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Abstract

Our previous studies have demonstrated that a generation 5 dendrimer (G5) conjugated with both
folic acid (FA) and methotrexate (MTX) has a higher chemotherapeutic index than MTX alone.
Despite this, batch-to-batch inconsistencies in the number of FA and MTX molecules linked to
each dendrimer led to conjugate batches with varying biological activity, especially when scaleup
synthesis was attempted. Since the MTX is conjugated through an ester linkage, there were
concerns that biological inconsistency could also result from serum esterase activity and
differential bioavailability of the targeted conjugate. In order to resolve these problems, we
undertook a novel approach to synthesize a polyvalent G5—-MT X, conjugate through click
chemistry, attaching the MTX to the dendrimer through an esterase-stable amide linkage. Surface
plasmon resonance binding studies show that a G5-MTX; conjugate synthesized in this manner
binds to the FA receptor (FR) through polyvalent interaction showing 4300-fold higher affinity
than free MTX. The conjugate inhibits dihydrofolate reductase, and induces cytotoxicity in FR-
expressing KB cells through FR-specific cellular internalization. Thus, the polyvalent MTX on the
dendrimer serves the dual role as a targeting molecule as well as a chemotherapeutic drug. The
newly synthesized G5-MT X, conjugate may serve as a FR-targeted chemotherapeutic with
potential for cancer therapy.
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INTRODUCTION

Nanoparticle-based targeted drug delivery carries several advantages over conventional
chemotherapy, including specificity, solubility, increased retention time, and enhanced
target drug concentration.1-3 Despite the recent explosion in the production of cancer
nanotherapeutics, the application of most of these approaches in clinical studies has suffered
significant setbacks.* One of the reasons for this is the difficulty in producing consistent,
large-scale batches of homogeneous multifunctional molecules (e.g., with a targeting
molecule and a drug), a problem that is exacerbated when multiple functionalities (e.g., a
targeting molecule and a drug) are conjugated onto the surface of the nanoparticle.®
Therefore, further improvements in the design and synthesis of nanotherapeutics is crucial
for synthesizing clinically viable multifunctional drug conjugates. One of the ways this can
be achieved is by designing nanoparticles with a single molecule serving dual functions
(e.g., that serves both as a receptor targeting molecule and a chemotherapeutic drug).

Dendrimers are nanoscale macromolecules extensively used for targeted drug delivery
owing to their biocompatibility and the presence of large numbers of peripheral functional
groups that allow polyvalent conjugation of multiple molecules.®2 Dendrimers have been
extensively utilized for delivering drugs and imaging agents.%-18 We initially utilized folic
acid (FA) as a ligand for synthesizing generation 5 (G5) dendrimer conjugates to target cells
exhibiting folate receptor (FR) overexpression in several tumor types, for the delivery of
chemotherapeutic drugs such as the antifolate methotrexate (MTX).12 Importantly, our prior
studies have shown that FR cell targeting of a “G5-FA,—~MTX,,” conjugate resulted in
improved chemotherapeutic index as compared to free MTX.20-23 |n order to synthesize the
G5-FA,—-MTX,, we employed a complex, multistep, sequential synthesis that included the
partial acetylation of the surface amino groups, coupling of FA through amide linkages,
glycidolation of remaining free amino groups, and finally conjugation of the MTX through
ester linkages.2! This complex process allowed the synthesis of reproducible small-scale
(milligram to gram scale) batches of material that showed consistent in vitro and in vivo
efficacy. However, when we attempted to synthesize the kilogram-scale batches necessary
for clinical trial studies, we found that the final product was chemically and biologically
inconsistent. Our analyses have shown that a major limitation in these molecules is varying
numbers of FA and MTX on the dendrimer.>-24 This observation is supported by our studies
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suggesting that less than 5% of the synthesized G5-FA,~MT X5 contained the desired
number of 4 FA and 5 MTX.>

We sought to resolve these consistency limitations in FR-targeted MTX dendrimer
conjugates by two different strategies: first, we simplified the synthesis by using MTX itself
to target the FR (although at a ~20- to 100-fold lower affinity compared to FA),25 by
exponentially increasing binding avidity through polyvalent interactions from the dendrimer
conjugated MTX molecules.26-28 Second, the MTX was conjugated through a serum-stable
amide linker, and via copper-free click chemistry. In addition, unlike shorter amide
linkers,22:29 we hypothesized that a long cyclooctyne-incorporated tether would facilitate
binding to the DHFR, thereby enhancing MTX cytotoxicity. The objective of the study was
to demonstrate the biological activity of a polyvalent G5—-MT X, nanoparticle in which the
MTX serves as both a targeting agent and a chemotherapeutic drug.

Recently we reported the ability to synthesize a G5-MTX,, conjugate through copper-free
click chemistry using a cyclooctyne-based linker.3% We show by surface plasmon resonance
(SPR) spectroscopy that the avidity of a synthesized G5-MTX;, conjugate to the surface-
immobilized folate binding protein is increased >4000-fold over free MTX. This unique
MTX conjugate also binds to FR-expressing KB cells in a receptor-specific manner, inhibits
DHFR activity, and induces cell cytotoxicity.

MATERIALS AND METHODS

Materials

All solvents and chemicals were of reagent grade quality, purchased from Sigma-Aldrich
(St. Louis, MO), and used without further purification unless otherwise noted. The G5-
PAMAM dendrimer (G5-NH,) was prepared at the Michigan Nanotechnology Institute for
Medicine and Biological Sciences, University of Michigan, under a GMP-controlled
environment. Dulbecco’s phosphate-buffered saline (PBS) and other cell culture reagents
were obtained from Gibco/BRL (Gaithersburg, MD). N3-5-TAMRA (N3-5T; excitation/
emission wavelength = 540 nm/575 nm) was purchased from Click Chemistry Tools, LLC.,
(Macon, GA). KB, a subline of the cervical carcinoma HelLa cells, and B16-F10, a
melanoma cell line, were obtained from ATCC (Manassas, VA).

Synthesis of G5—MTX,, and G5-5T,—MTX

The G5-MTX,, conjugates (n = 5, 10, or 17) were synthesized as described previously.30 In
order to track the cellular uptake of the G5-MTX,,, we also synthesized additional
bifunctional conjugates onto which the fluorescent dye 5T was also linked through click
chemistry (G5-5T,—MTX,,). The G5-cyclooctynesg (1, Scheme 1) was prepared as reported
earlier by using 20 equiv of a cyclooctyne derivative3! in the presence of PyBop.3 1H NMR
analysis of the product showed the presence of 20 cyclooctyne molecules per dendrimer.

Compound 1 underwent click chemistry reactions with y-azido MTX at 5, 10, or 18 equiv to
obtain G5-MTXs, G5-MT X3, and G5-MTX1730. 1 (7.6 mg in 200 L of methanol for each
reaction) was also incubated with either 3 equiv of N3-5T or 10 equiv of y-azido MTX to
produce G5-5T3 2 (6.8 mg; 86.6% yield) and G5-MTX; 3, (7.2 mg; 84.3%) respectively.
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For these click reactions, a DMSO stock solution of the N3-5T or y»-N3-MTX was added to
the methanol solution of 1 and the reaction mixtures were stirred at room temperature under
argon overnight. To synthesize G5-5T3—-MTXj 4 (6.8 mg; 85.5%), following the overnight
reaction of 1 (6.8 mg in 180 pL of methanol) with the 3 equiv of N3-5T, additional overnight
incubation was performed with 10 equiv of the y-azido MTX. All of the final products were
fully neutralized by acetylation (average total of 92 groups per dendrimer) prior to the click
conjugation as described.3 The final products obtained were dried under vacuum to remove
the methanol, and the residue (~100 pL) was redissolved in ~3 mL of PBS buffer (pH =7.4)
and filtered through an Amicon centrifugal filter (10K cutoff; centrifuged at 4,200 rpm for
25 min at 13 °C) to remove the residual DMSO. With the high efficiency of the copper-free
click chemistry, no detectable amount of unreacted G5-cyclooctyne was present in the final
products, which was confirmed by HPLC analysis and monitoring the eluent peaks at 210
nm (data not shown). The retentate was then subjected to similar centrifugal washes two
more times with PBS, followed by six times with DI water. The final retentate was dissolved
in water, transferred into glass vials, and lyophilized.

All of the conjugates and their intermediate reaction products were analyzed by MALDI-
TOF and 1H NMR. The number of 5T and MTX attached onto the dendrimer was obtained
from the IH NMR analysis by integration of the methyl protons of the terminal acetyl
groups to the aromatic protons in the 5T structure, or to the proton of the aromatic pteridine
ring on the MTX, respectively (Figure S1 in the Supporting Information). The average
molecular weights of the conjugates were derived from the peak value of the MALDI-TOF
analysis.

Ultrahigh Performance Liquid Chromatography (UPLC) Analysis

UPLC was performed using a Waters Acquity Peptide Mapping System and the method
established in our laboratory as described elsewhere.28 A 3 pL aliquot of each of the
conjugates (1 mg/mL stocks) was autoinjected onto the column, and the flow rate was
maintained at 0.208 mL/min. The UPLC profiles of the synthesized conjugates G5-5T3,
G5-MTX1g, and G5-5T3—MT X are shown in Figure S2 in the Supporting Information.

Surface Plasmon Resonance (SPR) Spectroscopy

The SPR experiments were performed in a Biacore X instrument (Pharmacia Biosensor AB,
Uppsala, Sweden) essentially according to the method described elsewhere.28:32 Folate
binding protein (FBP, bovine milk; Sigma) was immobilized to a CM5 sensor chip
following a standard amide coupling protocol.26:33 The immobilization process of FBP on
the chip resulted in an 11000 response unit (RU) equivalent to 11 ng/mm? of the FBP. SPR
studies for the kinetics of FBP binding were carried out by injection of the ligand or
dendrimer solutions, each prepared in HBS-EP buffer, at a flow rate of 20 uL/min (FA,
MTX) or 10 pL/min. (G5-MTX,, conjugates). The analysis of binding kinetics was
performed as reported earlier.28:32.33 Kinetic binding parameters, the rate of association
(kon), and the rate of dissociation (ko) were determined by fitting each binding curve
separately, using nonlinear regression analysis as described.3* The dissociation constant (Kp
= Koflkon) determined for each dendrimer conjugate refers to a mean value obtained from
multiple independent measurements (n = 7-8) per conjugate.
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Dihydrofolate Reductase (DHFR) Assay

Cell Culture

The DHFR assay was carried out using a kit from Sigma and performed according to the
manufacturer’s protocol. Briefly, recombinant human DHFR (1.1 ug/mL) was diluted in an
assay buffer and added to a mixture of 60 UM NADPH and 50 uM DHF and different
concentrations of the conjugate in a UV-compatible 96-well plate. The reaction was initiated
by adding the enzyme, and the kinetics of the NADPH conversion to NADP was monitored
spectrophotometrically at 340 nm for 5 min. The enzyme velocity was calculated from the
slope of the linear portion of the time-kinetics data.

The KB cells were grown as a monolayer cell culture in folate-deficient RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS). The 10% FBS provided a folate
concentration equivalent to that which is present in the human serum (~20 nM). The FR-
negative B16-F10 cells were cultured in DMEM medium under similar conditions. All of
the cells were maintained at 37 °C and 5% CO> in the presence of 100 U/mL penicillin and
100 mg/mL of streptomycin.

Flow Cytometry Analysis

The cellular binding of G5-5T3-MTX1g was determined by flow cytometry analysis as
previously described.18 Cells were plated in 24-well plates at a density of 3 x 10° cells/plate
in FA-free RPMI containing 10% FBS. Two days later, the cells were changed to be in FA-
free RPMI (in the absence of serum), and treated with different concentrations of the
conjugates at 37 °C. The cells were rinsed with PBS containing BSA (0.1%) to remove
unbound material, and the fluorescence was determined using an Accuri flow cytometer (BD
Accuri Cytometers, Ann Arbor, MI). The data were analyzed using Accuri software, with
the mean FL2-fluorescence of 10,000 cells determined on a population gated for viable cells.

Confocal Microscopic Analysis

Cells were seeded at a density of 5 x 10 cells/plate on glass-bottomed culture dishes
(Mattek, Ashland, MA) two days prior to the experiment. Cells were incubated with G5-
5T3~MTXjq in cell culture medium, rinsed with PBS, fixed with paraformaldehyde, and
mounted using solution containing the nuclear stain 4,6’-diamidino-2-phenylindole (DAPI).
Fluorescent signals were sequentially scanned on an Olympus Fluoview 500 confocal
system with an Olympus 1X-71 microscope and a 60x water objective to maximize signal
separation. The DAPI and 5-T were excited with a 405 nm diode and 543 nm HeNe green
lasers, respectively. The signals were measured sequentially through 430-460 (for DAPI),
and 560 nm long pass (for 5-TAMRA) filters. The z-series were taken through
representative samples at steps of 0.225 pm with Kalman averaging of the two frames.

XTT Cytotoxicity Assay

Cells were seeded in 96-well microtiter plates (3000 cells/well) in medium containing
dialyzed serum. Two days after plating, the cells were treated with the dendrimer conjugates
in the tissue culture medium for the indicated time periods. A colorimetric “XTT” (sodium
3-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis(4-methoxy-6-nitro) benzene sulfonic acid
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hydrate) assay (Roche Molecular Biochemicals, Indianapolis, IN) was performed, following
the vendor’s protocol. After incubation with the XTT labeling mixture, the microtiter plates
were read on an ELISA reader (Synergy HT, BioTek) at 492 nm, with the reference
wavelength at 690 nm.22

RESULTS

For cellular uptake studies we synthesized a polyvalent G5 PAMAM-conjugate of 10
molecules of the drug MTX and 3 molecules of the sensing dye 5T per dendrimer (G5-5T3—
MTXyp). For cytotoxicity studies we also synthesized G5-MTX,, (n =5, 10, and 17)
conjugates that lacked the dye molecule, as previously described.3? The number of specific
conjugated molecules per dendrimer was derived from 1H NMR analysis (Figure S1 in the
Supporting Information). The purity of the conjugates was tested by UPLC analysis, and
was shown to have less than 1% of free ligands (Figure S2 in the Supporting Information).

SPR-based dose-dependent binding curves for dendrimer—MTX conjugates (G5-MTX; n =
0, 5 and 10) to the FBP surface are shown in Figure 1. A negative control (G5-Linker,
without any MTX on it) did not show any significant binding to the FBP surface (Figure
1C). In contrast, the SPR sensorgram for either the G5—-MT X5 (Figure 1A) or the G5—
MTXy (Figure 1B) shows the concentration-dependent binding Kinetics. To determine the
dissociation constants (Kp) for G5—-MTX,, on a quantitative basis, we utilized a nonlinear
regression method that uses SPR data to estimate the kinetic rate constants (kon, Koff),3* as a
result, the steady state dissociation constants (Kp) are summarized in Table 1. These results
provide a measure of the relative binding strength of the G5-MTX,, to FBP.

The SPR sensorgram for each G5—-MTX,, conjugate also shows markedly by slow
dissociation, a hallmark for multivalent tight binding.26:3536 This dissociation constant is
also in agreement with that of G5-FAg 2, a multivalent dendrimer comparator presenting the
FA ligand.26 Each dissociation curve for G5-MTX,, (n = 5, 10) per concentration suggests
that the dendrimer conjugate dissociates apparently in multiple phases, initially at a rapid off
rate, and subsequently at slower off rates. For example, G5—-MTXs, upon injection at 5.0
UM, shows up to 62% of fractional desorption (RUg/RU,), and G5—-MTXj, under the
identical condition, shows 39% of fractional desorption at the end of data collection when its
dissociation appears to be still incomplete.

The ability of the G5-MTXg to inhibit DHFR activity was evaluated using recombinant
human DHFR. As shown in Figure 2, G5-MT X4 inhibited DHFR activity in a dose-
dependent fashion. The cellular uptake of fluorescently labeled G5-5T3-MTX;, conjugate
was examined in FR-expressing KB cells by flow cytometry analysis. Duringa 4 h
incubation, the conjugate bound to the KB cells in a dose-dependent fashion, and the
binding was completely blocked by preincubation with excess free FA (Figure 3). Similar
binding curves, although with higher fluorescence intensities, were obtained when
incubations were performed for a time period of 20 h (Figure S3 in the Supporting
Information). In contrast, under identical conditions, no significant binding was observed in
the FR-negative B16-F10 cells. A fifty percent maximum saturation level was reached at
around 30 nM, which is similar to that which was obtained previously for the binding of
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fluorescently labeled G5—FA conjugates.19:22:37 The control conjugate G5-5T failed to
show any significant binding at 30 nM (Figure S3 in the Supporting Information, inset).
Confocal microscopy analysis (Figure 4) showed cellular internalization and the presence of
the G5-5T3—-MTX; conjugate in the cytosolic compartment. A z-series analysis of confocal
microscopic fluorescence of single cells confirmed the intracellular localization of the
conjugate (data not shown). The confocal microscopic study also confirmed the prevention
of binding and internalization in KB cells by free excess FA, as well as the absence of any
cellular uptake of the G5-5T3—MTXjq in the B16-F10 cells (Figure 4).

The synthesized G5-MT X, conjugates induced cytotoxicity in a dose-dependent manner,
whether the concentrations were based on conjugate (Figure 5) or MTX molar
concentrations (Figure S4 in the Supporting Information). The G5—-MT X5 conjugate was
comparatively less cytotoxic than the other two G5 conjugates with higher numbers of
MTX. The G5-MT X317 was not completely aqueous soluble and showed similar cytotoxicity
as the G5-MT X . Additional studies were conducted with the soluble G5—-MT X1
conjugate to explore the specificity and efficacy of the conjugate. Although G5-MTX1g was
cytotoxic in the FR-positive KB cells with maximal inhibition at 30-100 nM, the conjugate
failed to show any cytotoxicity at concentrations up to 1000 nM in the FR-negative B16-F10
cells, whereas free MTX induced dose-dependent cytotoxicity in both cell lines (Figure 6).
In KB cells, the G5—-MTX; (IC5¢ ~ 30 nM) was relatively more cytotoxic as compared to a
control conjugate G5—FAs—MTX720:22 (ICso ~ 60 nM:; Figure 6, panel A). The G5-MTX1g
showed similar cytotoxicity to a recently synthesized G5-FA3—MT X3 conjugate that used a
triazine-based linker.32 The time-dependent cytotoxicity of the G5—MTX;o was then
determined in the KB cells by incubating the KB cells with the conjugates for different time
intervals, followed by incubation in conjugate-free medium for up to 48 h. As shown in
Figure S5 in the Supporting Information, the G5-MT X1 was cytotoxic at both 1 and 4 h. In
contrast, although free MTX was cytotoxic when incubated for 4 h or more, it failed to show
significant cytotoxicity during a 1 h incubation period.

DISCUSSION

The recent finding that an alkyne/azide 1,3-dipolar cycloaddition reaction is well suited for
bioconjugations3! prompted us to adapt this approach to synthesize the cyclooctyne-based
dendrimer—-MTX conjugate. This synthesis has several advantages. First, the copper-free
click reaction does not need any coupling reagent and catalyst, making the desired product
easier to purify and avoiding Cu, which is known to induce biotoxicity. Second, the reaction
is very efficient and specific. Third, this method allows different types of azido-modified
molecules (e.g., a drug, an imaging agent, etc.) to be conjugated onto the same dendrimer
platform. Fourth, the long tether of the cyclooctyne moiety provides greater length and
flexibility which may facilitate binding to its targets, the FR and DHFR. Fifth, the amide
coupling of MTX to the dendrimer provides stability against hydrolysis by serum esterases.
Our studies show that G5—-MTX,, conjugates thus synthesized bind to FR through polyvalent
interaction, inhibit DHFR, and induce cytotoxicity through FR-specific cellular
internalization.
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SPR spectroscopy is a well-established technique for studying the binding kinetics of
analytes to biological surfaces on a real-time basis. It has been applied for multivalent
ligand-receptor interactions, including FA-conjugated G5 PAMAM dendrimers,28:35.36,38,39
The SPR binding data presented in Figure 1 and Table 1 clearly demonstrates the efficacy of
the polyvalent interaction of the G5—-MTX, to FR. As an illustration, the dissociation
constant estimated for G5-MTXs (Kp = 28 nM) suggests that its binding avidity is enhanced

by a factor of 857 (multivalent binding enhancement = 5= K]’)”"””/KI’)”“”’?), relative to a free
MTX molecule (Kp = 24 pM, sensogram not shown). The Kp value of the higher-valent
conjugate G5—-MT X1 shows much higher avidity (Kp = 5.5 nM), with the £ value of 4360.
Of these two conjugates, G5—-MT X4 shows greater avidity, which is attributed primarily to
its slower off rate (koff). This observation is fully consistent with the hypothesis that
complete dissociation by a multivalent ligand occurs very slowly because the multiple MTX
coupled to a single dendrimer have to dissociate simultaneously from multiple receptor
sites.35:36:40 |n summary, the SPR study demonstrated that as compared to free MTX a
dendrimer-based multivalent MTX conjugate binds much more tightly to multiple FR on the
surface. It also suggests that FR-overexpressing cancer cells can be targeted using a
multivalent MTX-based nanoparticle.

The DHFR inhibition study shows that the conjugate inhibits DHFR in a dose-dependent
fashion; however, the conjugate was comparatively less cytotoxic than free MTX at
concentrations above 30 nM. This could suggest a lower affinity for DHFR of MTX
conjugated to the dendrimer, even if it is assumed that only one MTX molecule on each
dendrimer can bind to a DHFR molecule. Despite an apparent 2-fold lower 1Cgq value of the
conjugate vs free MTX, by taking into consideration the known 103- to 104-fold higher
affinity of the enzyme for MTX vs FA,*! it is anticipated that the conjugate would induce
significant cytotoxicity. Although the MTX cytotoxicity is also a consequence of its action
on other enzymes in the folate metabolic pathway, such as the thymidine synthase, these
results show the ability of the intact conjugate to inhibit the DHFR, the interaction most
crucial for inducing cytotoxicity.

The cellular uptake studies demonstrate that the G5-5T3—MTX1g conjugate is taken up into
cells in a receptor-specific fashion, based on the observations that the conjugate bound to the
FR-expressing KB cells in a receptor-saturable fashion, and the binding was reversed by
preincubation with excess free FA. As further evidence supporting the FR-specific cell
targeting, the conjugate failed to bind in the FR-negative B16-F10 cells, and the control G5—
5T3 dendrimer failed to bind to the FR-expressing cells.

All G5-MTX,, conjugates were cytotoxic in the FR-expressing KB cells. Fifty percent
growth inhibition of the G5—MT X1 occurred at ~30 nM, which was also the 1Csq value for
uptake. Polyglutamation of the MTX at its y~carboxylic acid is known to prevent transport
of MTX across the membrane by the reduced folate carrier.42 Similarly, it is possible that
the dendrimer conjugated to MTX through its y-carboxyl group is not taken up via the RFC.
The lack of role of RFC in the conjugate uptake is further demonstrated by the observation
that G5—-MT X, conjugate is neither taken up nor cytotoxic in the B16-F10 cells (Figures 4,
6), whereas free MTX at 100-fold lower equivalent concentration is cytotoxic, obviously
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due to its cellular entry via the RFC. Therefore, we believe that in these experiments all
internalization of G5-MTX,, may predominantly be FR-mediated. Therefore, this suggests
that the increased cytotoxicity of the G5—MT X over the G5-MT X5 is likely a reflection of
the higher avidity of the former for the FR, as predicted by our SPR study. As the G5-
MTX,7 was not completely aqueous soluble, the lack of a further increase in the cytotoxicity
potency over the G5—-MT X could be due to a decreased availability of the soluble form.
The G5-MT X1 conjugate showed relatively higher cytotoxicity as compared to a FA-
targeted “G5-FAs—MTX7” conjugate that we had synthesized previously.2%22 Although the
reason for this is not evident, it is possible that under the FA-free conditions used in the
cytotoxicity assay, the FA present in the G5-FAs—MT X7 may reverse the cell growth-
inhibition by MTX. This hypothesis is supported by our previous observation that a “G5-
FA3” conjugate acts as a cell growth-promoting agent under these conditions.32 It should be
noted that the MTX linked to the azide linker showed relatively lower cytotoxicity vs free
MTX. The reason for this is not known, and further studies are required to discern if this is
due to a decreased uptake or to reduced inhibition of folate metabolism.

The FR-specific uptake of the G5—MT X1 was clearly evident from the observation that the
conjugate was not cytotoxic in the FR-negative B16-F10 cells. In these conditions, another
FA-based comparator “G5-FA3—MTX3” conjugate in which the MTX was conjugated
through ester linkage using a triazine-based linker32 showed partial cytotoxicity in the B16-
F10 cells but only at concentrations above 300 nM (Figure 6). Such low activity is probably
due to some esterase-mediated release of free MTX occurring during the 72 h incubation in
serum-containing medium. Kaminskas et al. have investigated the cytotoxicity of
nanoparticles in which MTX was conjugated to pegylated polylysine dendrimer through a
matrix metalloproteinase-cleavable peptide linker.43 In the low FR-expressing HT1080 cell
model, the conjugates showed cytotoxicity with 1Csq values of approximately 2—-40 uM
MTX equivalents, whereas a control conjugate with the MTX conjugated through a stable
amide linker showed insignificant cytotoxicity (ICso = ~500 pM).43 Unlike these studies in
which the observed cytotoxicity of the cleavable construct was attributed to released MTX,
the current study showing potent cytotoxicity in high FR-expressing KB cells (IC5q = 300
nM MTX equivalents) is consequent to the polyvalent interaction of the stable amide-linked
conjugate through FR followed by inhibition of cytosolic enzymes by the intact conjugate,
and this mode of enzyme inhibition by the intact MTX conjugate was already discussed in
Figure 2. However, further studies are needed to confirm the intracellular stability of the
amide bond. In another recent study, Jiang et al. reported the synthesis of polyvalent G4—
MTX3g conjugate in which MTX molecules are attached directly to the fourth generation
dendrimer without having any intervening spacer.** This conjugate has been shown to be
cytotoxic in KB cells with ICsg values in the micromolar range; however, the FR-
independent uptake and cytotoxicity of this conjugate was not determined.*4

The G5-MTX; showed cytotoxicity even during a short incubation time of 1 h followed by
incubation in conjugate-free medium for 48 h, whereas the free MTX failed to show
significant cytotoxicity under these conditions (Figure S5 in the Supporting Information).
This is probably due to the tight binding, possibly in combination with the rapid uptake, of
the polyvalent conjugate through the multiple FRs, even during the short incubation period.
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This result is in contrast to the monovalent MTX, which requires a longer time to be taken
up through the FR because of its low affinity in KB cells.*> Long-term (=4 h) incubations
resulted in the increased cytotoxicity of free MTX as compared to the G5—MTX4q. This
could be due to the continuous cellular accumulation of free MTX, accomplished through its
preferred, yet low-(micromolar)-affinity RFC,%6 whereas the uptake of the G5-MTXjj,
taken up exclusively through the high-affinity FR, might slow down over time due to
receptor downregulation.*” Despite the relatively lower in vitro cytotoxicity of the G5—
MTXy0, the FR-mediated specific uptake of the G5-MT X1 makes this drug conjugate a
potentially preferred chemotherapeutic over free MTX, due to its in vivo specificity for FR-
overexpressing tumor cells. Based on our previous in vivo studies using G5-FA-MTX
conjugates, 20 it is possible that there will be some undesired uptake of the conjugate also
into FR-expressing tissues such as the kidney and liver. However, based on our SPR and
cell-based studies, we anticipate that the G5—-MTX,, will have tumoricidal potency similar to
the G5—FA-MTX, without inducing any significant organ or animal toxicity.20

In conclusion, this study shows that a polyvalent G5-MT X1 conjugate, in which MTX
serves as both a targeting ligand and a chemotherapeutic drug, binds to FBP with more than
4000-fold enhancement in avidity over free MTX. The amide-linked, intact MTX conjugate
was taken up specifically by FR-expressing cells where it inhibited DHFR and induced
cytotoxicity. Altogether these results suggest that G5—-MTX1y may serve as a potent
chemotherapeutic for FR-overexpressing tumors.1% The conjugate may also serve as a
therapeutic to target activated macrophages implicated in inflammatory diseases.1®
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Figure 1.
Representative SPR sensograms for the dose-dependent binding of G5-MT X5 (panel A) and

G5-MTX10 (panel B) to FBP immobilized onto a CM5 sensor chip, using (a) 0.63, (b) 1.3,
(c) 2.5, and (d) 5.0 uM of the conjugates. Panel C shows that “G5-Cyclooctyne Linker (G5-
MTXg)” control dendrimer that lacks any MTX failed to show any significant binding to the
FBP, up to 5 pM.
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Figure 2.
Dose-dependent inhibition of recombinant DHFR by G5-MTX4q. The inhibition of DHFR

activity by different concentrations of G5—-MT X3 or MTX was determined as described in
Materials and Methods. The data represent mean + SE of three independent experiments.
The enzyme activity is expressed as percent controls obtained in the absence of the drugs.
Also shown is the lack of enzyme inhibition by the control dendrimer G5-Cyclooctynesg,
determined under similar conditions.
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Figure 3.
Dose-dependent uptake of G5-5T3—MT X1 into FR-expressing KB cells and the reversal of

binding by free FA. Cells were treated with G5-5T3—MT X1 for 4 h and rinsed, and the
mean fluorescence of gated live cells was quantified as given in Materials and Methods.
Inset: Reversal of binding of G5-5T3-MTXj by free FA. Cells were incubated with 300
nM G5-5T3—-MTXq for four hours, with (filled) or without (shaded) preincubation with 15
UM FA for 30 min. The data represent background-subtracted mean + SE of three cell
samples treated with the conjugates, and each derived from the analysis of the mean
fluorescence of 10,000 cells.
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Figure 4.
Internalization of G5-5T3—MTX1q in KB cells. FR-positive KB cells and FR-negative B16-

F10 cells were treated with 300 nM G5-5T3-MT X4 for 20 h, and confocal microscopic
images were taken as described in Materials and Methods. KB cells were also pretreated
with 15 pM FA for 30 min and incubated for an additional 20 h with the conjugate in the
presence of the FA (bottom right panel). The data shown is representative of multiple image
analysis for each set of treatment conditions.
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Figure 5.
Cytotoxicity of G5-MTX,, conjugates in KB cells. Cells were incubated for 48 h with the

indicated conjugates, and the cytotoxicity was determined by XTT assay as given in
Materials and Methods. The data represent the mean + SE of 4 cell samples, with similar
data obtained in an independent experiment. The “Linker-MTX” refers to j-N3-MTX, the
azide-terminated MTX derivative (see Scheme 1).
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Cytotoxicity of G5—-MTX¢ in FR-positive KB cells (A) vs FR-negative B16 cells (B). Also
shown for comparison are the cytotoxicity of two control conjugates G5—-FAs—MTX5 and

G5-FA3-MTX3. Cells were incubated for 72 h with the indicated conjugates, and the
cytotoxicity was determined by XTT assay, as given in Materials and Methods.
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Scheme 1. Schematic Representation of the Synthesis of G5-5T3 (2), G5-MTX1 (3), and G5-
5T3-MTX1g (4) from G5-Cyclooctynesq (1)2

8Not shown on conjugates 2, 3, and 4 are the remaining cyclooctyne groups following the
click chemistry conjugation of the ligands.
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Table 1
Rate Constants and Equilibrium Dissociation Constants (Kp) for Binding of G5—-MTX,, (n
=0, 5, 10) to the Folate Binding Protein on the Surface Measured by SPR Spectroscopy
(G5- a b
MTXn) koo (M8 ko 57 Ko~ (M) B¢
G5-MTX, no binding
G5-M (5. 3(£L. -8
s 9 11(5‘? Hx 2 31(313 Dx 28x10° o7 71d)
G5- 12(x06)x  48(#39)x 55x10° 4360
MTX10 10° 1074 (436d)

a . . . . . L
An estimate based on the main dendrimer fraction for each conjugate that shows slower dissociation.

Each dissociation constant (KD = koff/kon) represents a mean value calculated by averaging the kinetic data obtained from the analysis of eight
individual sensorgrams acquired at four different concentrations (5.0 to 0.63 pM; each in duplicate).

lti
cﬂ= the factor of multivalent enhanced binding = ngnO/K];nu * where K;nom =24x1075M (free MTX).

d .
valency (n)-corrected S value = (4/n) where n is equal to 5 or 10.
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