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Abstract: PEMETREXED (PMX) IS A MULTI-TARGETED ANTIFOLATE DRUG
USED FOR THE TREATMENT OF MALIGNANT PLEURAL MESOTHELIOMA (MPM)
AND NON-SMALL CELL LUNG CANCER. HYALURONAN (HA) IN BLOOD IS WELL
KNOWN AS A DISEASE MARKER OF MPM. WE SYNTHESIZED
PMX-CONJUGATED HYALURONAN (HA-ADH-PMX) FOR THE FIRST TIME TO
DEVELOP A NOVEL ANTICANCER CHEMOTHERAPEUTIC AGENT. HAS WITH
DIFFERENT MOLECULAR WEIGHTS (76 AND 130 KDA) WERE FIRST
DERIVATIZED WITH ADIPIC DIHYDRAZIDE (ADH) AND THEN CONJUGATED TO
PMX. THE OBTAINED HA-ADH-PMX RETAINED INHIBITORY ACTIVITY
AGAINST FOLATE METABOLISM ENZYMES; THYMIDYLATE SYNTHASE WAS
INHIBITED TO THE SAME EXTENT AS NATIVE PMX, WHEREAS THE INHIBITION
CONSTANT AGAINST DIHYDROFOLATE REDUCTASE WAS 3.3% FOR 76 KDA
HA-ADH-PMX AND 12% FOR 130 KDA HA-ADH-PMX WHEN COMPARED WITH
THAT OF NATIVE PMX. THE IN VITRO CYTOTOXICITY OF HA-ADH-PMX FROM
BOTH MOLECULAR WEIGHTS AGAINST MPM CELL LINES WAS LOWER THAN
THAT OF NATIVE PMX. ON THE OTHER HAND, INTRAPLEURAL
ADMINISTRATION OF 76 KDA HA-ADH-PMX RESULTED IN A SURVIVAL RATE
OF MPM MODEL  MICE COMPARABLE TO THAT WITH NATIVE PMX,

SUGGESTING THE POTENTIAL FOR FUTURE MPM THERAPY.
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1. INTRODUCTION

PEMETREXED (PMX) IS A MULTITARGETED ANTIFOLATE FOR CANCER
TREATMENT. PMX INHIBITS MULTIPLE ENZYMES INVOLVED IN FOLATE
METABOLISM, SUCH AS thymidylate synthase (TS), dihydrofolate reductase (DHFR)
and glycinamide ribonucleotide formyltransferase (GARFT), leading to the
interference of DNA synthesis (HANAUSKE, ET AL., 2001; SCHULTZ, 2005). PMX
is a relatively new ANTIFOLATE compared with other drugs such as methotrexate
(MTX), whose polymer conjugation has actively been investigated for long time
(BOrRATYNSsK 1, ET AL., 2000; CHAU, ET AL., 2004; HOMMA, ET AL., 2009; SHIN,
ET AL., 2014). PMX was approved by FDA in 2004 for treatment of malignant
pleural mesothelioma (MPM), and now also be used for non-small cell lung cancer
(GENOVA, ET AL., 2013).

MALIGNANT PLEURAL MESOTHELIOMA (MPM) IS AN AGGRESSIVE
MESOTHELIAL TUMOR OF PLEURA THAT CAUSED BY ASBESTOS EXPOSURE
(THOMPSON, ET AL., 2014). MPM HAS A LONG LATENCY PERIOD OF ABOUT
40-50 YEARS, THEREFORE IT IS PREDICTED THAT PATIENT NUMBER WILL
ACCELERATIVELY INCREASE IN NEAR FUTURE. FOR THE THERAPEUTIC
TREATMENT OF MPM, A COMBINATION THERAPY OF INTRAVENOUS
ADMINISTRATION OF PEMETREXED (PMX) AND CISPLATIN (CDDP) 1S
CURRENTLY THE CLINICAL STANDARD (BAAS, 2007). HOWEVER, FIVE-YEAR
SURVIVAL RATE OF MPM PATIENTS IS LESS THAN 10 % AND THE STANDARD
THERAPY CAUSES STRONG SIDE EFFECTS. NIVOLUMAB WAS APPROVED IN
2018 IN JAPAN FOR ADVANCED/RECURRENT MPM WHICH BECAME
UNRESECTABLE AFTER THE STANDARD THERAPY (FUJIMOTO, ET AL., 2018).
HOWEVER, THERE IS A RISK OF IMMUNE-MEDIATED ADVERSE REACTIONS.

THEREFORE, NEW THERAPEUTIC STRATEGIES WHICH SHOW HIGH
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THERAPEUTIC EFFECT AND LOW SIDE EFFECT TO TREAT MPM ARE STILL IN
HIGH DEMAND.

Conjugation of PMX to polymers, as well as its loading to drug carriers, can be a
promising approach to improve its therapeutic efficacy. This strategy is expected to
improve the poor water solubility and short retention time, which are main drawbacks
of PMX. The synthesis of two polymer conjugates have been reported so far;
POLYETHYLENE GLYCOL (PEG) (VANDANA AND SAHOO, 2012), AND
hydroxyethyl starch (HES) (CIEKOT, ET AL., 2016). IN THE CASE OF
PMX-CONJUGATED PEG, COMPARABLE CELL CYTOTOXICITY AND LONGER
RETENTION TIME THAN NATIVE PMX WAS REPORTED (VANDANA AND SAHOO,
2012), ALTHOUGH ITS THERAPEUTIC EFFECT IN VIVO1S NOT REPORTED YET. IN
THE CASE OF PMX-CONJUGATED HES, ITS THERAPEUTIC EFFECT WAS NOT
STUDIED BOTH IN VITRO AND IN VIVO (CIEKOT, ET AL., 2016). THUS, FURTHER
INVESTIGATION ON POLYMER CONJUGATION IS EXPECTED FOR PMX.

HYALURONAN (HA) 18 a glycosaminoglycan that is one of the major components
of extra cellular matrix. It is well known that HA in pleural effusion is utilized
clinically as a prognostic marker in MPM (LOURDES AND RALPH, 2017; CREANEY,
ET AL., 2013). The viscosity of the plural effusion is extremely high in some patients
of MPM due to its high concentration of HA. Thus, it is speculated that the turnover
of HA would be relatively active compared to normal tissues (L1 AND HELDIN, 2001).
Generally speaking, HA is internalized by cells via binding to its receptors such as
CD44 and subsequently inducing receptor-mediated endocytosis in its turnovers
process both in normal tissues and cancer tissues (CICHY AND PURE, 2003; MISRA,
ET AL., 2015). Because CD44 is overexpressed in tumor cells with high affinity state,
it is expected that HA is aggressively taken up and then metabolized via this transport

pathway in cancer cells. By taking advantage of these characteristic interactions with
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tumors, HA has been studied as a targeted drug carrier for wide range of cancers
(Luo, ET AL., 2002; CAIL ET AL., 2010; OHTA, ET AL., 2016; OHTA, ET AL., 2017,
LUO AND PRESTWICH, 1999; LEE, ET AL., 2008; OOMMEN, ET AL., 2014).

HERE, WE DEVELOPED A NOVEL HA-BASED PMX CONJUGATE
(HA-ADH-PMX), AIMING TO RENDER CANCER-TARGETING ABILITY VIA
ACTIVE HA TURN OVER, AS WELL AS IMPROVED WATER SOLUBILITY AND
PROLONGED RESIDENCE TIME (FIGURE 1A). HA with different molecular weights
were first derivatized with ADIPIC DIHYDRAZIDE (ADH), and then conjugated to
PMX. Their effect on enzyme inhibition activity, cellular internalization, and growth
inhibition against MPM cell lines were examined in vitro. Their anti-tumor activity

was also evaluated using a mouse model of MPM.

2. MATERIALS AND METHOD
2.1. MATERIALS

HA WAS KINDLY GIFTED FROM DENKA CoO. (ToKYyO, JAPAN). ADH,
N-HYDROXYSUCCINIMIDE (NHS), DICYCLOHEXYLCARBODIIMIDE (DCC),
INSULIN, ROSWELL PARK MEMORIAL INSTITUTE MEDIA (RPMI-1640),

PENICILLIN-STREPTOMY CIN-AMPHOTERICIN B (PSA), MEM NON-ESSENTIAL

AMINO AcCIDS SOLUTION ( X 100) (NEAA), SODIUM PYRUVATE,

2-MERCAPTOEHANOL WERE PURCHASED FROM WAKO PURE CHEMICAL
INDUSTRIES (OSAKA, JAPAN). 1-ETHYL-3-(3-(DIMETHYLAMINO)PROPYL)
CARBODIIMIDE HYDROCHLORIDE WAS PURCHASED FROM PEPTIDE INSTITUTE,
INC. (OSAKA, JAPAN). 1-HYDROXYBENZOTRIAZOLE MONOHYDRATE (HOBT),
PEMETREXED Hydrate (PMX) WERE PURCHASED FROM TOKYO CHEMICAL
INDUSTRY (TOKYO, JAPAN). 2-[4-(2-HYDROXYETHYL)-1-PIPERAZINYL ]

ETHANESULFONIC ACID (HEPES) WAS PURCHASED FROM DOJINDO
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LABORATORIES (KUMAMOTO, JAPAN). Dihydrofolate Reductase Assay Kit was
purchased from SIGMA-ALDRICH (ST. Louils, MO, USA). MEDIUM 199 WAS
THERMO FISHER SCIENTIFIC INC. (WALTHAM, MA, USA). HYDROCORTISONE
WAS PURCHASED FROM MP BIOMEDICALS (SANTA ANA, CA, USA). Fetal
bovine serum was purchased from Biosera, Inc., (Villebon sur Yvette, France), and
epidermal growth factor was purchased from PeproTech Ltd. (London, UK). Dialysis
membrane (Spectra/Por, MWCO = 6000-8000 Da) was purchased from Spectrum
Laboratories Inc. (Rancho Dominguez, CA, USA). The human pleural mesothelial
cell line, MeT-5A, was purchased from American Type Culture Collection (Rockville,
MD, USA). Recombinant Human Thymidylate Synthase protein (ab95378) was

purchased from Abcam (Cambridge, UK).

2.2. CONJUGATION OF ADIPIC DIHYDRAZIDE TO HA (HA-ADH)

HA-adipic dihydrazide (HA-ADH) was synthesized as described previously
(EMOTO, ET AL., 2014; YEO, ET AL., 2006; BULPITT AND AESCHLIMANN, 1999).
IN BRIEF, 1.5 G OF HA (MW = 65, 130, 850 KDA) WAS DISSOLVED IN 300 ML OF
DISTILLED WATER, TO WHICH 16.3 G OF ADH WAS ADDED. THEN HOBT (2.28 G

IN 15 ML oF DMSO) AND EDC:- HCL (3.24 G IN 9 ML OF DISTILLED WATER)

WERE ADDED DROPWISE TO THE MIXTURE. THE PH WAS ADJUSTED TO 5.5
WITH 1 M HCL OR 1 M NAOH AND KEPT CONSTANT FOR 4 H. THE REACTION
WAS ALLOWED TO PROCEED OVERNIGHT. THE SOLUTION WAS DIALYZED

AGAINST DISTILLED WATER FOR 6 DAYS AND THEN LYOPHILIZED.

2.3. SYNTHESIS OF NHS ESTER LABELING PEMETREXED
THE CARBOXYLATE GROUP OF PEMETREXED WAS ACTIVATED USING NHS

AND DCC AS DESCRIBED PREVIOUSLY (VANDANA AND SAHOO, 2012).
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BRIEFLY, 0.4 G OF PEMETREXED HYDRATE WAS DISSOLVED IN 8§ ML OF
SUPER-DEHYDRATED DMSO AND THEN REACTED WITH 0.12 G OF NHS AND
0.21 G OF DCC IN DARKNESS AT ROOM TEMPERATURE FOR OVERNIGHT. THEN,
THE INSOLUBLE BYPRODUCT, DICYCLOHEXYLUREA WAS REMOVED BY
FILTRATION. THE OBTAINED DMSO SOLUTION OF NHS-PMX WAS STORED AT

-20 °C until use in further synthesis.

2.4. SYNTHESIS OF HA-ADH-PMX

HA-ADH-PMX was synthesized by reacting HA-ADH with 2 molar equivalents of
NHS-PMX to ADH. The activated PMX was reacted with 0.2 g of HA-ADH
dissolved in 26.66 mL of 0.1 M NaHCO3 solution at room temperature for 18 h. The
resultant solution was dialyzed AGAINST DISTILLED WATER FOR 3 DAYS AND

THEN LYOPHILIZED.

2.5. SYNTHESIS OF HA-ADH-RITC-PMX

RHODAMINE-CONJUGATED HA-ADH (HA-ADH-RITC) WAS SYNTHESIZED BY
REACTING HA-ADH WITH 0.04 MOLAR EQUIVALENTS OF RHODAMINE B
ISOTHIOCYANATE (RITC) AS SHOWN IN FIGURE S1. 0.5 G OF HA-ADH wAS
DISSOLVED IN 100 ML OF DISTILLED WATER, TO WHICH RITC (9.5 MG IN 3.5
ML OF DMSO) WERE ADDED DROPWISE. THE REACTION WAS ALLOWED TO
PROCEED OVERNIGHT IN DARKNESS AT ROOM TEMPERATURE. AFTER THAT,
THE SOLUTION WAS DIALYZED AGAINST DISTILLED WATER FOR 3 DAYS AND
THEN LYOPHILIZED. HA-ADH-RITC-PMX WAS SYNTHESIZED BY REACTING

HA-ADH-RITC wiTH NHS-PMX IN THE SAME WAY AS HA-ADH-PMX.

2.6. CHARACTERIZATION OF HA-ADH-PMX
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SYNTHESIS OF HA-ADH-PMX WAS CONFIRMED BY 'H NMR (aJEOL
JNM-A500, JEOL), FT-IR (FT/IR-4200ST, JASCO) AND UV-vis (V-630BIO,
JASCO). THE POLYMERS were dissolved in DO and PMX was dissolved in
DMSO-d6 for *H NMR analysis. FT-IR spectra were measured using a potassium
bromide (KBr) tablet of each polymer. UV-vis absorption spectra of polymers were
measured in phosphate buffer saline (pH 7.4). The absolute molecular weight and
root-mean-square radius were determined by SEC-MALS (DAWNS8*, Wyatt
Technology Corp.). Separation was performed at room temperature using Shodex
OHpak LB-806M column (Showa Denko Co., Ltd.) at a flow rate of 0.5 mL/min.
Sodium phosphate buffer (pH 6.7), composed of 0.05 M phosphate buffer containing
0.2 M NaCl was used as a mobile phase. Mw and radius values were calculated by
Astra v7.1 software, using a dn/dc value of 0.153 (WEIGEL AND BAGGENSTOSS,

2017).

2.7. CELL-FREE ASSAY OF THYMIDYLATE SYNTHASE (TS) ACTIVITY

TS ACTIVITY WAS MEASURED SPECTROPHOTOMETRICALLY AS PREVIOUSLY
DESCRIBED (EL-NAGGAR, ET AL., 2017, WAHBA AND FRIEDKIN, 1962). TS
IRREVERSIBLY CONVERTS TETRAHYDROFOLATE (THF) AND DEOXYURIDINE
MONOPHOSPHATE (DUMP) TO DHF AND DEOXYTHYMIDINE MONOPHOSPHATE
(DTMP). THIS REACTION CAN BE MONITORED BY THE ABSORBANCE CHANGE
AT 340 NM, WHICH CORRESPONDS TO THE DHF FORMATION. THE ASSAY WAS
CONDUCTED IN ASSAY BUFFER at pH 7.4 WHICH CONTAINS 100 MM OF
2-MERCAPTOETHANOL, 20 MM OF MGC12, 12 MM OF FORMALDEHYDE, 40 MM
OF TrisHCI, and 0.75 mM of NaEDTA (Solution A). THF was dissolved in solution

A at 1.1 mM (Solution B). PMX AND HA-ADH-PMX WERE DISSOLVED IN
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SOLUTION A EQUIVALENT TO 1 MM OF PMX (SoLuTION C). dUMP was
dissolved in solution A at 100 mM (Solution D). 333ul. OF SOLUTION A, 135 uL OF
SOLUTION B, 25 uL. OF SOLUTION C AND 5 pLL OF SOLUTION D WERE ADDED IN
A  MICROTUBE AND MIXED GENTLY, THEN TRANSFERRED TO A
MICRO-CUVETTE. FINALLY, 2 uL. OF TS WAS ADDED AND GENTLY SHAKEN.
THEN ABSORBANCE AT 340 NM WAS CONTINUOUSLY MEASURED FOR 10 MIN.
TS ACTIVITY WAS DETERMINED BY THE AMOUNT OF ABSORBANCE CHANGE

AFTER 10 MIN AT 37 °C.

2.8. CELL-FREE ASSAY OF DIHYDROFOLATE REDUCTASE (DHFR) ACTIVITY
DHFR ACTIVITY WAS MEASURED WITH A DHFR ASSAY KIT
(SIGMA-ALDRICH) SPECTROPHOTOMETRICALLY AS PREVIOUSLY DESCRIBED
(KAO, ET AL., 2008; STONE AND MORRISON, 1986; NAVARRO-PERAN, ET AL.,
2005). DHFR IRREVERSIBLY CONVERTS DHF AND NADPH 1O THF AND NADP".
THE RATE OF THF FORMATION CAN BE CONTINUOUSLY MONITORED BY THE
ABSORBANCE CHANGE AT 340 NM, WHICH CORRESPONDS TO THE
CONVERSION OF DHF AND NADPH. PMX AND HA-ADH-PMX WERE
DISSOLVED IN THE ASSAY BUFFER 10x EQUIVALENT TO 10 MM OF PMX
(SOLUTION A). NADPH WAS DISSOLVED IN THE ASSAY BUFFER 0.2x AT 10 MM
(SOLUTION B). DHF WAS DISSOLVED IN THE ASSAY BUFFER 10x AT 10 MM
(SOLUTION C). 464.5 uL OF THE ASSAY BUFFER 1x, 25 uL oF DHFR AND 5 puL
OF SOLUTION A WERE ADDED IN MICROTUBE AND MIXED GENTLY, THEN
TRANSFERRED TO A MICRO-CUVETTE. 3 ul. OF SOLUTION B WAS ADDED IN
THIS CUVETTE AND GENTLY SHAKEN. FINALLY, 2.5 uL OF SOLUTION C WAS

ADDED AND GENTLY SHAKEN. THEN ABSORBANCE CHANGE AT 340 NM WAS
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CONTINUOUSLY MEASURED FOR 10 MIN. DHFR ACTIVITY WAS DETERMINED

BY THE AMOUNT OF ABSORBANCE CHANGE AFTER 10 MIN AT 37 °C.

2.9. DETERMINATION OF INHIBITION CONSTANT OF DHFR

PMX AND HA-ADH-PMX WERE DISSOLVED IN THE ASSAY BUFFER 10x
EQUIVALENT TO 100 uM OF PMX (SOLUTION A). NADPH WAS DISSOLVED IN
THE ASSAY BUFFER 0.2x AT 10 MM (SOLUTION B). DHF WAS DISSOLVED IN
THE ASSAY BUFFER 10x AT 312.5 uM - 10 MM (SOLUTION C). 487 uL. OF THE
ASSAY BUFFER 1x, 2.5 uL OF DHFR AND 5 pL. OF SOLUTION A WERE ADDED IN
MICROTUBE AND MIXED GENTLY, THEN TRANSFERRED TO A MICRO-CUVETTE.
3 uL OF SOLUTION B WAS ADDED IN THIS CUVETTE AND GENTLY SHAKEN.
FINALLY, 2.5 pL OF SOLUTION C WAS ADDED AND GENTLY SHAKEN. THEN
ABSORBANCE CHANGE AT 340 NM WAS CONTINUOUSLY MEASURED.
INHIBITION OF INITIAL VELOCITY WAS DETERMINED BY THE ABSORBANCE
CHANGE FOR 1.5 MIN. THE PLOT OF INITIAL VELOCITY OF ABSORBANCE
CHANGE AS A FUNCTION OF DHF CONCENTRATION WAS USED FOR

DETERMINATION OF INHIBITION CONSTANT.

2.10. CELL CULTURE

MSTO-211H HUMAN MALIGNANT PLEURAL MESOTHELIOMA CELLS AND
AB22 MOUSE MALIGNANT PLEURAL MESOTHELIOMA CELLS WERE GROWN IN
RPMI-1640, WHICH CONTAINED 10 MM HEPES, 10 % FETAL BOVINE SERUM, |
MM SODIUM PYRUVATE, 100 uM NON-ESSENTIAL AMINO ACIDS, 50 uM
2-MERCAPTOETHANOL AND 1 % PENICILLIN-STREPTOMY CIN-AMPHOTERICIN B.

MET-5A HUMAN NORMAL MESOTHELIAL CELLS WERE GROWN IN MEDIUM 199,



Page 11

WHICH CONTAINED 25 MM HEPES, 10 % fetal bovine serum, 3.3 NM epidermal

growth factor, 400 NM HYDROCORTISONE, AND 870 NM INSULIN.

2.11. CELLULAR UPTAKE OF HA-ADH-PMX

THE CELLS WERE SEEDED ON A 60-MM DISH WITH AN INITIAL DENSITY OF
0.8 x 10° CELLS/DISH AND INCUBATED AT 37 °C IN 5 % CO2 FOR 2 DAYS. THE
GROWTH MEDIUM WAS REPLACED WITH GROWTH MEDIUM CONTAINING 0.1
MG/ML. OF RHODAMINE LABELED HA-ADH-PMX. THE CELLS WERE
INCUBATED FOR 6 H AT 37 °C. AFTER THE INCUBATION, THE CELLS WERE
WASHED WITH PBS THEN ANALYZED BY FLUORESCENT MICROSCOPE
(BZ-X810, KEYENCE). THEN CELLS WERE TRYPSINIZED AND COLLECTED.
FINALLY, CELLS WERE RESUSPENDED IN PBS (5 x 10° CELLS/ML) AND
TRANSFERRED TO SAMPLE TUBES. EACH SAMPLE WAS ANALYZED USING A
FLOW CYTOMETER (BD LSR2; BD BIOSCIENCES) EQUIPPED WITH 488 NM
LASER. A TOTAL OF 10000 EVENTS WERE RECORDED FOR EACH
MEASUREMENT. WE NORMALIZED THE FLUORESCENT INTENSITY MEASURED
BY FLOW CYTOMETRY BY CONSIDERING THE DIFFERENCE OF RHODAMINE
MODIFICATION DEGREE IN HA-ADH-PMX TO EVALUATE THE AMOUNT OF

CELLULAR UPTAKE.

2.12. DOSE DEPENDENT CYTOTOXICITY OF HA-ADH-PMX

ANTI-CANCER ACTIVITY OF HA-ADH-PMX WAS EVALUATED WITH THE
WST-8 ASSAY (CELL COUNTING KIT-8; DOJINDO LABORATORIES) USING
MSTO-211H, AB22 AND MET-5A CELLS. THE CELLS WERE SEEDED ON A
24-WELL PLATE WITH AN INITIAL DENSITY OF 50000 CELLS/WELL AND

INCUBATED AT 37 °C IN 5 % CO2 OVERNIGHT. THEN CELLS WERE TREATED
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WITH PMX AND HA-ADH-PMXS EQUIVALENT TO 10* TO 10? nG/ML OF PMX.
AFTER 48 H, 50 uL. OF TETRAZOLIUM SALT SOLUTION (WST-8) WAS ADDED TO
EACH WELL AND INCUBATED AT 37 °C FOR 1 H. THE ABSORBANCE AT 450 NM
WAS MEASURED USING A PLATE READER (2030 ARVO V3; PERKINELMER,
WALTHAM, MA, USA). THE ABSORBANCE VALUE OF EACH WELL WAS
NORMALIZED BY THAT OF CONTROL WELLS IN WHICH NO DRUGS WERE

ADDED TO THE MEDIA.

2.13. TIME DEPENDENT CYTOTOXICITY OF HA-ADH-PMX

THE CELLS WERE SEEDED ON A 24-WELL PLATE WITH AN INITIAL DENSITY
OF 50000 CELLS/WELL AND INCUBATED AT 37 °C IN 5 % CO2 OVERNIGHT.
THEN CELLS WERE TREATED WITH HA-ADH-PMX EQUIVALENT TO 10 uG/ML
OF PMX. AFTER 1, 3, 6, 10 H, THE CELLS WERE WASHED WITH PBS AND THEN
FRESH CULTURE MEDIA WERE ADDED. THE CELLS WERE INCUBATED FOR
ANOTHER 24 H, THEN 50 pL OF TETRAZOLIUM SALT SOLUTION (WST-8) WAS
ADDED TO EACH WELL AND INCUBATED AT 37 °C FOR 1 H. THE ABSORBANCE
AT 450 NM WAS MEASURED USING PLATE READER. THE ABSORBANCE VALUE
OF EACH WELL WAS NORMALIZED WITH THAT OF CONTROL WELLS IN WHICH

NO DRUGS WERE ADDED TO THE MEDIA.

2.14. EVALUATION OF ANTITUMOR ACTIVITY IN MOUSE MODELS OF MPM
THESE EXPERIMENTS WERE PERFORMED AT THE ANIMAL RESEARCH
SECTION, CENTER FOR DISEASE BIOLOGY AND INTEGRATIVE MEDICINE,
FACULTY OF MEDICINE, THE UNIVERSITY OF TOKYO. THE ANIMAL CARE
COMMITTEE OF THE UNIVERSITY OF TOKYO APPROVED ALL OF THE

PROCEDURES PERFORMED IN THIS STUDY BEFORE IT BEGAN.
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BALB/CAJCL MICE (9 WEEKS OLD, FEMALE) WEIGHING 21-26 G WERE
PURCHASED FROM CLEA JAPAN, INC. ALL THE ANIMALS WERE IN
QUARANTINE FOR 1 WEEK PRIOR TO THE EXPERIMENT. HA-ADH-PMX WAS
STERILIZED BY ETHYLENE OXIDE.

MOUSE MODEL OF MPM WAS PREPARED AS PREVIOUSLY DESCRIBED
(SASAL ET AL., 2016). AB22 CELLS WERE TRYPSINIZED AND COLLECTED FROM
CULTURE DISHES. 2 X 10° CELLS OF AB22 WERE RESUSPENDED IN 100 puL OF
PBS, TO WHICH 50 pL. OF MATRIGEL WAS ADDED. THEN 150 pL OF CELL
SUSPENSION WAS INJECTED INTO THE RIGHT PLEURAL CAVITY OF MICE
UNDER GENERAL ANESTHESIA WITH A 100 pL. OF MIXTURE AGENT (4 MG/KG
OF MIDAZOLAM, 5 MG/KG OF BUTORPHANOL TARTRATE AND (.75 MG/KG OF
MEDETO-MIDINE). 7 DAYS AFTER THE CELL IMPLANTATION, PMX AND
HA-ADH-PMX DISSOLVED IN SALINE WERE INJECTED INTO THE RIGHT
PLEURAL CAVITY AT 60 MG/KG-PMX UNDER THE SAME ANESTHESIA
CONDITION AS DESCRIBED ABOVE. TO EVALUATE THE ANTI-TUMOR EFFECT
OF HA-ADH-PMXS, SURVIVAL TIME OF THE MICE WAS RECORDED.
DIFFERENCES BETWEEN GROUPS IN THE SURVIVAL EXPERIMENT WERE
DETERMINED USING KAPLAN-MEIER LOG-RANK TEST. A P-VALUE LESS THAN

0.05 WAS CONSIDERED AS STATISTICALLY SIGNIFICANT.

3. RESULTS AND DISCUSSION
3.1. SYNTHESIS AND CHARACTERIZATION OF HA-ADH-PMX

SYNTHETIC ROUTE OF HA-ADH-PMX 1S SHOWN IN FIGURE 1B. BRIEFLY, HA
WITH DIFFERENT MOLECULAR WEIGHTS WERE CONJUGATED WITH ADH AT A
FIRST STEP OF THE SYNTHESIS, AS DESCRIBED IN PREVIOUS REPORTS (EMOTO,

ET AL., 2014; YEO, ET AL., 2006; BULPITT AND AESCHLIMANN, 1999).
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HA-ADH-PMX was then synthesized by reacting HA-ADH  with
N-HYDROXY SUCCINIMIDE-ACTIVATED PMX (NHS-PMX).

SYNTHESIS OF HA-ADH WAS CONFIRMED BY USING 'H NMR AND FT-IR. IN
THE 'H NMR SPECTRA, METHYLENE PROTON OF CONJUGATED ADH WAS
CONFIRMED AT 1.5 PPM (FIGURE 2A). WE DETERMINED THE DEGREE OF ADH
MODIFICATION BY USING THIS PEAK. THE DEGREE OF ADH MODIFICATION TO
HA WAS 0.413 TO ITS DISACCHARIDE UNIT OF HA. IN THE FT-IR SPECTRA,
HA-ADH EXHIBITED ITS CHARACTERISTIC PEAKS AT 1648 CM! DUE TO AMIDE
I BAND (FIGURE 2B).

SYNTHESIS OF HA-ADH-PMX WAS CONFIRMED BY USING 'H NMR, FT-IR
AND UV-vis. IN THE 'H NMR SPECTRA, THE ARYL PROTON OF CONJUGATED
PMX (SINGLET PEAKS AT 7.2 AND 7.7 PPM) WAS CONFIRMED AFTER THE PMX
MODIFICATION (FIGURE 2A). AS SHOWN IN FIGURE 2B, HA-ADH-PMX
GENERATED ITS CHARACTERISTIC PEAK AT 2860 CM!' DUE TO SYMMETRIC
STRETCH VIBRATION OF METHYLENE PROTONS OF PMX. AS SHOWN IN FIGURE
2C, PMX HAD AN ABSORPTION PEAK IN THE RANGE OF WAVELENGTH
BETWEEN 220-320 NM, WHILE HA DID NOT. IN THE SPECTRUM OF
HA-ADH-PMX, AN ABSORPTION PEAK WAS EMERGED IN THE SAME RANGE AS
PMX. THE DEGREE OF PMX MODIFICATION WAS CALCULATED FROM ITS
ABSORBANCE AT 225 NM, WHICH IS A REPRESENTATIVE PEAK OF PMX. THE
DEGREE OF PMX MODIFICATION WAS (0.262 TO ITS DISACCHARIDE UNIT OF HA.
THE SPECTRA OF 'H NMR, FT-IR AND UV-vis oF HA-ADH-PMX FROM 130
KDA AND 850 KDA SHOWED SIMILAR RESULTS OF THOSE FROM 65 KDA,
WHICH ARE SHOWN IN FIGURE S2 AND S3, RESPECTIVELY. THESE RESULTS

SUGGESTED THAT PMX WAS SUCCESSFULLY CONJUGATED TO HA.
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SOLUBILITY OF HA-ADH-PMXS DEPENDED ON THEIR MOLECULAR WEIGHT
TO A GREAT EXTENT. HA-ADH-PMXS WERE DISSOLVED IN PHOSPHATE
BUFFER SALINE (PBS) AT 0.1 % (FIGURE 3A). WHEREAS HA-ADH-PMX FROM
65 KDA AND 130 KDA WERE COMPLETELY DISSOLVED IN PBS, THAT FROM 850
KDA HA WAS ONLY SWELLED, AND THUS UNDISSOLVED SOLIDS WERE
PRESENT EVEN AFTER OVERNIGHT STIRRING. BECAUSE OF THIS INSOLUBILITY,
HA-ADH-PMX FROM HA WITH 850 KDA WAS NOT INVESTIGATED ANY MORE
IN THIS RESEARCH. THEREFORE, WE ONLY USED HA-ADH-PMX FROM 65 KDA
AND 130 KDA HA FOR FURTHER INVESTIGATIONS.

S1zE oF HA-ADH-PMX IS IMPORTANT TO DETERMINE ITS ENDOCYTOSIS
EFFICIENCY. WE THEN MEASURED THE ABSOLUTE MOLECULAR WEIGHT AND
ROOT-MEAN-SQUARE RADIUS OF HA-ADH-PMX BY SIZE EXCLUSION
CHROMATOGRAPHY COUPLED TO MULTIANGLE LIGHT SCATTERING
(SEC-MALS). FIGURE 3B SHOWS ELUTION CURVE OF POLYMERS. THE
RESULTING WEIGHT-AVERAGE MOLECULAR WEIGHT OF HA-ADH-PMXS
SYNTHESIZED FROM 65 KDA AND 130 KDA HA WERE 76 KDA AND 130 KDA,
RESPECTIVELY, SUGGESTING THE NEGLIGIBLE EFFECT OF THE CONJUGATION
REACTIONS ON THE MOLECULAR WEIGHT. ON THE OTHER HAND, DECREASE
OF MOLECULAR SIZE WAS OBSERVED BY THE CONJUGATION OF PMX.
WHEREAS THE MOLECULAR SIZES OF HA WITH 65 KDA BEFORE THE
CONJUGATION MEASURED BY MALS WERE 39 NM, THOSE AFTER THE
CONJUGATION WERE 28 NM. IN THE SAME WAY, THE MOLECULAR SIZES OF HA
WITH 130 KDA BEFORE THE CONJUGATION MEASURED BY MALS WERE 60 NM,
WHEREAS THOSE AFTER THE CONJUGATION WERE 40 NM. IT WAS CONSIDERED
THAT THE CONJUGATION OF PMX INCREASED HYDROPHOBICITY OF THE

POLYMER, WHICH INDUCED THE POLYMER SHRINKING. DECREASE OF
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POLYMER HYDRODYNAMIC SIZE BY CONJUGATION OF HYDROPHOBIC
MOLECULES WAS ALSO REPORTED IN PREVIOUS WORKS (PRAVATA, ET AL.,
2008; HARDING, 1997). WE NAMED HA-ADH-PMX WITH DIFFERENT
MOLECULAR WEIGHT AS HA-ADH-PMX (76 KkDA) AND HA-ADH-PMX (130
KDA) HEREAFTER. RESULTS OF THESE CHARACTERIZATIONS WERE
SUMMARIZED IN TABLE 1. THESE RESULTS SUGGESTED THAT THE SIZES OF

HA-ADH-PMXS MIGHT BE SUITABLE FOR ENDOCYTOSIS.
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FIGURE 1. (A) SCHEMATIC ILLUSTRATION FOR THE CONCEPT OF THIS

RESEARCH. (B) SYNTHETIC ROUTE OF PMX-CONJUGATED HA (HA-ADH-PMX).
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FIGURE 2. (A) 'H NMR SPECTRA OF PMX IN DMSO-D6, HA IN D20, HA-ADH IN

D20, AND HA-ADH-PMX IN D20. (B) FT-IR SPECTRA OF PMX, HA, HA-ADH

AND HA-ADH-PMX. ARROWS INDICATE THE CHARACTERISTIC PEAKS AT 2860

cMm ! AND 1648 cm!. (C) UV-VIS SPECTRA OF PMX, HA, AND HA-ADH-PMX IN

PBS.
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FIGURE 3. (A) IMAGES OF DIFFERENT MOLECULAR WEIGHTS OF HA-ADH-PMX

DISSOLVED IN PBS. HA-ADH-PMX SYNTHESIZED FROM 65 KDA AND 130 kDA

HA WERE COMPLETELY DISSOLVED, WHILE THAT FROM 850 KDA WAS NOT.

(B) ELUTION CURVES OF HA, HA-ADH AND HA-ADH-PMX MEASURED BY

GPC.

TABLE 1. SUMMARY OF THE CHARACTERIZATION OF HA-ADH-PMX

MWw OF

Mw ofF HA ADH PMX S1ZE [NM]
[KDA] [MOL/MOL-HA] | [MOL/MOL-HA] HA"?I?& f MX
65 0.41 0.26 76 28
130 0.43 0.22 130 40

3.2. INHIBITORY ACTIVITIES OF HA-ADH-PMXS AGAINST TS AND DHFR
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PHARMACOLOGICAL EFFECTS OF HA-ADH-PMXS WOULD RELATE TO THE
CONJUGATE SITE OF PMX AND MOLECULAR WEIGHT OF HA BACKBONE. MAIN
FOLATE METABOLISM ENZYMES WERE EVALUATED
SPECTROPHOTOMETRICALLY AS PREVIOUSLY DESCRIBED (EL-NAGGAR, ET
AL., 2017, WAHBA AND FRIEDKIN, 1962; KAO, ET AL., 2008; STONE AND
MORRISON, 1986; NAVARRO-PERAN, ET AL., 2005). THF AND DHF, WHICH ARE
SUBSTRATE FOR TS AND DHFR RESPECTIVELY, WERE INCUBATED WITH
THESE ENZYMES UNDER THE EXISTENCE OF HA-ADH-PMX OR NATIVE PMX.
FIGURE 4A SHOWS THE INHIBITORY ACTIVITY OF HA-ADH-PMX AGAINST TS.
AFTER 10 MIN OF INCUBATION, THE ADDITION OF HA-ADH-PMX (76 KDA)
AND HA-ADH-PMX (130 KDA) SIGNIFICANTLY DECREASED THE ABSORBANCE
CHANGE TO 59 % AND 56 % OF THE CONTROL WITHOUT INHIBITORS, WHICH
WAS ALMOST THE SAME LEVEL WITH NATIVE PMX (55% DECREASE
COMPARED WITH THE CONTROL). THESE RESULTS INDICATED THAT
HA-ADH-PMXS RETAINED TS INHIBITORY ACTIVITIES AS HIGH AS NATIVE
PMX, EVEN AFTER THE CONJUGATION. IT HAS BEEN REPORTED THAT TS
INHIBITORS, INCLUDING PMX, BIND TO TS THROUGH TWO ESSENTIAL
MOIETIES: PYRIMIDINE AND GLUTAMATE (EL-NAGGAR, ET AL., 2017).
PYRIMIDINE MOIETY BINDS TO PYRIMIDINE-BINDING SITE OF THE ENZYME,
WHILE GLUTAMATE MOIETY BINDS TO ITS FOLATE-BINDING SITE. ALTHOUGH
HA-ADH-PMX DOES NOT PRESERVE THE BINDABLE DOMAIN TO
FOLATE-BINDING SITE BECAUSE OF THE CONJUGATION THROUGH
CARBOXYLATE GROUP OF PMX, ITS PYRIMIDINE-BINDING SITE IS REMAINED.
THIS PRESERVED PYRIMIDINE-BINDING SITE WOULD EXPLAIN THE HIGH TS
INHIBITORY ACTIVITY OF HA-ADH-PMX WITH THE SAME LEVEL AS NATIVE

PMX. IT WAS SUPPOSED THAT PYRIMIDINE MOIETY MIGHT BIND TO THE
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ENZYME MUCH STRONGER THAN GLUTAMATE MOIETY. TO THE BEST OF OUR
KNOWLEDGE, THIS WOULD BE THE FIRST REPORT ON MEASURING TS
INHIBITORY ACTIVITY OF ANTIFOLATE-POLYMER CONJUGATES VIA CELL-FREE
ASSAY.

FIGURE 4B ALSO SHOWS THE TIME COURSE OF THE ABSORBANCE CHANGE
DURING THE INCUBATION WITH DHFR. THE ACTIVITIES OF DHFR IN THE
PRESENCE OF HA-ADH-PMX (76 KDA) AND HA-ADH-PMX (130 KDA) WERE
SIGNIFICANTLY LOWER THAN CONTROL GROUP, SUGGESTING THAT
HA-ADH-PMXs RETAINED DHFR INHIBITORY ACTIVITIES AFTER THE
CONJUGATION; THE ABSORBANCE CHANGE FOR HA-ADH-PMX (76 KDA) AND
HA-ADH-PMX (130 KDA) WAS 55 % AND 47 % OF CONTROL, RESPECTIVELY.
HOWEVER, THEIR EFFICACIES WERE ALMOST 5 TIMES LESS THAN THAT OF
NATIVE PMX. ACCORDING TO THE PREVIOUS REPORT (HANAUSKE, ET AL.,
2001), INHIBITORY ACTIVITY OF NATIVE PMX AGAINST DHFR 1S ALMOST 15
TIMES HIGHER THAN THAT AGAINST TS. THEREFORE, INVESTIGATING THE
INHIBITORY EFFECT OF HA-ADH-PMXS AGAINST DHFR IS QUITE IMPORTANT
FOR THE EVALUATION OF THEIR THERAPEUTIC EFFECT. THUS, FURTHER
EXPERIMENTS WERE CONDUCTED TO OBTAIN THE INHIBITION CONSTANT OF
HA-ADH-PMXSs.

FIGURE 4C SHOWS THE PLOT OF INITIAL VELOCITY OF THE ABSORBANCE
CHANGE AS A FUNCTION OF DHF CONCENTRATION, WHICH WAS CONVERTED
TO THE DOUBLE-RECIPROCAL PLOTS (FIGURE 4D) TO DETERMINE THE
APPARENT MICHAELIS CONSTANT (Ku') AND INHIBITION CONSTANT (Ki). AS
SHOWN IN FIGURE 4D, ALL PLOTS HAD ALMOST SAME VALUE OF Y-INTERCEPT
REGARDLESS OF THE EXISTENCE OF INHIBITORS, WHICH WAS A

CHARACTERISTIC OF COMPETITIVE INHIBITION. THE OBTAINED CONSTANTS
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WERE SUMMARIZED IN TABLE 2. ALTHOUGH ALL PMX DERIVATIVES
INDICATED DHFR INHIBITION, Ki OF NATIVE PMX WAS 30 TIMES AND 8.3
TIMES HIGHER THAN THAT OF HA-ADH-PMX (76 KDA) AND HA-ADH-PMX
(130 KDA). TO THE BEST OF OUR KNOWLEDGE, THIS IS THE FIRST REPORT
THAT EVALUATED THE INHIBITORY ACTIVITY OF PMX CONJUGATES AGAINST
DHFR VIA CELL-FREE ASSAY, ALTHOUGH THAT OF MTX CONJUGATES HAS
BEEN ALREADY REPORTED. IN PREVIOUS REPORTS, MTX CONJUGATED WITH,
E. G., DENDRIMER (GURDAG, ET AL., 2006; LI, ET AL., 2012) AND PEG
(RIEBESEEL, ET AL., 2002) SHOWED INHIBITORY ACTIVITY AGAINST DHFR,
YET THEIR ACTIVITIES WERE LESS THAN NATIVE MTX, WHICH WAS
CONSISTENT WITH THE CASE OF HA-ADH-PMX. IT HAS BEEN REPORTED THAT
PMX BINDS TO DHFR WITH ITS 2-AMINO GROUP AND N3 OF THE PTERIDINE
RING (ABALI, ET AL., 2008; SINGH, ET AL., 2018), BOTH OF WHICH WERE
PRESERVED IN HA-ADH-PMXS. THEREFORE, THE DECREASE IN THE
INHIBITORY ACTIVITY WOULD BE EXPLAINED BY E.G., MOBILITY OF THE
BINDING MOIETIES. IN ADDITION, IT WAS ALSO FOUND THAT HA-ADH-PMX
(130 KDA) couLD INHIBIT DHFR MORE EFFECTIVELY THAN HA-ADH-PMX (76
KDA). THE ABOVE INHIBITORY EXAMINATIONS DEMONSTRATED THAT
HA-ADH-PMX HAD THE INHIBIT ACTIVITY OF FOLATE METABOLIC ENZYMES

EVEN AFTER THE PMX CONJUGATION TO HA.
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FIGURE 4. INHIBITION OF (A) TS AND (B) DHFR ACTIVITY BY HA-ADH-PMX.
TIME COURSE OF THE ABSORBANCE AT 340 NM WITH THE EXISTENCE OF PMX
OR HA-ADH-PMX IS SHOWN. (C) PLOT OF INITIAL VELOCITY VERSUS DHF
CONCENTRATION FOR DHFR CATALYZED REACTION. (D) RECIPROCAL PLOT
OF INITIAL VELOCITY VERSUS DHF CONCENTRATION FOR DHFR CATALYZED
REACTION. (PH =7.5, AT 37 °C) STATISTICAL SIGNIFICANCE IS DETERMINED AT

P <0.05%, P < 0.001*** P < 0.0001**** BY ANOVA (N = 3).

Table 2. Determined Vmax, Km, Ku" and Ki from DHFR inhibition assay (pH =7.5, at

37 °C)

Vmax [min'l] Km [pM] Kv' [uM] Ki [uM]
PMX () 1.2x10%2 0.58 — —
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PMX 9.4x10° — 25 2.4x1072
HA-ADH-PMX
1.3x1072 — 1.4 0.73
(76 kDa)
HA-ADH-PMX
1.1x1072 — 35 0.20
(130 kDa)

3.3. DEPENDENCY OF CELLULAR UPTAKE OF HA-ADH-PMX ON MOLECULAR
WEIGHT

RHODAMINE CONJUGATED HA-ADH-PMXS WERE SYNTHESIZED FOR
EVALUATING THE AMOUNT OF CELLULAR UPTAKE. THE REACTION SCHEME
AND THEIR FLUORESCENT SPECTRA ARE SHOWN IN FIGURE S1. AS SHOWN IN
FIGURE 5A, CELLULAR UPTAKE OF RHODAMINE CONJUGATED HA-ADH-PMX
WAS EXAMINED AFTER 6 H OF EXPOSURE BY FLUORESCENT MICROSCOPY
USING MPM CELL LINES (MSTO-211H AND AB22) AND A MESOTHELIAL CELL
LINE (MET-5A). HA-ADH-PMXS WITH BOTH MOLECULAR WEIGHTS WERE
CONFIRMED TO BE INTERNALIZED INTO ALL CELL LINES WITHIN 6 H. THEY
WERE  LOCALIZED  IN  DOTTED PATTERN, SUGGESTING THEIR
INTERNALIZATION VIA ENDOCYTOSIS. CD44 MEDIATED ENDOCYTOSIS
THROUGH THE INTERACTION WITH HA, AS WELL AS FRo-mediated endocytosis
via interaction with PMX (WIBOWO, ET AL., 2013) would be possible internalization
pathways. IN ADDITION, COMPARING BETWEEN DIFFERENT MOLECULAR
WEIGHTS, HA-ADH-PMX (76 KDA) SHOWED HIGHER CELLULAR UPTAKE THAN
HA-ADH-PMX (130 KDA). THE AMOUNT OF CELLULAR UPTAKE WAS FURTHER
ANALYZED QUANTITATIVELY BY FLOW CYTOMETRY (FIGURE 5B). THE
CELLULAR UPTAKE AMOUNT OF HA-ADH-PMX (76 KDA) WAS SIGNIFICANTLY

HIGHER THAN HA-ADH-PMX (130 KDA) FOR ALL CELL LINES, WHICH WAS A
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SAME TREND WITH THE FLUORESCENT MICROSCOPIC OBSERVATIONS. THE
HIGHER UPTAKE OF HA-ADH-PMX (76 KDA) IS PRESUMABLY DUE TO ITS less

polymer entanglement or low molecular size (Table 1).

(A) HA-ADH-PMX  HA-ADH-PMX
(76 kDa) (130 kDa)
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FIGURE 5. CELLULAR UPTAKE OF RHODAMINE LABELED HA-ADH-PMX IN
DIFFERENT CELL LINES AS DETECTED THROUGH (A) FLUORESCENT
MICROSCOPY AND (B) FLOW CYTOMETRY AFTER 6 H OF INCUBATION. SCALE
BAR = 100 uM. STATISTICAL SIGNIFICANCE IS DETERMINED AT P < 0.0001%%%5*

BY STUDENT’S T-TEST. (N=3)
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3.4. PRESERVATION BUT DECREASE OF ANTI-TUMOR ACTIVITY OF
HA-ADH-PMXS COMPARED TO NATIVE PMX IN DIFFERENT MPM CELL LINES

CYTOTOXICITY OF HA-ADH-PMX WAS EVALUATED VIA WST-8 ASSAY
USING MPM CELL LINES (MSTO-211H AND AB22) AND A MESOTHELIAL CELL
LINE (MET-5A). FIGURE 6 SHOWS THE CELL VIABILITIES PLOTTED AS A
FUNCTION OF PMX CONCENTRATION 48 H AFTER THE TREATMENT WITH PMX
AND HA-ADH-PMXS. BOTH MOLECULAR WEIGHT OF HA-ADH-PMXS SHOWED
DOSE DEPENDENT CYTOTOXICITY IN ALL CELL LINES. CYTOTOXIC EFFECT
WAS NATIVE PMX > HA-ADH-PMX (130 KDA) > HA-ADH-PMX (76 KDA).
THESE RESULTS SUGGESTED THAT CELL CYTOTOXICITY WAS DEPENDENT ON
THE MOLECULAR WEIGHT OF HA-ADH-PMX. IN ADDITION, COMPARED WITH
NATIVE PMX, THE CYTOTOXIC EFFECTS OF HA-ADH-PMX SIGNIFICANTLY
DECREASED.

TO CLARIFY THE KINETICS OF THE CYTOTOXIC EFFECT OF HA-ADH-PMXSs,
WE ALSO EXAMINED THE CELL VIABILITY AS A FUNCTION OF EXPOSURE TIME
OF PMX AND HA-ADH-PMXs IN MSTO-211H AND AB22 CELLS (FIGURE 7).
AFTER 1, 3, 6, 10 H OF PMX EXPOSURE, THE CELLS WERE WASHED WITH PBS,
FOLLOWED BY THE ADDITION OF FRESH CULTURE MEDIA. THE CELLS WERE
INCUBATED FOR ANOTHER 24 H AND THE CELL VIABILITY WAS EVALUATED
VIA WST-8 ASSAY. WE USED 10 uG/ML OF PMX, WHICH SHOWED HIGH
CYTOTOXICITY FOR ALL REAGENTS AFTER 48H IN FIGURE 6, SO THAT WE
COULD FOCUS ON THE TIME DEPENDENCY OF CYTOTOXICITY. CELL VIABILITY
WAS DECREASED DEPENDING ON THE EXPOSURE TIME OF PMX AND
HA-ADH-PMX. NATIVE PMX SHOWED HIGH CYTOTOXICITY WITH SHORTEST
EXPOSURE TIME AMONG THESE REAGENTS. HA-ADH-PMX (130 KDA) SHOWED

LOWER TOXICITY THAN NATIVE PMX WHEN EXPOSURE TIME WAS
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INSUFFICIENT, THEN REACHED AT THE SAME LEVEL WITHIN 6 H.
FURTHERMORE, HA-ADH-PMX (76 KDA) DID NOT SHOW ANY TOXICITY
WITHIN 10 H OF EXPOSURE, ALTHOUGH IT REACHES TO SAME LEVEL AFTER
48H AS SHOWN IN FIGURE 6. THESE DELAYS FOR THE CYTOTOXIC ACTIVITY
OF HA-ADH-PMX WOULD BE EXPLAINED BY THEIR INTERNALIZATION VIA
ENDOCYTOSIS, WHICH GENERALLY TAKES LONGER TIME COMPARED WITH
THE UPTAKE OF SMALL MOLECULAR DRUGS VIA TRANSPORTERS (WIBOWO, ET

AL., 2013; ZHAO, ET AL., 2014).
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FIGURE 6. CELL VIABILITY OF (A) MSTO-211H, (B) AB22 AND (C) MET-5A

INCUBATED WITH HA-ADH-PMX POLYMERS OR FREE PMX FOR 48 H. (N = 3)
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FIGURE 7. CELL VIABILITY OF (A) MSTO-211H AND (B) AB22 TREATED WITH
HA-ADH-PMX POLYMERS OR FREE PMX AT DIFFERENT INCUBATION TIME.
CELL VIABILITY WAS MEASURED 24H AFTER THE START OF THE TREATMENT.

PMX CONCENTRATION WAS 10 uG/ML. (N = 4)

3.5. EVALUATION OF ANTITUMOR ACTIVITY IN MOUSE MODELS OF
MALIGNANT PLEURAL MESOTHELIOMA (MPM)

The antitumor effect of HA-ADH-PMX was evaluated against MPM mouse model
using AB22 cells. Seven days after AB22 cells inoculation in pleural cavity, PMX and

HA-ADH-PMXs were injected intrapleurally. The survival time of mice were
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recorded until all mice died. Median survival times were 39, 40, 50 and 52 days in
HA-ADH-PMX (130 kDa), control without material injections, HA-ADH-PMX (76
kDa), and native PMX group, respectively. The weight changes of mice were shown
in Table S1 in supplementary information. Survival time of HA-ADH-PMX (130
kDa) group was comparable with that of control. On the other hand, despite of the
lower in vitro cytotoxicity than HA-ADH-PMX (130 kDa), the average survival time
of HA-ADH-PMX (76 kDa) group was longer than control, and almost the same with
that of native PMX group, although there was no significant difference.

In the clinical standard regimen, PMX is first administered intravenously at 500
mg/m?, followed by the intravenous administration of cisplatin at 75 mg/m? on day 1
of each 21-day cycle. Following this clinical standard protocol, many researches
administered 10 mg/kg of PMX, either intravenously or intrapleurally, once every 3
days for 2-6 times in animal experiments (ANDO, ET AL., 2015; ELDIN, ET AL.,
2016; Lu, ET AL., 2016). On the other hand, in this research, we administered 60
mg/kg of PMX in a single shot, assuming endoscopic administration of materials into
pleural cavity due to the several advantages of intrapleural chemotherapy (HAAS AND
STERMAN, 2012). Furthermore, it was expected that HA-ADH-PMX could retain in
pleural cavity because of its high viscoelasticity. Although our results showed no
significant difference among all groups, there is a possibility that therapeutic effect of
HA-ADH-PMX will be increased by multiple administrations in the same way as

previous researches.
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FIGURE 8. SURVIVAL CURVES OF MPM MODEL MICE TREATED WITH
HA-ADH-PMX OR FREE PMX. RESULT OF MPM MODEL MICE WITHOUT ANY
TREATMENT IS ALSO SHOWN AS CONTROL. ARROW INDICATES A TIME POINT
WHERE PMX WAS INJECTED. MICE WERE TREATED AS FOLLOWS: UNTREATED
(N =4); PMX (N = 4); HA-ADH-PMX 76 KDA (N = 6); HA-ADH-PMX 130 KDA

(N =5).

3.6. RELATIONSHIP BETWEEN ANTI-TUMOR EFFECTS AND MOLECULAR
WEIGHT OF HA-ADH-PMXSs

IN THIS STUDY, PMX-CONJUGATED HAS OF DIFFERENT MOLECULAR
WEIGHT WERE SYNTHESIZED FOR THE FIRST TIME. OUR RESULTS REVEALED
THAT HA-ADH-PMX SHOWED INTERESTING MOLECULAR WEIGHT-DEPENDENT
ACTIVITIES. WHILE HA-ADH-PMX (130 kDa) had higher cytotoxicity than
HA-ADH-PMX (76 kDa) in vitro (Figures 6-7), the in vivo antitumor effect of
HA-ADH-PMX (76 kDa) was higher than that of HA-ADH-PMX (130 kDa) (Figure
8). This different tendency between in vitro and in vivo would be explained by the
combined effect of the transport kinetics and enzyme inhibitory activity. Whereas
HA-ADH-PMX (76 kDa) showed higher cellular uptake (Figure 5), inhibitory activity

against FOLATE METABOLIC enzymes was higher in HA-ADH-PMX (130 kDa)
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(Figure 4). We consider that since the difference in the enzyme inhibitory activity was
more dominant, HA-ADH-PMX (130 kDa) showed higher cytotoxicity in vitro. On
the other hand, in the case of in vivo, transport kinetics of HA-ADH-PMX would be
involved. For example, MPM MODEL OF AB22 CELLS PRODUCES HIGHLY
VISCOUS PLEURAL EFFUSION CONTAINING BLOOD IN THE PLEURAL CAVITY
(FIGURE S4), WHICH WOULD PREVENT THE PENETRATION OF HA-ADH-PMX
(130 kDa).

IT HAS BEEN KNOWN THAT MOLECULAR WEIGHT OF POLYMER-DRUG
CONJUGATES AFFECTS THEIR THERAPEUTIC EFFECT. IN THE CASE OF
ANTIFOLATES, CONJUGATION OF MTX TO PEG (750 DA-40 KDA) (RIEBESEEL,
ET AL., 2002) OR DEXTRAN (10 KDA-500 KDA) (NEVOZHAY, ET AL., 2006) WITH
VARIOUS MOLECULAR WEIGHT HAVE BEEN REPORTED. [N VITRO
CYTOTOXICITY OF BOTH MTX-POLYMER CONJUGATES WAS LOWER THAN
NATIVE MTX AND DECREASED WITH INCREASING MOLECULAR WEIGHT. ON
THE OTHER HAND, BOTH CONJUGATES SHOWED SIGNIFICANT [N VIVO
THERAPEUTIC EFFECT EVEN WITH HIGH MOLECULAR WEIGHT, WHICH WOULD
BE DUE TO PROLONGED RESIDENCE TIME. THESE INCONSISTENCIES BETWEEN
IN VITRO AND IN VIVORESULTS WAS SIMILAR WITH OUR CASE.

NOTE THAT AN INTERESTING DIFFERENCE BETWEEN OUR RESULTS AND
THESE PREVIOUS RESEARCHES (RIEBESEEL, ET AL., 2002; NEVOZHAY, ET AL.,
2006) IS THAT HIGHER MOLECULAR WEIGHT OF HA-ADH-PMX SHOWED
HIGHER ENZYME INHIBITORY ACTIVITY AND /N VITRO CYTOTOXICITY. A
POSSIBLE REASON IS THE DENSITY OF PMX CONJUGATED TO HA. THE
DENSITY OF PMX IN THE CONJUGATE WAS ESTIMATED TO BE 4.3x103 NMm™3
FOR HA-ADH-PMX (76 kDa) and 2.1x10* ~nm? for HA-ADH-PMX (130 kDa)

using the characterization results in Table 1, ASSUMING THAT EACH
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HA-ADH-PMX SHOWS SPHERICAL CONFORMATION WITHOUT ASSOCIATION
WITH OTHER POLYMERS. The lower PMX density in HA-ADH-PMX (130 kDa)
might enhance its interaction with enzymes due to its lower steric hinderance. WE
EVALUATED THE POTENTIAL OF HA-ADH-PMX FOR THE TREATMENT OF MPM
IN TERMS OF MOLECULAR WEIGHT OF HA-ADH-PMX, THE FURTHER
DETAILED RESEARCH ABOUT OTHER FACTORS SUCH AS MODIFICATION
DEGREE WITH PMX IN NECESSARY. FURTHERMORE, THERAPEUTIC TARGET OF
HA-ADH-PMX IS NOT LIMITED TO MPM, AND THUS IS ALSO EXPECTED TO BE
APPLIED FOR NON-SMALL CELL LUNG CANCER, TO WHICH THE TREATMENT

WITH PMX IS APPROVED.

4. CONCLUSION

We developed different molecular weight of HA-based PMX conjugates and
evaluate their therapeutic activity for MPM. HA-ADH-PMXs retained TS and DHFR
inhibitory activities even after conjugation. In particular, its TS inhibitory activity was
as high as that of native PMX, and HA-ADH-PMXs were internalization into MPM
cells via endocytosis. Although single administration of HA-ADH-PMXs did not
show the therapeutic effect as well as free PMX in mice MPM model, dependency of
in vitro cytotoxicity of HA-ADH-PMXs on their molecular weight showed that their
anti-cancer function appeared on the balance between endocytosis and enzyme
inhabitation effect, suggesting that molecular weight of HA and modification degree
with PMX of HA-ADH-PMX sensitively change the cytotoxicity of HA-ADH-PMXs

in vitro and in vivo.
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