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ABSTRACT

Purpose Cancer is a multifactorial syndrome; hence, multidi-
mensional therapy with a chemo-immunotherapeutic conjugate
could be more effective in curing the disease.

Methods We used SP-LPS, a bio-polymer having potent immu-
nostimulatory activity, for conjugation with paclitaxel to make a
chemo-immunotherapeutic conjugate. lts physicochemical char-
acterization was done by HPLC, NMR and IR spectra. Stability
was measured at different pH, temperature and in tissue homo-
genates. Chemotherapeutic and immunostimulatory activity was
evaluated in vitro and also in tumor microenvironment.

Results The conjugate self assembled into nanoparticulate struc-
ture, probably due to micelle formation. Stability was pH and
temperature dependent. The conjugate exhibited chemothera-
peutic and immunotherapeutic activity in vitro. In vivo antitumor
activity was significantly higher and a higher percentage of activated
immune cells were found in the tumor microenvironment of the
conjugate-treated mice as compared to Taxol®-treated group.
Conclusions This conjugate is a potential chemo-immunotherapeutic
compound for the treatment of cancer with advantages over present
day chemotherapy with Taxol in terms of higher anticancer activity, less
toxicity and ease of delivery.
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INTRODUCTION

Cancer is a major cause of death in the developed and
developing countries alike. Chemotherapy, which is gener-
ally regarded as the first line approach for the treatment of
cancer, becomes ineffective in many patients (1). This might
be due to the genetic plasticity of the tumor cells which help
a subgroup of cancer cells to mutate and evade the chemo-
therapy. Increasing dose of the drugs does not guarantee
elimination of this subset of tumor cells, but would eventu-
ally lead to systemic toxicity. These cells, getting selected in
this process, gain resistance against the chemotherapy.
To evade the emergence of resistance, it is rational to
design a treatment modality where multi-dimensional
therapy is possible. Current knowledge suggests that
combined chemo-immunotherapeutic regimens can have
great potential for improving the clinical outcome of
cancer patients (2). In this study we prepared a chemo-
immunotherapeutic compound by conjugating a chemo-
therapeutic drug with an immune stimulant and evaluated its
anticancer activity.

Paclitaxel (PTX) is a very promising antineoplastic agent
proven to be effective against a wide array of tumors. The
drug assist polymerization of tubulin dimmers to a hyper-
stable and dysfunctional state, thus arresting the cell cycle at
the G2/M phase, leading to cell death (3). The use of PTX is
however limited due to its poor aqueous solubility. In current
commercial formulation of PTX, i.e., Taxol®, PTX is dis-
solved in 1:1 (v/v) mixture of Cremophor EL and dehydrated
alcohol. Several toxic effects have been attributed to Cremo-
phor EL, including serious hypersensitive reactions (4). Lots of
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attempts have been made for the development of new
delivery systems of paclitaxel including parenteral emul-
sions (5), liposomes (6), micelles (7), polymeric micro/
nanoparticles (8), and water-soluble prodrugs (9) with
variable success.

Conjugation of PTX to water-soluble macromolecu-
lar carriers, such as PEG (Poly-ethylene glycol) (10), PG
(poly L-glutamic acid) (11) and human plasma albumin
(12) have been studied to make a Cremophor free PTX
delivery system. However, as none of these polymers are
bioactive, they do not potentiate the antitumor activity
of the drug. Conjugating PTX with an immune active
polymer not only has the advantages of a polymer —
drug conjugate, but might also have combined chemo-
immunotherapeutic activity against the tumor. It is well
established that growing tumor suppresses the anticancer
immune response at its local microenvironment to facil-
itate its growth (13). Immunotherapy stimulates the im-
mune system and thus helps to induce an effective anti-
tumor response. When chemotherapy and immunother-
apy are used together, they potentiate each other to
exert a synergistic effect (14). Tumor cell death induced
by chemotherapy enhances cross-priming of immune
cells by providing them with important cancer specific
antigens (15), thereby increasing the antitumor T cell
response. Immune tolerance and regulation induced by tumor
cells can be manipulated by chemotherapy (16) to generate a
more potent immune activation with immunotherapy when
combined chemo-immunotherapeutic approach is used.
Hence a conjugate of PTX with an immune active
water soluble polymer could have advantage over pres-
ent PTX formulation in terms of Cremophor free de-
livery as well as synergistic chemotherapeutic and
immunotherapeutic activity which might results in better
prognosis of the disease.

Bacterial lipopolysaccharide (LPS) is a potent immunos-
timulatory polymeric molecule which activates macro-
phages which in turn activate T cells for an antitumor
immune response (17). Activated macrophages can also be
directly cytotoxic to cancer cells by production of TNF-a
and Nitric Oxide (18). Macrophages constitute one of the
major population of immune cells inside the tumor,
attracted to the tumor microenvironment by cytokines and
chemokines such as CSF-1 and CCL2 (19). Macrophages
exhibit polarity in terms of activation. Classically activated
macrophages (M1) and alternatively activated macrophages
(M2) represent two extremes in the spectrum of the macro-
phage phenotype (20). M2 macrophages are immunosup-
pressive in nature and produce high amounts of IL-10,
express scavenger receptors, and exhibit anti inflammatory
and tissue repair functions (21). In contrast, M1 macro-
phages, produced due to activation by microbial products
like LPS, secrete large amounts of proinflammatory

cytokines, express high levels of MHC molecules and are
potent killers of pathogens and tumor cells (20). Tumor-
associated macrophages (TAMs) closely resemble M2 type
macrophages (22) and due to their immunosuppressive na-
ture, they promote the cancer cell survival, proliferation,
and dissemination. Stimulating these otherwise suppressed,
M2 type macrophage to M1 type can be an effective and
novel therapeutic approach for cancer treatment that comple-
ments chemotherapy.

LPS is a potent stimulator of macrophages but due
to its systemic toxicity, it is of limited use in clinical
setup. Several detoxified LPS derivatives have been
prepared like OM-174, ONO-4007, Monophosphoryl
Lipid A (MPL), and 7-Acyl Lipid A (23). One of such
derivative is SP-LPS, (24) which is a high molecular
weight, sodium phthalate salt of parent LPS, which
has been used in this study. It was demonstrated that
esterification of LPS with acid anhydrides reduce the
toxicity (25) of the parent LPS. Based on this principle,
Schenck et al. (26) reported the synthesis of SP-LPS by
esterification of LPS with phthalic anhydride. Mclntire
et al. (24) reported that this LPS derivative 1s 10,000
times less toxic than the parent LPS. SP-LPS has been
used in many clinical studies and in a human clinical
trial of HCG vaccine, it has shown good adjuvant effect
(27).

Previously we have reported a nanoparticle dosage
form co-encapsulating both PTX and SP-LPS which
exhibited encouraging in vitro results for combined
chemo-immunotherapy (14). But because of suboptimal
encapsulation of SP-LPS in the nanoparticles, i oo
anti tumor activity of the nanoparticle formulation was
not significantly different from PTX alone (unpublished
data). In the present study, we report the synthesis of a
conjugate of PTX and SP-LPS (PLC). The rational for
designing the conjugate was to develop a single chemi-
cal entity of polymeric nature which will not only have
the advantage of a polymer-drug conjugate, but would
also demonstrate synergistic chemotherapeutic and 1m-
munotherapeutic activity against cancer. The conjugate
was characterized by NMR and IR spectra. The conju-
gate was shown to self-assemble to form spherical nano-
particles in aqueous solution as characterized by
Dynamic Light Scattering (DLS) and Transmission Elec-
tron Microscopy (TEM). Pharmacological activity of the
conjugate was studied in @ vitro model to establish the
bioactivity of both PTX and SP-LPS in terms of direct
cytotoxicity and immune stimulation respectively. The
vivo antitumor activity of the conjugate was compared
with commercial formulation of PTX (Taxol®) and SP-
LPS solution. The tumor infiltrating mononuclear cells
were also analyzed for evaluation of immune status at the
tumor microenvironment.
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MATERIALS AND METHODS
Cell Lines

B16-F10 and J774.1, which are murine melanoma and mac-
rophage cell line respectively, were purchased from ATCC.
They were grown in DMEM supplemented with 10 % FBS
and 1 % antibiotic antimycotic solution in a 37°C incubator
with 5 % CO4/95 % humidified air. Splenocytes were isolated
from C57BL/6 mice.

Animals

Inbred C57BL/6 mice at 6 weeks of age were obtained
from the animal facility of the National Institute of
Immunology, New Delhi, India. All animal treatments
were performed in accordance with the Institutional An-
imal Ethics Committee’s guidelines (Project Approval No.
TAEC#132/08).

General Materials

Succinic anhydride, phthalic anhydride, 4-dimethylaminopyridine
(DMAP), N,N'-dicyclohexylcarbodiimide (DCC), propidium
1odide (PI) and lipopolysaccharide (LPS) from Salmonella enterica
serotype munnesota were purchased from Sigma-Aldrich.
Intaxel (Taxol®) and pure dry powder of paclitaxel were
purchased from Dabur, India and 21CEC Pharma Limited,
Shanghai respectively. Dulbecco’s modified Eagel’s medium
(DMEM) and Fetal Bovine Serum (FBS) were obtained from
Biological Industries, Israel while 100X Antibiotic Antimy-
cotic solutions and enzyme free cell dissociation buffer were
from Himedia. Mouse TNF-o and IFN-y ELISA kits were
from e-Biosciences whereas 11-12, 11-10, IL-1p ELISA kits
were purchased from BD Biosciences. Acetonitrile, dichloro-
methane and ethyl acetate (HPLC grade) were obtained from
Merck. Water was purified by reverse osmosis (Milli-Q, Milli-
pore). All the fluorochrome conjugated antibodies for FACS
analysis and confocal microscopy were purchased from
e-Bioscience.

Conjugation of Paclitaxel with a Non Toxic Derivative
of LPS

Preparation of Paclitaxel Succinate

Succinate derivative of PTX was prepared according to
Dosio et al. (12). Briefly, 20 mg PTX, 200 mg succinic
anhydride and 2 mg DMAP was reacted in 2 mL anhy-
drous pyridine for 5 h at room temperature (Step I,
Fig. 1). Pyridine was removed in rota-vac and the dry
PTX succinate was further purified by crystallization using
acetone-water.

@ Springer

Conjugation of Paclitaxel Succinate with LPS

The free —COOH group of PTX succinate (Step II,
Fig. 1) was conjugated with free —OH group of the
sugar units of LPS by Steglich esterification method
(28). Briefly, 20 mg of PTX succinate was reacted with
20 mg LPS, 5 mg DCC and 2 mg DMAP in 2 mL
DMSO (Step II, Fig. 1). The reaction mixture was then
dialyzed using a 3.5 kDa dialysis membrane to remove
any unreacted compounds. The dialyzed solution was
then lyophilized to get dry powder of PTX succinate — LPS
conjugate.

Neutralization of Remaining Free —OH Groups of LPS

20 mg PTX succinate — LPS conjugate, 200 mg phthalic
anhydride and 5 mg DMAP were reacted in 1 mL pyridine
and 1 mL formamide (Step III, Fig. 1). The reaction mixture
was dialyzed using a 30 kDa cutoff membrane against MQ.
water to remove any unreacted compounds and lyophilized
to get the dry conjugate.

Preparation of SP-LPS

SP-LPS was prepared by the method of Mclntire et al.
(18). Briefly, 10 mg of LPS was reacted with 100 mg of
phthalic anhydride for 36 h in 2 mL of a 1:1 mixture of
pyridine and formamide. After the completion of the
reaction, it was dialyzed using a 30 kDa cutoff mem-
brane, first against Milli Q water, then against 0.1 M
sodium bicarbonate and finally against Milli QQ water.
The dialyzed sample was then lyophilized to obtain dry pow-
dered SP-LPS.

Physico-Chemical Characterization
HPLC Analysis of PTX, PTX-succinate and PLC

The dry powder of PLC, PTX and PTX succinate were
dissolved in DMSO. They were analyzed using a Shimadzu
UFLP HPLC system. The mobile phase consisted of 60 : 40
(v/v) acetonitrile
1.0 mL/min. Detection was done at 228 nm. The reverse
phase column used was Phenomenex RPC18 column (300 %
5 mm, pore size 5 pm).

: water and delivered at a flow rate of

'H NMR Spectroscopy

PTX, PTX succinate, LPS and PLC were dissolved in
DMSO-d;. The NMR spectra of the solutions were then
acquired on a Varian Inova 500 to characterize the com-
pounds. The NMR spectra were analyzed using MestRe-C
version 2.3a.
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Fig. | Reaction scheme for the preparation of PTX succinate — LPS phthalate conjugate (PLC). In the first step, succinate ester of PT)X was prepared using DMAP
as the catalyst. In the second step, the free ~COOH group of the PTX succinate was conjugated with —OH group of the monosaccharide moieties of LPS. In the last
step, remaining free ~OH groups of LPS were esterified using phthalic anhydride to make it non toxic. The 2" ~OH group of PTX is indicated in the figure.

Fourier Transformed Infrared Spectroscopy

The FTIR spectra for pure PTX succinate, LPS and PLC were
obtained from Varian 7000 FTIR for characterizing the chem-
ical nature of PLC. The samples were pressed into a potassium
bromide pellet before obtaining their IR absorption spectra.
The spectra were detected over a range of 4400400 cm™.

Quantification of Paclitaxel in the Conjugate

To quantify the amount of PTX in the conjugate, PLC was
dissolved in 100 mM citrate buffer pH 3 and constantly stirred
at 72°C for 72 h. Released PTX was extracted with DCM and
the DCM extract was dried under vacuum. Residue was
redissolved in acetonitrile and concentration of PTX was
analyzed using HPLC. The amount of PTX released in this
process was considered as total amount of PTX in the conju-
gate and in all further studies, concentration of PTX in the

conjugate was measured from this. To determine whether
total PTX was released from PLC by this method, mass
balance analysis was done. PLC was prepared starting with
a measured amount of LPS and PTX. The weight of the
prepared PLC was measured and it was then dissolved in
the hydrolyzing medium (100 mM citrate buffer; pH 3) and
after incubating at 72°C for 72 h, it was dialyzed against a
3.5 kDa membrane to remove all the reactants and the re-
leased PTX from the backbone LPS. After that, it was lyoph-
ilized and the weight of the dry powder was measured.
Percentage of PTX released was calculated from the differ-
ence between the starting amount of LPS and the amount
remaining after the hydrolysis.

Stability Study

The stability of the conjugate was evaluated with respect
to temperature, pH and in different physiological

@ Springer
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conditions like serum and in different tissue homoge-
nates. 2 mg of conjugate was dissolved in either
50 mM phosphate buffer of pH 7.4 and exposed to
different temperature or it was dissolved in 100 mM
citrate buffer, pH 3/100 mM carbonate buffer, pH 10/
50 mM phosphate buffer, pH 7.4 and kept at room
temperature or dissolved in fetal calf serum/tumor ho-
mogenate (generated in C57BL/6 mice by s.c. implanta-
tion of B16-F10 cell line)/liver homogenate (liver of
C57BL/6 mice) and incubated at 37°C. At different time
intervals, samples were withdrawn and released PTX was
extracted using DCM as described earlier and assayed by
HPLC method as described earlier.

Characterization of Self-Assembled Nanoparticles

Size distribution and zeta potential of the self-assembled
nanoparticles of PLC were measured at 25°C using a Zeta-
sizer Nano-ZS (Malvern Instruments, UK) after dissolving
the conjugate in aqueous solution at a concentration of
5 mg/mL. The morphology of nanoparticles was observed
on a Transmission Electron Microscope (TEM), (CMI10,
Phillips, Holland) after coating the particles with 1 % uranyl
acetate over a copper grid (Polysciences, Warrington, PA).
TEM images were obtained using software image capture
engine (version 5.42.391).

Toxicity Study: Body Weight and Tissue Histology

Toxicity of PLC and PTX were evaluated by the survival
on the 7th day after single intravenous injection of dif-
ferent doses in C57BL/6 mice. PLC was dissolved in
PBS, whereas PTX was delivered as the commercial
formulation diluted in saline. Three different doses of
PTX (20 mg/kg; 32 mg/kg and 40 mg/kg) or PLC
containing equivalent amount of PTX (50 mg PLC/kg;
80 mg PLC/kg and 100 mg PLC/kg) was used for the
toxicity study. Regular checkup of body weight was done for
14 days. Some animals were sacrificed after 48 h of injection
and histopathological study was done on different organs to
check any indication of toxicity.

Evaluation of Pharmacological Activity in In Vitro
System

Direct Cytotoxic Activity

0.2 million B16-F10 cells were treated with PTX/PLC con-
taining different concentration of PTX (0.5 and 0.05 ng/mL)
for 48 h. Equivalent amount of SP-LPS was used as a control.
Cell death was analyzed by PI uptake using flow cytometer
(BD LSR, BD Bioscience) and data were analyzed using
WinMDI 2.8.

@ Springer

Cell Cycle Arrest Study

For i vitro cell cycle arrest study, 0.2 million B16-F10 cells were
treated with PTX/PLC at the concentration of 0.25 and
0.025 pg PTX/mL. SP-LPS solution (0.25 pg/ml) was used
as a control. After 24 h, cell cycle analysis was done in a flow
cytometer (BD LSR, BD Bioscience) after cell permeabilization
and PI staining. Data was analyzed using WinMDI 2.8.

Tubulin Binding Study

0.2 million B16-F10 cells were treated with PTX/PLC contain-
ing PTX concentration of 0.5 pg/mL. After 24 h of treatment,
the cells were fixed and stained with anti-alpha tubulin antibody
conjugated with Alexa Fluor 488. The cells were observed
under the confocal microscope after mounting with vector shield
mounting reagent with DAPI (4',6-diamidino-2-phenylindole).

Macrophage Stimulatory Activity

0.2 million J744.1 cells were treated with SP-LPS solution/
PLC containing SP-LPS at a concentration of 0.05 and
0.5 pg/mL. The supernatant was withdrawn after 1, 3, 6, 9
and 12 h and estimated for TNF-a by ELISA.

Splenocyte Activation

Splenocytes were isolated from C57BL/6 mice and stimulated
with SP-LPS solution and PLC at a concentration of 0.1 pg
SP-LPS/mlL. Culture supernatant was withdrawn twice at 18
and 48 h. As TNF-o and IL-12 are secreted by macrophages
they were analyzed from the supernatant withdrawn at 18 h
while rest of the cytokines IFN-y, IL-10 and IL-1p were
quantitated from the supernatant withdrawn at 48 h.

Co-culture Study

0.2 million B16-F10 cells were labeled with CFSE (Carboxy-
fluorescein succinimidyl ester) (5 pM) and co-cultured with 5
million splenocytes isolated from C57BL/6 mice. These were
treated with PTX or PLC at the concentration of 0.25 ug
PTX/ml. After 24 h, the death of tumor cells was determined
by the PI uptake method using flow cytometer (BD LSR, BD
Bioscience) after gating on the CFSE labeled cancer cells and
data were analyzed using WinMDI 2.8.

Evaluation of In Vivo Antitumor Activity

0.5 million B16-F10 melanoma cells were inoculated into the
right flank of 6 to 8 weeks old C57BL/6 mice. After 1 week of
tumor implantation, animals with an average tumor diameter of
4 — 6 mm were selected. These mice were divided into four
treatment groups, taking 8 animals per group and were
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numbered. Taxol (10 mg/kg) or SP-LPS (10 mg/kg) or PLC
(10 mg PTX equivalent/kg) or saline was administered by
peritumoral injection. The drug treatment was continued from
day 7 to day 23 with 3 day mterval. Total of 5 injections were
given (day 7, 11, 15, 19 and 23). The tumor diameters were
measured, using a sliding caliper, two or three times per week.
The tumor volume (T'V) was calculated according to the for-
mula: TV=(L.xW?/2, where L and W were the length of the
major and minor diameters, respectively. One set of treated
animals, with 10 animals per group, were observed for 30 days
for survival study.

Study of Tumor Infiltrating Lymphocytes
for Evaluation of Immune Status of the Tumor
Microenvironment

To understand the potential of the conjugate to modulate the
immune status of the tumor microenvironment, activation of
tumor infiltrating mononuclear cells (TMC) were analyzed. 0.5
million B16-F10 melanoma cells were inoculated in mice and
treatment was given as described earlier. After giving treatment
till 23rd day of tumor cell inoculation, on 24th day mice were
euthanized and the whole tumor was collected. The tumor was
enzymatically digested and lymphocytes isolated using Ficoll-
paque (GE Healthcare). Cells were finally suspended in PBS
and labeled with antibodies to various cell surface markers
using standard staining methods. The following panel of com-
mercially available and directly fluorochrome conjugated anti-
mouse mAbs were included in the study. FITC anti-mouse
CD14, PE anti-mouse CD4, PE anti-mouse CD8, PE anti-
mouse CD40, PE anti-mouse CD80 and FITC anti-mouse
CD43. Samples were run on a BD LSR (BD Bioscience)
flowcytometer and analysed using WinMDI 2.9 software.

Statistical Analysis

Data are presented as the mean + standard deviation except for
Figs. 8a, ¢ and 9 where it is expressed as mean * standard error
of the mean. Statistical analyses were performed by a two- tailed
student #test. Survival statistics was analyzed using Kaplan-
Meier method. Comparison of the survival curves were done
by Log-rank (Mantel — Cox) test and Logrank test for trend. The
statistical analysis was performed with GraphPad InStat and
GraphPad Prism software (GraphPad Software Inc.).

RESULTS

Preparation and Physicochemical Characterization
of the Conjugate

The conjugate was prepared by the reaction schemes as
depicted in Fig. 1. First PTX succinate [A] was prepared

by the reaction of excess succinic anhydride with PTX.
Prepared PTX succinate was isolated and purified from
the unreacted succinic anhydride by crystallization (Scheme
I). The PTX succinate was then conjugated with LPS by
Steglish esterification method (Scheme II). Here, succinate
was used as the linker moiety between PTX and LPS. The
free -COOH group of PTX succinate was conjugated with
the free —OH group of the monosaccharide units of LPS to
make [B]. In the last step, LPS was made nontoxic by
reacting phthalic anhydride with [B] (Scheme III). The final
PTX — SP-LPS conjugate was designated as PLC.

In order to validate the conjugation, the conjugate was
analyzed for the presence of free PIX or PTX succinate by
HPLC. The HPLC data established the absence of both PTX
and PTX succinate in PLC (Supplementary Material Fig. S1).
PTX and PTX succinate were eluted from the column at 7.5
and 4.7 min respectively whereas PLC was eluted at 3.2 min
(due to higher polarity) and no overlapping peak with PTX
and PTX succinate was detected.

The synthesized PTX - LPS conjugate was also corroborat-
ed by "H NMR spectra as shown in Fig. 2. Overlapping signals
were seen between PTX and PLC, signifying the presence of
PTX in the conjugate. The NMR signal for the proton of 2" —
OH group appears at 8=3.94 ppm (29) in native PTX. This
peak, which was present in pure PTX, disappeared in PTX
succinate, signifying formation of PTX — 2 succinate, because
this proton reacts with succinic anhydride in the esterification
reaction. Due to attachment of succinate in the 2" —OH posi-
tion, the signal from 2'C proton, which appeared at 8=
4.77 ppm in PTX (29), also showed shifting. LPS exhibited
mostly overlapping '"H NMR signals with PTX and PTX
succinate. One exclusive peak of LPS at 8=1.2 ppm was also
present in the conjugate, suggesting presence of LPS in PLC.

Conjugation was further validated by the IR spectra
(Fig. 3). Aliphatic amines absorb in the region 3450 cm™ —
3250 em™. As PTX and LPS (due to the presence of amine
sugars like glucosamine) contain amino groups, IR absor-
bance in both of them around 3380 cm™ was because of the
presence of this group which was also present in the conjugate.
The carbonyl group of PTX succinate exhibited a strong
absorption band due to ester bond C=O stretching at
1730 ecm™ (30), which was also present in the conjugate but
absent in the LPS. Due to C-N symmetrical stretching, PTX
succinate, LPS and PLC showed a band at 1255 cm™,
1237 cm™ and 1244 cm™ respectively. The band at 713
em™ of PTX succinate lies in the fingerprint band region of
PTX (30). No IR absorption was detected in this region by
LPS but the conjugate showed an absorption band at 708
em™'. Interestingly, two new absorption bands, at 1540 cm™
and 1371 cm™, appeared in the conjugate which were not
present in PTX succinate or LPS. Ester bonds are known to
show IR absorption in the range 1610-1540 em™ due to
asymmetric stretch and 1420-1300 ecm™ due to symmetric

@ Springer
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Fig. 2 H' NMR spectra of PTX, PTX succinate, LPS and PLC. All of the compounds were dissolved in DMSO-dé and the spectra were recorded. Peak
corresponds to the proton of 2" ~OH group of PTX (3.94 ppm) disappeared in PTX succinate (indicated by an arrow) signifying formation of PTX 2'
succinate. The proton peak of 2" C of PTX (4.77 ppm) also shifted in PTX succinate due to formation of ester bond at 2" position. Common peaks between
PTX succinate and PLC signified presence of PTX in PLC. LPS exhibited mostly overlapping peaks with PTX succinate. One exclusive peak present in LPS as

well as PLC is indicated by a box.

stretch (31). These two new peaks might be due to the forma-
tion of the ester linkage between PTX succinate and LPS,
confirming formation of the conjugate.

The amount of PTX conjugated in PLC was determined
by quantifying the amount of the released drug with acid
hydrolysis (pH 3) at higher temperature (72°C) for 72 h.
Acid hydrolysis was chosen as PTX is stable at acidic pH
than alkaline pH (32). No significant degradation of PTX
alone was found when incubated at this pH and tempera-
ture for 72 h which is corroborated by other studies (33).
Quantification of PTX was done using this indirect method
as radioactive PTX was not available. From the mass bal-
ance analysis, it was estimated that 97 % of PTX was
released from the PLC by this method. We got a conjuga-
tion of 0.421+0.03 mg of PTX/mg of PLC. This amount
was considered as the total conjugated PTX per mg of PL.C
and in all further experiments, quantification of total PTX
was done based on this. PLC was found to be quite stable at
room temperature and at normal physiological pH (Fig. 4a).
About 22 % of total PTX got released after incubating at
room temperature for 72 h at pH 7.4. Stability was found to
be higher when kept at 4°C (Fig. 4b). Stability of PLC was
found to be dependent on pH with moderately higher
amount of PTX released at pH 3 (=60 %; Fig. 4a) than
pH 10 (=56 %; Fig. 4a). Hydrolysis of PLC was found
to be higher in tissue homogenates as compared to serum

(Fig. 4c).
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The conjugate was found to self-assemble into nanoparticu-
late structures when added in aqueous solution. The average
diameter of the particles was measured by Dynamic Light
Scattering (DLS) and found to be 215+5 nm (Fig. 5a). The
size and shape of the particles was reconfirmed by Transmis-
sion Electron Microscopy (TEM) where it was established that
the particles are smoothly spherical in nature with a narrow size
distribution (Fig. 5¢). The particles were negative in charge,
with a zeta potential of =31 mV (Fig. 5b).

Toxicity Study

Acute toxicity of the conjugate was analyzed in comparison
with PTX. The maximum tolerated dose of PLC was found to
be more than 100 mg of PLC/kg (which is equivalent to
40 mg PTX/kg) and that of PTX was 20 mg/kg. When body
weight of animals which were given i.v. injection of 20 mg/kg
of PTX or PLC containing equivalent amount of PTX were
compared, no significant difference in body weight was found
(Supplementary Material Fig. S2a). Histopathological study
was done after 48 h of treatment with PLC (20 mg PTX
equivalent/kg) to check any hypersensitive and inflammatory
reaction at the tissue level as LPS exert its toxicity mainly due
to hypersensitive reaction which manifests early after admin-
stration. The tissue histology of different organs showed no
indication of toxicity in the PLC treated mice (Supplementary
Material Fig. S2b). As both PTX and PLC were non-toxic at
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the dose of 20 mg PTX equivalent/kg, they did not produce
any visible change at the tissue level.

Evaluation of Pharmacological Activity of PLC
in In Vitro System

Direct Cytotoxic Activity

Pharmacological activity of the conjugate was evaluated in

vitro system to confirm the retainment of bioactivity of both

PTX and SP-LPS in the conjugate. Both PTX and PLC
exhibited similar dose dependent cytotoxicity (Fig. 6a).

Cell cycle arrest study was done to confirm the mode of
action of the conjugate. PTX is known to arrest cell cycle at
G2/M phase followed by apoptosis. Similar proportion of
G2/M phase arrested population and similar dose dependen-
cy was seen in both PTX and PLC treatment (Fig. 6b).

To further investigate whether the cytotoxicity of the
conjugate was via the same pathway as that of PTX, tubulin
binding study was performed. PTX binds with 2 subunit of
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Fig. 4 Stability of PLC at different pH, temperature and in tissue homoge-
nates. Percentage release of PTX from PLC was determined after: (@) PLC
was dissolved in buffer of different pH and incubated at room temperature, (b)
PLC was incubated at different temperatures dissolved in phosphate buffer
(pH 7.4), (€) PLC suspended in plasma or in different tissue homogenates and
incubated at 37°C. At specific time points, samples were withdrawn and PTX
extracted from it using DCM. The extract was quantified for the amount of
PTX by HPLC. PLC was found to be stable at room temperature and release
of the drug was dependent on pH and temperature. *p <0.05; ** <0.01,
comparison was done with values at pH 7.4, 4°C and in plasma in respective
figures.

tubulin monomer to promote polymerization. When B16-
F10 cells were treated with PTX or PLC and then labeled
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with anti-tubulin antibody, similar pattern of bunched tu-
bulin was visible around the nuclei in both the treatment
groups (Fig. 6¢). In contrast, in the control cells normal
network of tubulin was seen. Moreover, nuclei of the PTX
and PLC treated cells were found to be fragmented in
contrast to normal circular nuclei of the control cells. These
results established that PLC retained the biological activity
of PTX and acts via the same mechanism.

Immunostimulatory Activity

To analyze the immune activity of the conjugate, macrophage
stimulatory activity of PLC was studied. Similar amount of
TNF-o was detected from J774.1 macrophage cells treated
with PLC or SP-LPS, which was significantly higher than that
released by PTX treatment (Fig. 7a). To confirm this, activa-
tion of splenocytes was also evaluated. Significantly higher
amount of Thl cytokines like TNF-a, IL.-12 and IFN-y were
detected in the culture supernatant of splenocytes treated with
both PLC and SP-LPS in comparison with PTX and control
(Fig. 7b). Another stimulatory cytokine, IL-1, was also secret-
ed in a moderate amount in the PLC and SP-LPS treated
groups. Secretion of immune regulatory cytokine IL-10 was
found to be very low in the treated and control groups. These
results established that PLC can effectively modulate the
immune cells to an activated state to induce an efficient anti-
tumor response.

Co-culture Study to Establish Chemo-immunotherapeutic
Activity

After demonstrating the activity of both PTX and SP-LPS
in the conjugate, the hypothesis of combined chemo-
immunotherapy was confirmed by the coculture analysis,
where CFSE lebelled B16-F10 cells were co-incubated with
splenocytes derived from C57BL/6 mice and given treat-
ment with either PTX, or SP-LPS or PLC. With PLC
treatment higher death of the cancer cells was observed as
compared to PTX or SP-LPS treatment (Fig. 7c). As PLC
had both cytotoxic as well as immunostimulating activity,
these two might be cooperating with each other to produce
a synergistic effect to produce higher death in the PLC treated
cells.

Evaluation of In Vivo Antitumor Activity

The wn viwvo antitumor activity of PLC was studied in a
mouse tumor model. Tumor volume was found to be
consistently low in PLC treated mice as compared to
with both Taxol and SP-LPS treated groups (Iig. 8a, b).
The higher antitumor activity of PLC over PTX was
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Fig. 5 (a) Size distribution, (b) zeta potential and (c) transmission electron microscopic image of self-assembling nanoparticles of PLC.

also evident from the survival study. About 80 % of
tumor bearing mice treated with PLC survived 30 days
after treatment whereas only 50 % of PTX treated and
20 % of SP-LPS treated mice survived that long
(Fig. 8c). All of the control mice died within 26 days.
By Kaplan-Meier analysis, the median survival time of PLC
treated animals was found to be more than that of PTX
treated animals. These data suggest that combined chemo-
immunotherapy with PLC had better anticancer efficacy as
compared to commercial Taxol.

Study of Tumor Infiltrating Lymphocytes
for Evaluation of Immune Status of the Tumor
Microenvironment

Next we analyzed the underlying mechanism for better anti-
tumor response by PLC in terms of infiltration and activation
of immune cells in the tumor microenvironment. A general
Thl type of immune activation was observed in the PLC
treated mice in comparison with both Taxol and SP-LPS. As
shown in the Fig. 9, a significant increase was observed in the
percentage of macrophage infiltration (CD14+ cells) in the
PLC treated group. When activation status of these macro-
phage cells were checked, it was observed that expression of

CD40 and CD80, both of which are activation markers of
macrophage, was also significantly high in the PLC treated
mice. These data suggest that higher number of activated
immune cells were infiltrated in the tumor of PLC treated
mice. The activation status of the T cells was also analyzed as
T cells are the main immune effector cells. CD43 was used as a
marker for T cell activation. Higher number of activated CD4
and CD8 T cells was found in the PLC treated mice compared
to other groups.

DISCUSSION

Chemo-immunotherapy is an emerging treatment strategy
where chemotherapy is integrated with immunotherapy for
better prognosis of the disease. Although combined chemo-
immunotherapy is known to be better than chemotherapy
or immunotherapy alone for the treatment of cancer, very
few attempts have been made for developing a conjugate
having combined chemo-immunotherapeutic activity (34).
PTX has been shown to enhance the antitumor efficacy
of vaccines and helps to induce a tumor specific immune
response by the vaccine (35). Zhong et al. reported that
administration of PTX is associated with beneficial
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Fig. 6 Comparison of direct cytotoxicity and cell cycle arresting activity of >
PLC and PTX. (@) Percentage of tumor cell death after treatment with PTX
or PLC (containing equivalent amount of PTX) or SP-LPS for 48 hours. (b)
FACS study of cell cycle arrest after treatment with PLC or PTX or SP-LPS
for 24 hours. Values in the M2 region stands for the percentage of G2/M
phase arrested population. (€) Comparison of tubulin polymerizing activity
of PLC and PTX on BI6- FIO melanoma cells. Bundled tubulin and
fragmented nucleus are indicated with arrows. PLC was found to exert
its cytotoxic activity via the same pathway as that of PTX, i.e., formation of
hyperstable polymerized tubulin and arresting the cell cycle at the G2/M
phase. *p <0.05; **p < 0.0, values compared with control.

alterations of the mntratumoral microenvironment and thus
support antitumor immunity (36). Based on these studies, we
hypothesized that a conjugate of PTX and SP-LPS should
exhibit synergistic chemotherapeutic and immunotherapeu-
tic activity. Such a synergism may facilitate a novel treat-
ment modality which could effectively suppress the tumor
cell growth. Moreover, as SP-LPS is a hydrophilic polymer,
the conjugate was also expected to self assemble in a nano-
particulate structure which could be delivered suspended in
PBS, thereby making it a Cremophor free formulation.

The conjugate was synthesized in a 3 step reaction scheme
as depicted in Fig. 1. In the first step, PTX was succinylated
with succinic anhydride. Succinate group reacted with the 2" —
OH group of PTX, as confirmed by the NMR data. It is
established from the structure activity relationship study of
PTX that the 2" —OH groups of PTX is suitable for modifica-
tion as esterification in this position dose not affect the bioac-
tivity of PTX (37). As a result, most of the PTX derivatives
studied by different research groups were modified at this
position (10-12). LPS was conjugated with PTX succinate by
esterification of the -OH group present in the monosaccharide
building blocks of LPS and the free -COOH group of the
PTX — succinate. Finally, it was made non toxic by conjugating
phthalic anhydride with the remaining free -OH groups of
LPS. It is known that toxicity of LPS is reduced when esterified
with acid anhydrides (24—26). Phthalate ester of LPS was
shown to be 10,000 times less toxic than the parent LPS (24).
As it was shown that 20 mg LPS reacts with 0.135 millimole of
phthalic anhydride (FW 148) (24), it can be concluded that
20 mg LPS contains 0.135 millimole of esterifiable -OH group.
As 20 mg PTX succinate (equivalent to 0.02 millimole, FW
954) was esterified with 20 mg LPS, more than 80 % of the —
OH group of LPS should remain free after conjugation with
PTX succinate, where further esterification with phthalic an-
hydride can take place to make the LPS non toxic. Both NMR
and IR data confirmed the formation of the final conjugate.

Stability of PLC was found to be temperature and pH
dependent. Release of PTX from the conjugate was higher
when incubated with liver and tumor homogenate as com-
pared to blood plasma. This observation is similar to other
studies where succinate moiety has been used as a linker
between PTX and the polymer (12).
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Fig. 7 Comparison of immune stimulatory potency of PLC and SP-LPS and chemo-immunotherapeutic activity of PLC. (a) TNF-a secretion by
macrophages (J774.1) when stimulated with different doses of SP-LPS or PLC (containing equivalent amount of SP-LPS) or PTX. (b) Secretion of different
cytokines by splenocytes after stimulation with O. 1 g/mL of SP-LPS or PLC containing equivalent amount of SP-LPS or 0.1 ug/mL of PTX. Significantly high
amount of Thl cytokines were detected with PLC and SP-LPS treatment. (c) Effect of PTX (0.25 ug/mL) or PLC containing equivalent amount of PTX on
tumor cell death when added in a co-culture of splenocytes and CFSE labeled tumor cells. Target cells were gated and percentage of cell death was analyzed
by Pl uptake method. Higher death of the target cancer cell with PLC treatment in the immune cell-cancer cell co-culture system suggested the combined
chemo-immunotherapeutic activity of PLC *p < 0.05; **» <0.01, values compared with control.

It is reported that amphiphilic conjugates can self-assemble
to form nanoparticles in aqueous solution via hydrophobic
mteractions (38). As PLC 1s expected to possess amphiphilic
characteristics due to the presence of hydrophilic SP-LPS and
hydrophobic PTX, we investigated their self-assembling be-
havior in aqueous solution. The conjugate was indeed found to
form nanoparticulate structures in aqueous solution as estab-
lished by DLS and TEM imaging with an average diameter of
2155 nm, which is similar to other reported PTX — polysac-
charide conjugates (39, 40). As reported by Wang ¢t al., heparin
conjugated PTX forms negatively charged (=21 to —31 mV)
nanoparticles in aqueous solution (40). Similar to that, the self-
assembled particles of PLC had surface charge of —31 mV,
probably due to formation of micellar structure where hydro-
phobic PTX moiety was buried inside while the hydrophilic
carboxyl (COO—) groups of SP-LPS were exposed on the
surface, imparting a negative zeta potential. These self-
assembling nanoparticles of PLC were likely to have a core/
shell structure composed of a hydrophobic inner core contain-
ing aggregated PTX molecules and a hydrophilic SP-LPS
layer outside the core.

Both PTX and LPS retained their respective bioactivity in
the conjugate as confirmed by i vitro studies. The conjugate
produced its cytotoxic effect via the same pathway as that of
PTX, i.e., binding with tubulin and arresting the cell cycle at

the G2/M phase. As the release of PTX from PLC was slow, it
seems that the conjugate also contributed to the cytotoxic
activity along with the released PTX, which 1s supported by
other reported conjugates of PTX where although the release
of PTX from the conjugate is slow, the conjugate showed
cytotoxic activity (12, 39). Within 48 hour, about 15 % PTX
was released from PLC at room temperature and neutral pH,
but similar cytotoxicity was seen with equivalent dose of PTX
delivered as PLC or PTX solution, suggesting participation of
the intact conjugate in the cytotoxic activity. Polysaccharide
coating of nanoparticles facilitate the adhesion of particles to
the cell membrane due to their biological adhesion properties
(41). In our study, the intra-cellular delivery of PLC might be
facilitated due to formation of nanoparticulate miceller struc-
ture which had polysaccharide SP-LPS on the surface.
Stimulation of macrophages by PLC treatment established
its immunostimulatory activity. We found similar immunosti-
mulatory activity of SP-LPS solution and PLC containing
equivalent amount of SP-LPS. As SP-LPS should be outside
of the PLC particles as evident from negative surface charge,
the immune modulatory activity was not hindered. Although
PTX is known to activate macrophages to secrete TNF-a, the
concentration of the drug needed (3 uM) (42) for the secretion
of a measurable quantity of the cytokine is much higher than
that delivered in this experiment (0.4 pM; highest amount of
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Fig. 8 Comparison of in vivo anti-tumor activity of PLC with Taxol and
SP-LPS. Tumors were implanted by s.c. injection of BI6-FI0 cells in
C57BL/6 mice. Each animal was administered with either Taxol® contain-
ing 100 ug PTX, or PLC containing equivalent amount of PTX or 100 ug
SP-LPS or saline (control). 8 animals were taken in each group. Total 5
injections were given starting from day 7 after tumor implantation with an
interval of 3 days. (a) Mean tumor volume =+ SEM at indicated time points
in different groups of treated mice. (b) Representative images of excised
tumors from different groups on 24th day after tumor implantation. (c)
Comparison of survival of different groups of treated mice for 30 days. 10
animals per group were treated as mentioned above and observed for 30 days
for mortality. Survival statistics was analyzed using Kaplan-Meier method. Anti-
tumor activity of PLC was found to be significantly higher compared to both
Taxol® and SP-LPS, which was also reflected in the better survival of the PLC
treated mice. *p <0.1; **p <0.05 values compared with Taxol treatment.
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PTX present in PLC delivering 0.5 pg/mL SP-LPS). Hence,
expectedly, there was no significant difference in the amount
of TNF-a released between the SP-LPS and PLC treated
groups. To confirm whether the macrophages activated by
PLC were in turn able to stimulate the effector arm of the
immune system, activation of splenocytes was evaluated. Sple-
nocytes have all types of immune cells and the cross talk
between macrophages and T cells and macrophage mediated
T cell activation can be analyzed by examining their activa-
tion. Activated macrophages secrete IL-12, which further
activates T cells. Significantly high amount of both IL-12
and IFN-y was detected with PLC as well as SP-LPS treat-
ment compared to control and PTX treated groups. These
results provide evidence that macrophages activated by the
action of PLC further stimulated the T cells for effector
activity.

The co-culture study, which was i vitro model system of in
vwo situation, confirmed the hypothesis of combined chemo-
immunotherapeutic activity of PLC. Compared to the direct
cytotoxicity experiment, where PLC and PTX treatment was
given on cancer cells alone and similar death was observed
with both the treatment, in the co-culture experiment where a
mixed culture of cancer cells and splenocytes (which mimics
in vivo situation) were treated, higher death of the cancer cells
was observed with PLC treatment, as compared to PTX
alone. In this experiment, the higher death of the cancer cells
could be attributed to the immune stimulatory activity of PLC
as PLC has been shown to induce TNF-a secretion from
splenocytes which has direct cytotoxic activity. Activated cy-
totoxic T' cells, present in the splenocytes, could also have
contributed to the death of the cancer cells.

In vivo anticancer activity of the conjugate was found to be
higher as compared to the individual components alone,
confirming the hypothesis of better management of cancer
with combined chemo-immunotherapy. Yao Ma et al.
reported the synthesis and antitumor activity of a PTX —
TLR4 agonist conjugate (PTX — muramyl dipeptide ana-
logue conjugate) (43). Although their conjugate exhibited
similar cytotoxic activity in i wvilro studies and prevented
metastasis, there was no significant difference between the
tumor growth of PTX and conjugate treated animal (43).
Furthermore, although they showed reduction in the number
of immune suppressor cells in the spleen and bone marrow of
the conjugate treated mice, no data regarding the immune
status at the tumor microenvironment was produced. In our
study, PLC treated animals exhibited significantly less tumor
growth compared to PTX treatment ($<0.05). The higher
antitumor activity of PLC also resulted in better survival of the
treated mice.

To understand the mechanism for better anticancer ac-
tivity of PLC, the immune status of the tumor microenvi-
ronment was studied. Infiltration and activation of

macrophages (CD14+ cells) and T cells (CD4+ and CD8+
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Fig. 9 Phenotypic characterization of tumor infiltrating mononudlear cells. Tumors were excised on 24th day after implantation from mice treated with PLC or
Taxol® or SP-LPS. Mononuclear cells were isolated from the excised tumor and analyzed by flow cytometry. Bar chart indicate mean percentage of respective
cells calculated from 3 set of experiments with == SEM. Significantly higher infiltration of activated macrophages and T cells was observed in the tumor of PLC
treated animals compared to both Taxol® or SP-LPS treatment. *p <0.05; **» <0.01, values compared with Taxol® treated group.

cells) were evaluated by isolation of tumor infiltrating im-
mune cells and FACS analysis. In general higher infiltration
of activated immune cells correlates with regression of tu-
mor. We found significantly higher infiltration and activa-
tion of macrophages in the tumors of PLC treated animals
compared to all other treatment groups. Macrophage acti-
vation at the tumor site is associated with tumor regression
as reported by earlier studies (44). Percentage of CD40"
macrophages (CD14"/CD40"), which is a marker of M1

type macrophage, was also significantly higher in the PLC
treated animals. Furthermore, significantly higher infiltra-
tion of activated CD4" and CD8" T cells were also seen
with PLC treatment, which is known to be associated with
tumor suppression (45). These data indicates that PLC
treatment can effectively induce both stimulator and effector
immune cells at the tumor microenvironment. Surprisingly,
in the SP-LPS treated group, infiltration of immune cells
and their activation was not significantly different as
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compared to control group. Results of this study provide
evidence of synergistic activity of chemotherapeutic drug
and immunostimulator in the conjugate as treatment with
Taxol or SP-LPS alone did not induce any significant in-
crease in the number or activation of immune cells com-
pared to the control group, whereas with PLC treatment,
there was significant increase in the proportion of activated
immune cells in the tumor microenvironment. As PTX
present in PLC killed cancer cells via the apoptotic pathway
and apoptotic bodies, which are good source of tumor
antigens, are produced in that process, treatment with
PLC would make tumor antigens available to the antigen
presenting cells which in turn stimulate tumor antigen spe-
cific lymphocytes. Presence of SP-LPS in the conjugate
would further activate these immune cells and thus induce
strong anti-tumor immune response and exhibit a synergis-
tic effect. Taken together these results suggest the develop-
ment of a novel chemo-immunotherapeutic compound
which has the potential to open up new avenues for cancer
therapy in the near future.
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