reducing 
metastasis of COV362 cells (Fig. 3C and Table S3). 

Analysis of potential toxicity showed a similar level of embryo sur
vival for all groups averaging 86.5%, with the 200 µM L-Rham group 
having the highest survival at 93% compared to the vehicle group (83%) 
(Table S4). Moreover, there were no visible abnormalities of any drug- 
treated embryos, which included assessment of head formation, body 
development, limb evolution, skin, and extraembryonic tissue. While 
this model is excellent for drug screening purposes, a limitation of this 
model is that drug treatment was available to a maximum of 8 days and 
may not reveal the full effect(s) of a test compound, nor did it account 
for mammalian metabolism. 

L-Rham dose range finding (DRF) and maximum tolerated dose (MTD) in 
a murine model 

To evaluate L-Rham drug tolerability in a mammalian model, the 
BCCA-ID was contracted to conduct DRF and MTD studies in immuno
compromised NRG mice. I.v. and i.p. delivery was tested using two ve
hicles, 1% propylene glycol (PG) and 0.9% saline, and different drug 
delivery schedules (Fig. 4A). Mice administered L-Rham in PG i.v. were 
observed to display signs of pain and swelling at the injection site, so all 
i.v. delivery studies were discontinued. The MTD for L-Rham in NRG 

mice when administered i.p. was 20 mg/kg with 1% PG (MWFx2) or 15 
mg/kg with 0.9% saline (Q4Dx4). Mild clinical signs of toxicity were 
observed, but these resolved prior to necropsy. Drug treatment that was 
tested, but not tolerated, included multiple doses of L-Rham delivered i. 
p. at 40 mg/kg in 1% PG (MWFx2) that caused abdominal tenseness and 
distension, body weight loss, pain, coat piloerection, pale extremities 
and dehydration. A detailed description of the necropsy results 
following drug administration for the MTD studies is provided 
(Table S5). Thus, L-Rham showed tolerable toxicity at orders of 
magnitude higher than those that kill primary HGSOC cell spheroids in 
vitro and suggested that L-Rham may be well tolerated at therapeutic 
doses. 

Measuring L-Rham efficacy in an OVCAR3 murine xenograft model 

As an initial step toward conducting in vivo efficacy studies, an 
OVCAR3 i.p. xenograft model in female NRG mice was developed with 
the BCCA-ID. This cell line was selected because of the wealth of data 
indicating the ability to OVCAR3 cells to form solid tumors in vivo after i. 
p. injection of cells [23]. Mice (6 per condition) were monitored for up to 
100 days after OVCAR3 cell injection. By day 52–56 all mice showed 
mild abdominal distension, with moderate distension lasting between 
day 56 and 79, followed by the most severe abdominal distension. At day 
99 three mice were euthanized due to morbidity, and the other three 
were terminated at the end of study (day 100). All mice had approxi
mately 5 ml of ascites and numerous i.p. tumors (1–6 mm3) dispersed 
throughout the peritoneal cavity (e.g., uterine horns, spleen, and liver) 
similar to previously published data [23]. 

The ability of L-Rham to modify tumor growth was examined in NRG 
mice with OVCAR3 i.p. xenografts in an end-point study as opposed to a 
survival study. Models of treatment where mice had low or high tumor 
burden at the time of drug treatment were tested (Table S6; 6 mice per 
condition; NB. Group 2 had 12 mice) for a set period of time. The longest 
the xenografts were allowed to grow for the efficacy studies was 74 days. 
This decision was made to balance the ability to assess drug efficacy with 
the comfort of the animals. To evaluate efficacy, vehicle or L-Rham (15 
mg/kg in 0.9% saline, i.p., Q4Dx8) treatment was initiated 7 days after 
OVCAR3 cell injection i.p. (low tumor burden) or starting 41 days after 
OVCAR3 injection (high tumor burden). One group of low tumor burden 
animals was terminated at day 41 (Groups 1 and 3), while another low 
tumor burden cohort (Group 4) and the high tumor burden cohort 
(Groups 2 and 5) were terminated 74 days after OVCAR3 cell injection. 

For the cohorts terminated at day 41 after cell injection, only 1 of the 
6 (17%) Group 1 (Vehicle) mice had a measurable tumor on the 
abdominal wall (5 mm3), while all the mice had enlarged inguinal lymph 
nodes (Table 2 and Fig. 4B). No tumors (0%) were detected in the Group 
3 (L-Rham treated) mice. Most of the L-Rham treated mice exhibited 
moderate generalized peritonitis causing adhesions of the ovary, 
bladder, intestines, liver, kidney, stomach, uterus to the peritoneal wall, 
an apparent side-effect of the L-Rham delivery schedule. Details of the 
tumor burden and necropsy findings for each mouse are shown in 
Tables S7 and S8, respectively. 

For cohorts designed to be terminated on day 74, 12 of 12 (100%) 
Group 2 mice (Vehicle) had tumors on the peritoneal organs ranging in 
size from 0.5 to 6 mm3 (Fig. 4B), and 11 of 12 (92%) mice had detectable 
ascites, but only 4/12 (33%) had ascites in measurable volumes (range: 
75–200 µL; Tables 2, S7 and S8, and Fig. 4C). By contrast, only 2 of 6 
(33%) Group 4 mice (L-Rham treated, low tumor burden) exhibited 
peritoneal tumors (Fig. 4B); 1 mouse had one 5 mm3 tumor on the 
pancreas, and one mouse had multiple <1mm3 tumors on the liver. None 
(0%) of the Group 4 mice had detectable ascites (Fig. 4C). For the Group 
5 mice (L-Rham treated, high tumor burden), all animals (100%) 
exhibited numerous tumors (0.5–8 mm3) on the peritoneal organs, but 
no ascites was detected (Fig. 4B and C; Tables 2, S7 and S8). There were 
no statistically significant differences in the mean tumor mass between 
Groups 2, 4, and 5 (Kruskal-Wallis, P = 0.7265). Similar to Group 3, all 

Fig. 2. HGSOC patient sample viability in response to l-Rham over time. 
A, B. Time course of HGSOC patient samples (EOC 73C and EOC 180) treated 
with increasing doses of L-Rham (single treatment at time = 0 h). Cells were 
grown as non-adherent (3D) tumorspheres. Note the leftward shift in sensitivity 
over time. The dashed lines indicate 50% cell viability. Asterisks (*) indicate 
significant difference from vehicle treated cells. 
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mice in Groups 4 and 5 showed some degree of peritonitis (Tables 2 and 
S8). These results show that L-Rham is effective at treating animals with 
a low tumor burden, and are capable of eliminating ascites formation in 
all animals, even those with a high tumor burden. 

Discussion 

There is a clinical need to identify novel drugs or treatment regimens 
to reduce tumor burden in chemotherapy-resistant HGSOC patients. We 
demonstrate that L-Rham is a novel GAEL capable of killing HGSOC cell 
lines and primary cells isolated from patient ascites (regardless of 
chemotherapy sensitivity status) in vitro when grown as 2D or 3D cul
tures. A significant take away message from the in vitro studies was that 
L-Rham is able to completely eliminate all viable cells from the 2D or 3D 
cultures. This ability to completely eradicate viable cells would be useful 
in minimizing the problem of residual cells that could potentially 
regenerate the tumor. Importantly, we show for the first time that a 
GAEL, L-Rham, can reduce tumor burden in vivo in two models. Spe
cifically, the CAM model demonstrated a reduction in tumor mass and 
metastatic potential equivalent to paclitaxel. In a murine xenograft 
model, L-Rham reduced or prevented tumors growing in the low tumor 
burden group and prevented ascites formation in all treated groups. 
These results lay the foundation for further development of GAELs as a 
potential novel drug class that may be used for the treatment of patients 
with chemotherapy resistant HGSOC. 

GAELs possess many desirable anticancer characteristics that 
include: (1) killing chemoresistant cell lines and primary HGSOC cells 
grown as 2D or 3D cultures and cause the disaggregation of 3D spheroids 
[5–7,19]; (2) killing human cancer stem cell-enriched fractions from 
breast and prostate cell lines [6,8,19]; and (3) killing cells via an 
apoptosis-independent mechanism of action [4–8]. This latter charac
teristic distinguishes GAELs from most of the currently used chemo
therapeutic drugs that rely on apoptosis to kill HGSOC cells. While the 

molecular mechanism of action of GAELs is not completely known, we 
have established that GAELs do not kill cells via autophagy or a 
caspase-dependent mechanism [4,5,7]. We previously reported that 
after cells were incubated with the prototypical GAEL called GLN, ca
thepsins B, D, and L were released into the cytosol and an increase in 
cathepsin activity was detected [4]. Furthermore, in cells pretreated 
with pepstatin A, an inhibitor to cathepsin B, cell death was partially 
inhibited in response to GLN. A more limited study in EOC cells 
(encompassing HGSOC and clear cell histotypes) revealed that pepstatin 
A did partially attenuate GLN-induced cell death in some primary EOC 
cells but not in others [5]. We have also shown that alteration of mito
chondrial membrane potential, which is essential for paraptosis or 
oncosis, two non-apoptotic death pathways [7], does not occur in 
GAEL-treated cells [7]. GAEL-induced cell death is intimately related to 
the generation of lysosome-associated membrane protein 1 containing 
acidic cytoplasmic vacuoles [4,7,9,15], features found in endosomes and 
lysosomes. Interestingly, the vacuoles formed in response to GAELs are 
extremely large and visible with light microscopy (Fig. S3); thus, they 
are too large to be endosomes or lysosomes. Our observations suggest 
that these vacuoles may originate from endocytic processes as inhibition 
of endocytosis via temperature manipulation or with chemical in
hibitors, prevent vacuolar formation and cell death [15]. While these 
observations intimately link endocytosis to GAEL activity, they do not 
reveal whether the requirement is just to transport GAELs into the cell or 
whether the requirement for endocytosis is related to their mechanism 
of cell killing or both. Ongoing studies seek to identify the pathways 
altered by L-Rham treatment to produce cell killing effects in HGSOC 
cells. 

HGSOC is a genetically unstable disease [24–27] characterized by a 
type of genomic instability called chromosome instability (CIN) 
[28–32]. CIN is defined by an increase in the rate at which whole 
chromosomes or large parts are gained or lost [33], and is associated 
with intratumoral heterogeneity, poor patient outcome, and 

Fig. 3. Chicken embryo chorioallantoic 
membrane assay to examine the effect of l- 
Rham on COV362 cell xenograft model. A. 
Experimental time course showing time of 
COV362 cell injection and L-Rham (200 or 400 
μM) treatments. 50 μM Paclitaxel was used as a 
positive control. At the study termination, 
viability of embryos was the same in all groups 
(~90%). B. Tumor weight was significantly 
reduced for each group (14–18%). C. Metastasis 
relative to vehicle control showed a significant 
effect (*) for the highest dose of L-Rham. A 
significant difference (#) was observed be
tween 200 μM and 400 μM L-Rham (N = 18 eggs 
per group).   
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chemoresistance [33–38]. CIN induces changes in chromosome com
plements with the potential to alter large cohorts of genes (e.g., onco
genes, tumor suppressor, DNA repair genes) contributing to 
intratumoral heterogeneity. We demonstrated that CIN is dynamic in 
HGSOC patient samples throughout their course of treatment, and that 
CIN levels are typically higher in chemoresistant compared to chemo
sensitive patients [30]. The ability of L-Rham to kill patient-derived 
HGSOC cells was unaffected by CIN status or 
chemotherapy-sensitivity, suggesting GAELs may be effective agents to 
improve outcome in HGSOC patients. 

A side-effect observed with long-term i.p. injection of L-Rham was 
generalized peritonitis causing adhesions of the ovary, bladder, in
testines, liver, kidney, stomach, uterus to the peritoneal wall. This was 
not observed in NRG mice during the DRF or MTD studies. One possi
bility for this observation is due to puncturing of the intestinal wall 
during i.p. drug delivery, but it is curious that this only occurred in the L- 
Rham groups. Another possibility for this discrepancy is an effect of the 
drug with long-term exposure used for the efficacy studies (Q4Dx8; 8 
treatments over 32 days) compared to the shorter duration of drug 
treatment in the MTD studies at Q4Dx4 (4 treatments over 16 days). 
Further studies will need to be conducted to determine if this is a side- 
effect peculiar to L-Rham, or whether this side-effect could be avoided 
by altering the delivery method. 

The ability of L-Rham to reduce tumor burden is very promising for 
the treatment of HGSOC patients. L-Rham was effective when treatment 

was initiated 7 days after injection of OVCAR3 cells (low tumor burden). 
From a modeling perspective, this is similar to initiating treatment 
following cytoreductive surgery. Therefore, L-Rham may be ideal in the 
setting of optimally debulked patients receiving adjuvant therapy, both 
intravenous and intraperitoneal including current regimens for Hyper
thermic Intraperitoneal Chemotherapy (HIPEC) [39]. No effect on tumor 
mass was observed in the high tumor burden group and therefore 
L-Rham is unlikely to be a useful single agent for neoadjuvant chemo
therapy to reduce tumor mass. It may be worthwhile to investigate a 
combination of L-Rham with other agents as the different mechanisms of 
action may synergise to effectively reduce high tumor burden. Inter
estingly, L-Rham blocked ascites formation, which may be beneficial for 
neoadjuvant, adjuvant or potentially maintenance therapy, similar to 
bevacizumab [40,41]. The mechanism to determine how L-Rham re
duces or blocks ascites, whether as an action on tumor cells or the 
peritoneal vasculature, warrants further investigation. 

Our previous work on EOC included assessing the in vitro GAEL ef
fects on EOC cell lines and patient samples encompassing HGSOC, clear 
cell and endometrioid histotypes [5]. Future studies are aimed to assess 
the effects on poorly responsive EOCs including low grade serous and 
mucinous histotypes. The data showing that L-Rham as a model GAEL 
has in vivo activity is very exciting as it provides evidence that this class 
of drug can affect cancer burden. This holds great promise for the 
treatment of human cancers beyond HGSOC, since we have also shown 
that GAELs are effective at killing human cancer cells lines 

Fig. 4. Determination of maximum tolerated 
dose and efficacy of l-Rham in immunode
ficient NRG mice. A. Body weight of mice after 
treatment with L-Rham at the indicated doses, 
routes, and vehicles. L-Rham was injected i.v. or 
i.p. on Monday/Wednesday/Friday for two 
weeks (M/W/Fx2), or 4 days for 4 injections 
(Q4Dx4), and then clinically monitored for an 
additional 12 days. Drugs were solubilized in 
either 1% propylene glycol (PG) or 0.9% saline. 
Bars indicate range in body weight. N = 3 mice 
per group. B, C. Efficacy of L-Rham on devel
opment of solid tumors (B) or ascites formation 
(C). Group 1 = vehicle treated (terminated day 
41), Group 2 = vehicle treated (terminated day 
74), Group 3 = L-Rham (terminated day 41), 
Group 4 - L-Rham (treatment started day 8, 
terminated day 74), Group 5 (treatment started 
day 41; terminated day 74). * or *** = signifi
cantly different from Group 2.   

M.W. Nachtigal et al.                                                                                                                                                                                                                          



Translational Oncology 14 (2021) 101203

8

encompassing hard to treat cancers such as pancreatic and triple nega
tive breast cancer [6,8,19,20]. 
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Table 2 
Summary of L-Rham efficacy on OVCAR3 i.p. xenograft in NRG mice.  

Group Group 
name 

Dose schedule/ 
termination 

Mice 
with 
solid 
tumors 

Mean tumor 
mass (mg) 
±SD^^; (size 
range in mg) 

Ascites 
(%) 

1* Vehicle - 
1 

Q4Dx8 
Termination: 
day 41*** 

17% (1/ 
6) 

5 ± 0 (5) 0% 

2* Vehicle - 
2 

Q4Dx8 
Termination: 
day 74*** 

100% 
(12/12)^ 

179±102 
(2–405) 

92%^^^ 

3* L-Rham 
– low 1 

Q4Dx8 
Termination: 
day 41*** 

0% (0/6) No tumors 0% 

4* L-Rham 
– low 2 

Q4Dx8 
Termination: 
day 74*** 

33% (2/ 
6) 

332±388 
(58–607) 

0% 

5** L-Rham 
– high 

Q4Dx8 
Termination: 
day 74*** 

100% 
(6/6) 

399±335 
(40–777) 

0%  

* treatment began 7 days post OVCAR-3 cell inoculation i.p. = low tumor 
burden = “low”. 

** treatment began 40 days post OVCAR-3 cell inoculation i.p. = high tumor 
burden = “high”. 

*** termination of mice was 6 days post final drug administration. 
^ 12 animals were used in Group 2. 
^^ SD = standard deviation. 
^^^ 4/12 mice had measurable ascites (75–200 µL), 7/12 had milky or glossy 

ascites but there was not enough to collect. 
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