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Abstract: N-(2-Hydroxypropyl)methacrylamide (HPMA) copolymer has been found to be
arthrotropic (joint-targeting) in the adjuvant-induced arthritis (AA) rat model using magnetic
resonance imaging (MRI). In this manuscript, we report the quantitative pharmacokinetics and
biodistribution (PK/BD) of '?|-labeled HPMA copolymer—dexamethasone conjugate (P—Dex)
in AA rats. Structural parameters of the prodrug such as the molecular weight (MW) and Dex
content were found to have strong impact on the PK/BD profiles of P—Dex. The increase of
MW (14,000, 24,000, and 42,000 g/mol) and Dex content (0, 151, and 313 umol/g) enhances
the arthrotropism of P—Dex. For the conjugate with highest MW and Dex content (P—H-My/
Dex), the percentage of injected doses per gram (ID/g) of ankle synovial tissue at day seventh
postadministration is 1% g, which confirms P—Dex as an arthrotropic macromolecular prodrug.
For liver and spleen, the ID/g values are 0.51 and 3.64% g~', respectively. As an antigen-
presenting organ, the sequestration of the prodrug by spleen may be explained by its abnormal
enlargement associated with the systemic inflammatory disease model. Gradual reduction of
spleen weight due to the inflammation resolution effect of P—Dex may also contribute to the
high 1D/g values. Increase of Dex content and reduction of MW would increase P—Dex distribution
to kidney. The highest ID/g value for kidney at day seventh postadministration (0.91% g~') was
found with P—L-M,, (MW = 14,000 g/mol, Dex content =288 umol/g), which may suggest kidney
tubuli reabsorption of the conjugates. The P—Dex’s distribution to heart and lung is minimum.
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Introduction

Rheumatoid arthritis (RA) is a chronic, systemic inflam-
matory disease affecting approximately 0.5%—1% of the
global adult population. It usually involves multiple joints
in a symmetrical pattern, with predominant symptoms
including pain, stiffness, and swelling of peripheral joints.
The prevalence of RA among women almost doubles that
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in men, and rises with aging. People with RA have a
significantly higher rate of mortality compared with age- and
sex-matched controls without RA of the same community. '~
The etiology of RA is unknown but seems to be multifac-
torial. The familial nature of RA has long been recognized,
suggesting that genetic risk factors are important in the
etiology of this disease. Environmental factors (e.g., smoking

(1) Gabriel, S. E. The epidemiology of rheumatoid arthritis. Rheum.
Dis. Clin. North Am. 2001, 27, 269-281.

(2) Quan, L. D.; Thiele, G. M.; Tian, J.; Wang, D. The Development
of Novel Therapies for Rheumatoid Arthritis. Expert Opin. Ther.
Pat. 2008, 18, 723-738.
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or infectious agents) are also suggested to play a role in the
etiology, though their contribution has yet to be defined.’

Historically, the treatment of RA was often viewed as a
pyramid that consists of the initial use of aspirin and other
nonsteroidal anti-inflammatory drugs (NSAIDs), followed by
the subsequent use of single disease-modifying antirheumatic
drugs (DMARDs), which may include drugs such as meth-
otrexate, leflunomide, sulfasalazine, etc. The newly emerged
biologic DMARD:s (e.g., etanercept, rituximab, certolizumab
pegol, etc.) have provided rheumatologists with additional
potent disease management tools. Glucocorticoid is the most
potent and fast acting antirheumatic drug category with
proven disease-modifying effects. Due to their notorious
systemic side effects, they are only used as a bridging therapy
between NSAIDs and DMARDs. Based on an expanded
knowledge of its pathophysiology, along with the recognition
that the functional damage to the joint occurs very early,
earlier intervention with DMARDs and short-term low dose
glucocorticoids has been recommended in recent years.*°
Many novel therapeutic interventions for RA have been
developed during the past decade with very specific molec-
ular targets. Like glucocorticoids, however, most of them
do not have specificity to the organs/tissues affected of RA,
which often lead to extra-articular adverse effects.

To address this challenge, we have developed an arthro-
tropic (joint-targeting) macromolecular dexamethasone (a
potent glucocorticoid) prodrug (P—Dex) based on N-(2-
hydroxypropyl)methacrylamide (HPMA) copolymer.”® In
these proof of concept studies, Dex was linked to HPMA
copolymer side chains via a hydrazone bond, which can be
cleaved under acidic environments, such as the acidosis
associated with arthritic joint and lysosomal compartment
of synoviocytes. A single intravenous (iv) administration of
P—Dex can lead to effective and sustained resolution of
inflammation and joint protection in an adjuvant-induced
arthritis (AA) rat model. The arthrotropism of HPMA
copolymer has been qualitatively established using magnetic
resonance imaging (MRI).® In this manuscript, a pharma-
cokinetic and biodistribution (PK/BD) study of P—Dex is
reported to quantitatively understand the arthrotropism of this

(3) Deighton, C. M.; Walker, D. J. The familial nature of rheumatoid
arthritis. Ann. Rheum. Dis. 1991, 50, 62-65.

(4) Goldbach-Mansky, R.; Lipsky, P. E. New concepts in the treatment
of rheumatoid arthritis. Ann. Rev. Med. 2003, 54, 197-216.

(5) van Vollenhoven, R. F. Treatment of rheumatoid arthritis: state
of the art 2009. Nat. Rev. Rheumatol. 2009, 5, 531-541.

(6) Kirwan, J. R. The effect of glucocorticoids on joint destruction
in rtheumatoid arthritis. The Arthritis and Rheumatism Council
Low-Dose Glucocorticoid Study Group. N. Engl. J. Med. 1995,
333, 142-146.

(7) Wang, D.; Miller, S. C.; Liu, X. M.; Anderson, B.; Wang, X. S.;
Goldring, S. R. Novel dexamethasone-HPMA copolymer conju-
gate and its potential application in treatment of rheumatoid
arthritis. Arthritis Res. Ther. 2007, 9, R2.

(8) Liu, X. M.; Quan, L. D.; Tian, J.; Alnouti, Y.; Fu, K.; Thiele,
G. M.; Wang, D. Synthesis and evaluation of a well-defined
HPMA copolymer-dexamethasone conjugate for effective treat-
ment of rheumatoid arthritis. Pharm. Res. 2008, 25, 2910-2919.
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prodrug and the impacts of different structural factors on its
PK/BD profiles.

Experimental Section

Materials. N-(2-Hydroxypropyl)methacrylamide (HP-
MA),'® N-methacryloylglycylglycylhydrazinyl dexametha-
sone (MA-Dex),® N-methacryloylaminopropyl fluorescein
thiourea (MA-FITC),'! N-methacryloyl tyrosinamide (MA-
Tyr-NH,),'? §,5"-bis(a,0-dimethyl-o”-acetic acid)-trithio-
carbonate (CTA, purity >97%)"? and N,N-dioctadecyl-N’,N'-
bis(2-hydroxyethyl)-1,3-propanediamine (LA)'* were prepared
as described previously. Sephadex LH-20 resin and PD-10
columns were obtained from GE HealthCare (Piscataway,
NIJ). The Na'®I was purchased from Perkin-Elmer (Waltham,
MA). All other reagents and solvents were purchased from
either Sigma-Aldrich (St. Louis, MO) or Acros Organics
(Morris Plains, NJ). All compounds were reagent grade and
used without further purification.

Synthesis of P—Dex by RAFT Copolymerization. A
typical reversible addition—fragmentation chain transfer
(RAFT) copolymerization is described as follows. HPMA
(1.23 g, 8.6 mmol), MA-Tyr-NH,; (17.2 mg, 0.08 mmol)
and MA-Dex (303 mg, 0.516 mmol) were dissolved in
methanol/DMF (8:1, v/v), with 2,2’-azobisisobutyronitrile
(AIBN, 6.45 mg, 39.3 umol) as initiator and CTA (5.66
mg, 21.4 umol) as the RAFT agent. The solution was
purged with Argon and polymerized at 40 °C for 48 h.
The resulting polymer conjugates were purified on an LH-
20 column to remove the unreacted low molecular weight
(MW) compounds. The polymer solution was then dia-
lyzed and lyophilized to obtain the tyrosine amide-
containing P—Dex (P—Dex-Tyr-NH,). The weight average
molecular weight (M,,) and the polydispersity index (PDI)
of the copolymer conjugates were determined by size
exclusion chromatography (SEC) using an AKTA fast
protein liquid chromatography (FPLC) system (GE Health-
Care) equipped with UV and RI detectors. HPMA ho-

(9) Wang, D.; Miller, S. C.; Sima, M.; Parker, D.; Buswell, H.;
Goodrich, K. C.; Kopeckova, P.; Kopecek, J. The arthrotropism
of macromolecules in adjuvant-induced arthritis rat model: a
preliminary study. Pharm. Res. 2004, 21, 1741-1749.

(10) Kopecek, J.; Bazilova, H. Poly[N-(2-hydroxypropyl)methacryl-
amide].1. Radical polymerization and copolymerization. Eur.
Polym. J. 1973, 9, 7-14.

(11) Omelyanenko, V.; Kopeckova, P.; Gentry, C.; Kopecek, J.
Targetable HPMA copolymer-adriamycin conjugates. Recognition,
internalization, and subcellular fate. J. Controlled Release 1998,
53, 25-37.

(12) Duncan, R.; Cable, H. C.; Rejmanova, P.; Kopecek, J.; Lloyd,
J. B. Tyrosinamide residues enhance pinocytic capture of N-(2-
hydroxypropyl)methacrylamide copolymers. Biochim. Biophys.
Acta 1984, 799, 1-8.

(13) Lai, J. T.; Filla, D.; Shea, R. Functional polymers from novel
carboxyl-terminated trithiocarbonates as highly efficient RAFT
agents. Macromolecules 2002, 35, 6754-6756.

(14) Cronin, T. H.; Faubl, H.; Hoffman, W. W.; Korst, J. J. Xylene-
diamines as antiviral agents. US patent 4,034,040, 1977.
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Table 1. The Characterization of All HPMA Copolymer
Conjugates Used in the Study

polymer M, [MA-Tyr-NH,] [Dex] [FITC]
conjugates? (x 103 g/mol) PDI  (umol/g) ~ (umol/g) (umol/g)
PK/BD Study
P—L-M, 14 1.3 25.6 288 0
P—M-M, 24 1.3 28.2 301 0
P—H-M,/Dex 42 1.4 31.3 313 0
P—M-Dex 44 1.4 291 151 0
P—NA-Dex 40 1.4 31.8 0 0
Cell Culture Study
P—L-M,-FITC 16 1.3 0 321 43.0
P—M-M,-FITC 30 1.3 0 334 44.9
P—H-M,/Dex-FITC 41 1.4 0 301 42.2
P—M-Dex-FITC 37 1.4 0 153 49.8
P—NA-Dex-FITC 37 1.4 0 0 48.9
Plasma Stability Study
P—H-Dex 37 1.4 0 288 0

aL = low; M = medium; H = high; NA = no. ® The apparent
weight average molecular weight (M,) of the HPMA copolymer—
Dex conjugates was calculated according to HPMA homopolymer
calibration samples with narrow PDI. Limits of detection for free
Dex and free FITC are 0.42 umol/L and 1.74 nmol/L, respectively.
After repeated purifications with LH-20 columns, there is no
detectable free Dex and free FITC in final conjugates.

mopolymers with narrow PDI were used as calibration
sample. The characterizations of all HPMA copolymer
conjugates used in this study are summarized in Table 1.

To quantify Dex content in P—Dex, it was hydrolyzed in
0.1 N HCI (1 mg/mL) overnight. The resulting solution was
neutralized and analyzed on an Agilent 1100 high perfor-
mance liquid chromatography (HPLC) system (Agilent
Technologies, Inc., Santa Clara, CA) with a reverse phase
Cig column (Agilent, 4.6 x 250 mm, 5 um). Mobile phase,
acetonitrile/water = 2/3; detection, UV 240 nm; flow rate,
1 mL/min; injection volume, 10 uL. The analyses were
performed in triplicate. The mean value and standard
deviation were obtained using Excel.

Preparation of '*I-Labeled Conjugates. The HPMA
copolymer conjugates were labeled with 21 using a standard
chloramine-T assay. Briefly, P—Dex-Tyr-NH, (10 mg in 0.2
mL of saline and 0.1 mL of 0.5 M PBS) and chloramine
T-3H,0 (0.1 mL, 5 mg/mL in 0.05 M PBS) were added to
the Na'®I (1 mCi) vial and incubated at room temperature
for 30 min. Sodium metabisulfite (0.1 mL, 6 mg/mL in 0.05
M PBS) was then added to stop the reaction. Low MW
reactants, including free '*I, were removed by PD-10
columns. The absence of free I in the labeled P—Dex-
Tyr-NH, was supported by the fact that no radioactivity could
be found by a survey meter in the PD-10 columns used in
the repeated purifications of the conjugates. P—Dex-Tyr-
NH,—!%I was mixed with the unlabeled P—Dex-Tyr-NH,
and used in the in vivo study.

Animal Study. Arthritis was induced in male Lewis rats
(180—200 g, Charles River Laboratories, Inc.) as described
previously.” Briefly, Mycobacterium tuberculosis H37Ra (1
mg) and N,N-dioctadecyl-N’,N’-bis(2-hydroxyethyl) pro-
panediamine (LA, 5 mg) were mixed in paraffin oil (100

uL), sonicated and sc injected into the base of the rat’s tail.
On day 14 post arthritis induction, '*I-labeled and unlabeled
P—Dex-Tyr-NH, conjugates (~30 uCi/rat, equivalent free
Dex dose is 5 mg/kg) were mixed and administered to AA
rats (5—6/group) via tail vein injection. Animals were
sacrificed at designated time points (15 min, 30 min, 1 h,
6 h, 48 h and 7 days). Blood and other major organs/tissues
including, heart, lungs, kidneys, liver, spleen, and ankle joints
were isolated at euthanasia, processed, and analyzed with a
gamma counter (Packard autogamma counter, PerkinElmer).
All organs and tissues were analyzed without perfusion.
These animal experiments were performed according to a
University of Nebraska Medical Center IACUC approved
protocol.

Pharmacokinetic Analysis. Data were fit to various
models, including one and two compartment models with
various weighting schemes. The precision (% CV) of
estimated parameters, Schwartz criterion (SC), Akaike
information criterion (AIC), weighted sum of squared
residuals (WSSR), condition number, residual plot analysis
and correlation matrix were used to compare the goodness
of fit. Using these criteria, the two-compartmental model with
1/y weighting was selected as the model of best fit. The
pharmacokinetic parameters, such as total clearance (CL),
steady-state volume of distribution (V), and biological half-
life (#,,) were determined using the bolus intravenous input
two-compartmental analysis module of WinNonlin (version
1.5, Pharsight, Mountain View, CA). The area under the
curve (AUC) was calculated using the trapezoidal rule. The
relative exposure ratio was calculated by dividing AUC ;se
with AUCblood-

In Vitro Stability Study of P—Dex in Rodent Plasma.
P—H-Dex (45.0 mg, in Table 1) was dissolved into PBS (pH
7.4, 5 mL). Five milliliters of mouse plasma (Southern
Biotech, AL) or rat plasma (collected from male Lewis rats)
was added into this solution. The mixture was incubated at
37 °C. The final equivalent free Dex concentration is 508.0
ug/mL. At predetermined time intervals, samples (300 L)
were withdrawn and extracted with ferz-butyl methyl ether
(3 mL) by vortexing for 3 min. After centrifugation at 4,000
rpm for 10 min, the organic phase (2.4 mL) was separated
and evaporated. The residue was dissolved into methanol
(480 uL) and the Dex content was analyzed using HPLC.
The recovery efficiency of the method used was determined
as 101.4 &+ 5.2%.

In Vitro Internalization Study of HPMA Copolymer
Conjugates in Macrophages. RAW 264.7 cells were
cultured in 96-well culture plates (150 uL/well) at a density
of 5 x 10° cells/mL in DMEM medium (Invitrogen, CA)
supplemented with 10% fetal bovine serum (VWR, PA), 100
U/mL penicillin, and 100 ug/mL streptomycin (Invitrogen,
CA). The cells were allowed to adhere for 24 h and then
activated with lipopolysaccharide (LPS, 500 ng/mL) for 18 h.
After activation, cells were treated with different FITC-
labeled HPMA copolymer conjugates (1 mg/mL) in the
presence of LPS (500 ng/mL) for 24 h. The supernatants
were then removed, and the cells were rinsed three times
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Figure 1. The general structure of dexamethasone-
containing HPMA copolymer conjugates. For all con-
jugates used in PK/BD and plasma stability studies, x =
0; for all conjugates used in cell culture study, y = 0.

with FBS free medium (at 4 °C) and lysed with Triton X-100
(0.1%). The concentration of internalized conjugates in each
well was calculated by measuring the fluorescence from
FITC-labeled HPMA copolymer conjugates using a Spectra
Gemini EM fluorescence microplate spectrofluorometer (Mo-
lecular Devices, Sunnyvale, CA). The results were normal-
ized against protein content of each well as determined by
BCA assay (Thermo Scientific, IL).

Statistical Analysis. Differences in cell internalization and
organ depositions of different HPMA copolymer conjugates
were analyzed using one-way ANOVA. When differences
were detected, Tukey’s test was used to evaluate the pairwise
differences between the groups.

Results

Synthesis of HPMA Copolymer—Dexamethasone Con-
jugates and Characterization. The general structure of the
Dex-containing HPMA copolymer conjugates used in this
study is shown in Figure 1. The HPMA copolymer conju-
gates were prepared by RAFT copolymerization to achieve
control of their MW and polydispersity.'>'® Due to the
presence of several comonomers, the PDI values of these
conjugates could only be controlled at around 1.3—1.4.
The physicochemical characteristics of these conjugates are
summarized in Table 1. For in vivo study, two groups of
conjugates were prepared: the first group has similar MW
of ~42 kDa but different dexamethasone content (P—NA-

(15) Convertine, A. J.; Ayres, N.; Scales, C. W.; Lowe, A. B
McCormick, C. L. Facile, controlled, room-temperature RAFT
polymerization of N-isopropylacrylamide. Biomacromolecules
2004, 5, 1177-1180.

(16) Scales, C. W.; Vasilieva, Y. A.; Convertine, A. J.; Lowe, A. B.;
McCormick, C. L. Direct, controlled synthesis of the nonimmu-
nogenic, hydrophilic polymer, poly(N-(2-hydroxypropyl)methacryl-
amide) via RAFT in aqueous media. Biomacromolecules 2005,
6, 1846-1850.
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Figure 2. The release of dexamethasone from P—Dex
conjugates in murine plasma.
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Dex, P—M-Dex, P—H-M,/Dex); the second group has
similar dexamethasone content of ~118 mg Dex/g polymer
but differs in MW (P—L-M,,, P—M-M,,, P—H-M,,/Dex). All
copolymer conjugates contained a small amount of tyrosine
amide to allow their '*I labeling and tracking of their
distribution after iv administration to rats. Similarly, ad-
ditional Dex-containing HPMA copolymer conjugates were
synthesized for cell internalization study, with MA-Tyr-NH,
being replaced by MA-FITC to allow fluorescent signal
detection.

The Stability of HPMA Copolymer—Dex Conjugate
in Rodent Plasma. The release of free Dex from HPMA
copolymer—Dex conjugate is minimum in both rat and
mouse plasma. No detectable Dex was found during the first
6 h of incubation. At the end of the 72 h, the free Dex
released is less than 0.4% of the total drug loading (Figure
2).

In Vitro Cell Culture Study. No significant difference
in cell internalization was observed among conjugates with
different MW (Figure 3A). However, the amount of internal-
ized conjugates increased when Dex content was raised
(Figure 3B). A significant difference between two Dex-
containing conjugates (P—H-M,/Dex-FITC and P—M-Dex-
FITC) and a marginal difference (p = 0.057) between P—M-
Dex-FITC (medium Dex-containing conjugates) and P—NA-
Dex-FITC (without Dex) were observed.

Biodistribution of P—Dex Conjugates in Major Organs
and Tissues. The injected dose per gram of tissue (ID/g) vs
time profiles of all conjugates in blood and the major organs/
tissues are shown in Figure 4. The distribution of P—Dex
conjugates in major organs at each time point (15 min, 30
min, 1 h, 6 h, 48 h and 7 days) postinjection is clearly
dependent on MW and Dex content. Among all the tested
P—Dex, the one with the highest MW and the highest Dex
content (P—H-M,/Dex) shows the maximum ID/g value in
most of the organs examined. The increase of MW and Dex
content generally enhances the accumulation of the conju-
gates to peripheral organs. One organ of exception, however,
is the kidney, in which the conjugate with the lowest MW
has the highest ID/g values. The amounts of all tested
conjugates in heart, lung and kidneys were gradually reduced.
By day 7, the ID/g values in heart and lung were less than
0.2% g~ '. The ID/g values of P—L-M,,, P—M-M,,, P—NA-
Dex, P—M-Dex in the liver gradually decreased from 15 min
to 6 h, but remained constant thereafter. P—H-M,/Dex had
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Figure 3. In vitro internalization of HPMA copolymer
conjugates in RAW 264.7 cell cultures (n = 3): (A)
internalization of HPMA copolymer conjugates with dif-
ferent molecular weight; (B) internalization of HPMA
copolymer conjugates with different Dex content. *
indicates significant difference (p < 0.05, one-way
ANOVA).

a constant ID/g value of around 0.5% g~ ! in the liver

throughout the entire experiment duration, with a slight peak
at 6 h. The distribution of all conjugates to the spleen
decreases initially. After reaching the minimum values, they
start to increase continuously until the end of the experiment.
Among all conjugates tested, P—H-M,/Dex shows the
highest ID/g value of ~3.5% g ! in spleen by day 7. As
shown in Figure 5, however, this increase coincides with
the large decrease of the weight of spleen during the
experiment. The response of the enlarged spleen to P—Dex
treatment is very fast. Within 6 h, the weight of spleen in
AA rats treated with all Dex-containing conjugates was
reduced by as much as 20%. On day 2, the spleen weight of
the AA rats treated by P—H-M,,/Dex and P—M-Dex reached
the range of healthy control rats of matching age (~0.5
g/spleen). By day 7, spleens from the P—H-M,/Dex group
weighed ~50% of a normal spleen, while spleens from other
treatment groups weighted about the same as the healthy
control spleens. Spleens of AA rats treated with P—-NA-Dex
were also observed with some weight reduction (but still
enlarged), which might be attributed to a self-healing process
of the AA rat model. However, the joints of these animals
still remained severely inflamed. For the other evaluated
organs, their weight generally remained constant during the
treatment (data not shown).

The arthrotropism of the tested conjugates is clearly
evident in Figure 4. All conjugates can be found in the joints
within 15 min after administration. Increasing of the MW
or Dex content enhances the conjugates’ accumulation to
the ankle joints. P—H-M,/Dex, which has the highest MW
and Dex content, continuously accumulated in the ankle
joints to an ID/g value of ~1% g~! by 7 days, which is 5
and 14 times higher than that of P-NA-Dex and P—L-M,,
respectively. Similar to the spleen, the soft tissue that can
be isolated from the ankle joint also decreased gradually
during the experiment, with the P—H-M,,/Dex group showing
the highest reduction (~50%) by 7 days.

Another site of significant polymer conjugate accumulation
is the adjuvant injection site at the base of the AA rats’ tail.
Comparing to the healthy rats, such preferential distribution
is clearly evident in the SPECT/u-CT movie provided in the
Supporting Information.

Pharmacokinetic Analyses. The PK parameters of the
tested conjugates in blood and major organs/tissues were
obtained using a two-compartment model (Table 2). The
AUCp0q values of the tested conjugates are ranked as
follows: P—H-M,/Dex > P—M-Dex > P—M-M,, > P—NA-
Dex > P—L-M,,. The organ/tissue relative exposure (AU-
Corgan/ AUC004) data suggest that P—H-M,/Dex and P—M-
Dex are more selective to the organs/tissues of interests such
as arthritic ankle and spleen. The /5 of P—H-M,/Dex and
P—M-Dex was 31 h; the ;4 of P—-NA-Dex and P—M-
Dex was 17—18 h; whereas P—L-M,, had the shortest 7/,
of 13 h. For f15), P—~M-Dex and P—NA-Dex have the
highest value of ~0.8 h. The value for P—H-M,/Dex is
relatively lower at ~0.6 h. For P—L-M,, and P—M-M,,, their
tin values are ~0.5 and 0.3 h, respectively. It is obvious
that both the distribution and elimination half-lives of the
conjugates are dependent upon the MW and Dex content.
The clearance values also demonstrated the similar depen-
dence upon MW and Dex content of the conjugates.

Discussion

The preferential distribution of HPMA copolymers to
inflammatory joints has been previously reported using
noninvasive MRI.® The superior and long lasting antirheu-
matic effect of P—Dex was also demonstrated in the AA rat
model when compared to equivalent dose of free dexa-
methasone treatment.” In this study, the in vivo biodistribu-
tion and pharmacokinetics of P—Dex were investigated. The
focus of this work is to quantitatively establish the arthro-
tropism of the macromolecular prodrug and delineate the
significant impact of the MW and dexamethasone content
of the HPMA copolymer conjugates on their PK/BD profiles.
As the hydrazone bond-containing acid-labile P—Dex was
found to be stable in the rodents’ plasma in this study (Figure
2), we speculate that the main activation sites of the prodrug
are probably the organs/tissues of its major distribution.
Therefore, the therapeutic effect and safety profile of the
polymer—drug conjugates would be directly related to their
PK/BD profiles.
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Figure 4. The pharmacokinetics profiles of HPMA copolymer conjugates with different molecular weights and Dex
contents in blood and major organs/tissues over the time course of 7 days post iv administration.

Due to the well-known toxicities of glucocorticoids, long-
term systemic presence of P—Dex in vivo can be problematic.
Therefore, all the conjugates we used in this study were of
average MW less than 45,000 g/mol to facilitate their renal
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glomerular filtration.'” To evaluate the impact of both MW
and dexamethasone content on the PK/BD profiles, one group
of polymer conjugates were synthesized with similar mo-
lecular weights of ~42,000 g/mol but different dexametha-
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Figure 5. The change of AA rats’ spleen weight after the
treatment with different HPMA copolymer conjugates.
The average spleen weight of healthy male Lewis rats
of matching age is ~0.5 g.

sone content; and another group of conjugates were synthe-
sized with similar dexamethasone contents of ~118 mg/g
but different molecular weight.

The arthrotropism of P—Dex is clearly evident in the
biodistribution data (Figure 4) and the SPECT/u-CT movie
(see Supporting Information). P—H-M,/Dex and P—M-Dex
seem to be the most favorable conjugates in terms of
targeting the arthritic joints by achieving the highest AUC
among all the conjugates. The major extra-articular ac-
cumulation sites of these two conjugates are spleen, kidneys,
base of the tail, and, to a lesser extent, the liver. The base of
the tail in AA rats is known to be highly inflamed due to
the injection of adjuvant. The enhanced vascular permeability
associated with inflammation may explain the preferred
distribution of P—Dex to this site. The high AUCjjgyey and
AUCqigney/ AUCh00q values indicate the role of kidney as a
major clearance organ for the water-soluble HPMA copoly-
mer—Dex conjugates. MW and Dex content have significant
impact on P—Dex’s accumulation in kidney. This is clearly
demonstrated in the case of P—L-M,,, which has the high
Dex content, the lowest MW but the highest renal distribu-
tion. Conjugates with lower MW such as P—L-M,, would
have a faster glomerular filtration, leading to higher renal
tubular epithelium exposure of the conjugate for reabsorption.
Also important for reabsorption is the drug loading of the
conjugate. Higher hydrophobicity of the HPMA copolymer
conjugates may enhance the reabsorption process and
increase their kidney accumulation.'® The results we ob-
served in this study agree with the previous data of the
doxorubicin-containing HPMA copolymer conjugates, in
which the conjugate with low MW showed the highest
accumulation in the kidneys.'® Nevertheless, the impact of
MW on HPMA copolymer conjugates’ distribution to kidney

(17) Seymour, L. W.; Duncan, R.; Strohalm, J.; Kopecek, J. Effect of
molecular weight (Mw) of N-(2 hydroxypropyl)methacrylamide
copolymers on body distribution and rate of excretion after
subcutaneous, intraperitoneal, and intravenous administration to
rats. J. Biomed. Mater. Res. 1987, 21, 1341-1358.

(18) Rypéacek, F.; Drobnik, J.; Chmelaf, V.; Kélal, J. The renal excretion
and retention of macromolecules. Pfluegers Arch. 1982, 392, 211—
217.

is not consistent. Other factors may also contribute. For
example, Mitra et al. showed that, for ™Tc-HPMA copoly-
mer conjugate fraction of 21,000 g/mol, its kidney accumula-
tion at 24 h was higher than that for both the fractions of
7,000 and 70,000 g/mol.?° In the study by Lammers et al.,
renal accumulation of HPMA copolymer at 7 days postad-
ministration was increased when MW of the copolymers was
increased from 23,000 to 65,000 g/mol.>' In the study by
Wang et al., D-aspartic acid octapeptide-containing HPMA
copolymer conjugate (P—D-Aspg) of 24,000 g/mol showed
a higher kidney distribution than P—D-Asps of 46,000 g/mol
but lower distribution than P—p-Aspg of 96,000 g/mol.*
For a systemic autoimmune disorder such as RA, spleen
plays a critical role in the disease pathogenesis as one of
the antigen-presenting organs. Patients with RA are at risk
of experiencing spontaneous splenic rupture. Splenomegaly
is common in uncomplicated RA and is a feature of Felty’s
syndrome, in which the patient may be at risk of splenic
abscess formation.”® In AA rats, spleen enlargement (Figure
5) was recorded with visual evidence of inflammation (not
shown). We suspect that the presence of sinusoidal blood
vessel structures facilitates the continuous extravasation of
polymer conjugates in the enlarged spleen. In addition, the
accelerated internalization of P—Dex conjugates by the large
number of activated macrophages in spleen may be respon-
sible for the demonstrated accumulation of the copolymer
conjugates in the organ. Similarly, we also speculate that
the conjugates’ accumulation in arthritic joints and other
inflammatory sites is also due to the internalization by
activated inflammatory cells, rather than the impairment of
lymphatic drainage as seen in the case of solid tumors.?*
Gradual activation of P—Dex within lysosomes of these cells
and the prolonged release of Dex would lead to sustained
inflammation resolution, which was observed in previous

(19) Pimm, M. V.; Perkins, A. C.; Strohalm, J.; Ulbrich, K.; Duncan,
R. Gamma scintigraphy of the biodistribution of 123I-labelled
N-(2-hydroxypropyl)methacrylamide copolymer-doxorubicin con-
jugates in mice with transplanted melanoma and mammary
carcinoma. J. Drug Targeting 1996, 3, 375-383.

(20) Mitra, A.; Nan, A.; Ghandehari, H.; McNeil, E.; Mulholland, J.;
Line, B. R. Technetium-99m-Labeled N-(2-Hydroxypropyl) Meth-
acrylamide Copolymers: Synthesis, Characterization, and in Vivo
Biodistribution. Pharm. Res. 2004, 21, 1153-1159.

(21) Lammers, T.; Kiihnlein, R.; Kissel, M.; Subr, V.; Etrych, T.; Pola,
R.; Pechar, M.; Ulbrich, K.; Storm, G.; Huber, P.; Peschke, P.
Effect of physicochemical modification on the biodistribution and
tumor accumulation of HPMA copolymers. J. Controlled Release
2005, 710, 103-118.

(22) Wang, D.; Sima, M.; Mosley, R. L.; Davda, J. P.; Tietze, N.;
Miller, S. C.; Gwilt, P. R.; Kopeckovd, P.; Kopecek, J. Pharma-
cokinetic and biodistribution studies of a bone-targeting drug
delivery system based on N-(2-hydroxypropyl)methacrylamide
copolymers. Mol. Pharmaceutics 2006, 3, 717-725.

(23) Fishman, D.; Isenberg, D. A. Splenic involvement in rheumatic
diseases. Semin. Arthritis Rheum. 1997, 27, 141-155.

(24) Matsumura, Y.; Maeda, H. A new concept for macromolecular
therapeutics in cancer chemotherapy: mechanism of tumoritropic
accumulation of proteins and the antitumor agent smancs. Cancer
Res. 1986, 46, 6387-6392.
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Table 2. The Pharmacokinetic (PK) Parameters of Different HPMA Copolymer Conjugates after Their Systemic
Administration to AA Rats®
P—L-M, P—M-M, P—H-M,/Dex P—M-Dex P—L-Dex
B 0.053 + 0.007 0.038 + 0.003 0.022 + 0.002 0.022 + 0.002 0.040 + 0.004
a? 217 £ 0.18 1.46 + 0.24 1.24 £ 0.34 0.85 £ 0.16 0.88 £ 0.13
tusp)” 13.0 £1.7 182 + 1.4 31.6 + 3.2 31.0 + 2.4 172 £1.6
tyo(ey® 0.32 £+ 0.03 0.48 + 0.08 0.56 £ 0.15 0.82 £ 0.15 0.78 +£ 0.12
CL® 188 £ 1.6 3.6 £0.2 1.1 £ 0.1 1.4 + 01 46 +0.3
VP 47.4 £ 2.9 370+ 22 248 £1.9 27.7+£13 35.8+1.7
Ves? 297.6 + 271 91.0 + 4.9 49.4 + 31 61.8 £ 3.0 1025 + 6.4
AUChj004° 53+ 0.5 276+ 1.6 90.6 + 6.6 69.9 + 3.8 218+ 1.4
AUC ettankie/AUCpiood 3.3 21 1.6 1.3 1.9
AUC ightankis/ AUCbio00 32 2.0 15 1.3 1.9
AUC)jyer/AUCyj004 2.8 1.6 1.0 0.9 1.6
AUChearn/AUCpi00d 1.1 0.7 0.5 0.4 0.7
AU Cyigney/AUChiood 43.0 6.9 1.5 1.0 2.1
AUCpieen/AUChi00d 4.1 3.7 4.4 2.6 2.6
AUC 4ng/AUChio0d 1.6 0.9 0.6 0.6 0.9

2 A two-compartmental model with 1/y weighting was used in the calculation. ? 8, macro rate constant associated with the elimination
phase; a, macro rate constant associated with the distribution phase; t»), the half-life associated with the elimination phase; ti5), the
half-life associated with the distribution phase; CL, total body clearance; V,, volume of distribution of the central compartment; Vs, volume
of distribution at steady state; AUC, area under a concentration of analyte vs time curve.

studies.”® Though no direct evidence is presented, such
presumption is supported by the fact that the macrophage-
like synoviocytes were able to internalize liposomes after
their systemic administration.?

To understand if MW and Dex content of P—Dex affect
endocytosis by macrophage, different conjugates were tested
in LPS-activated RAW 264.7 cell culture. As shown in
Figure 3A, no significant difference was observed among
conjugates with different molecular weights, which was
consistent with two previous studies by others: PVP with
peritoneal macrophages and PHEA using explanted rat liver.
In both cases, accumulation of low MW fractions was
demonstrated and no indication of preferential uptake of any
MW fraction was observed in the range from 5,000 g/mol
up to about 100,000 g/mol.?® In contrast (Figure 3B), the
amount of conjugates internalized increased when Dex
content was raised. The internalization of P—H-M,,/Dex-
FITC by LPS-activated macrophages is significantly higher
than that of P—M-Dex-FITC. It should be noted, however,
that the present study is still preliminary and more detailed
experiments need be done to consider the impacts of other
factors such as linearity of conjugate uptake and rate of
exocytosis on the cellular uptake kinetics of the P—Dex
conjugates.

From the PK data (Table 2), it is obvious that both Dex
content and MW have direct impact on #yq), f1/2() and AUC
of the P—Dex conjugates. Reduction of the MW of the
conjugates would facilitate their extravasation and tissue

(25) Metselaar, J. M.; van den Berg, W. B.; Holthuysen, A. E.; Wauben,
M. H.; Storm, G.; van Lent, P. L. Liposomal targeting of
glucocorticoids to synovial lining cells strongly increases thera-
peutic benefit in collagen type II arthritis. Ann. Rheum. Dis. 2004,
63, 348-353.

(26) Drobnik, J.; Rypacek, F. Soluble synthetic polymers in biological
systems. Adv. Polym. Sci. 1984, 57, 1-50.
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distribution; higher Dex content may help to enhance the
tissue sequestration of the conjugates via increased hydro-
phobicity; both had led to reduced ¢ values as seen in
Table 2. Since the elimination of P—Dex is mainly through
kidney, increase in the MW of the polymeric conjugates is
expected to impede their glomerular filtration, which in turn
will enhance the conjugates’ exposure and accumulation to
peripheral organs/tissues, such as the arthritis joint. On the
other hand, the increase of Dex content in P—Dex conjugates
raises their hydrophobicity and may enhance their binding
to plasma proteins. This may consequently prolong the
conjugates’ f13 and facilitate their joint accumulation. In
addition, activated synoviocytes in the inflammatory joints
may recognize this increase of Dex content and accelerate
the endocytosis process of the conjugates.

Besides arthrotropism, the accumulation of P—Dex in
spleens of AA rats is also noteworthy. Though such
distribution was not highlighted in our previous MRI study,
accumulation in spleen is not a surprise because the
sequestration of colloidal drug delivery systems by the
reticuloendothelial system (RES) is Well—recognized.27 As
shown in Figure 5, the response of the enlarged spleen to
P—Dex treatment is very fast. Spleens from P—M-M,, and
P—M-Dex treated animals at day 7 postinjection had similar
weight to those obtained from healthy controls. However,
spleens from the group treated with P—H-M,,/Dex had about
half the weight of spleens obtained from the healthy rats.
We believe such significant reduction in spleen weight is
the main reason for the gradual increase in spleen ID/g value
over time. While there is strong evidence supporting
P—Dex’s potential therapeutic benefit in reducing the size

(27) Moghimi, S. M.; Hunter, A. C.; Murray, J. C. Long-circulating
and target-specific nanoparticles: theory to practice. Pharmacol.
Rev. 2001, 53, 283-318.
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of enlarged spleen in RA patients with splenomegaly or
Felty’s syndrome, cautions must be taken to avoid oversup-
pression of spleen functions. Balance needs to be made in
selection of the P—Dex structural parameters to achieve
superior and long lasting therapeutic effect in the arthritic
joints and enlarged spleen, without causing significant
adverse events. Liver functions should also be carefully
monitored in P—Dex treatment. Clearly, more detailed
functional studies are needed to fully characterize the
pharmacological and toxicological effects of P—Dex on the
RES of the AA model.

Conclusions

The pharmacokinetic and biodistribution data quantita-
tively confirmed the arthrotropism of HPMA copolymer—
dexamethasone conjugates in the AA rat model. The increase
of both the MW and Dex content will facilitate P—Dex’s
arthritic joint-targeting through increasing circulation half-
life of the conjugates and presumably enhanced inflammatory
cell uptake at the sites of inflammation. The high exposure
of spleen to P—Dex is favorable as it helps to ameliorate
the spleen enlargement of the AA rat model. Structural
parameters, such as MW and drug content, must be further
optimized to maximize P—Dex arthrotropism and control
their distribution to RES in order to balance the efficacy and
toxicity. The design of biodegradable multifunctional co-
polymer carriers®®?° may be considered in the future
optimization process.

Abbreviations Used

AA, adjuvant-induced arthritis; AIBN, 2,2’-azobisisobu-
tyronitrile; AUC, area under a concentration of analyte vs

(28) Pechar, M.; Ulbrich, K.; Subr, V.; Seymour, L. W.; Schacht, E. H.
Poly(ethylene glycol) multiblock copolymer as a carrier of anti-
cancer drug doxorubicin. Bioconjugate Chem. 2000, 11, 131-139.

(29) Burke, R. S.; Pun, S. H. Synthesis and characterization of
biodegradable HPMA-oligolysine copolymers for improved gene
delivery. Bioconjugate Chem. 2010, 21, 140-150.

time curve; o, macro rate constant associated with the
distribution phase; BD, biodistribution; BMD, bone mineral
density; /3, macro rate constant associated with the elimina-
tion phase; CL, total body clearance; CTA, S,5-bis(a,o’-
dimethyl-a’-acetic acid)-trithiocarbonate; Dex, dexametha-
sone; DMARD, disease-modifying antirheumatic drug; FPLC,
fast protein liquid chromatography; HPLC, high performance
liquid chromatography; HPMA, N-(2-hydroxypropyl)-meth-
acrylamide; ID/g, injected dose per gram of tissue; iv,
intravenous; LA, N,N-dioctadecyl-N’,N’-bis(2-hydroxyethyl)-
1,3-propanediamine; LPS, lipopolysaccharide; MA-Dex, N-
methacryloylglycylglycylhydrazinyl dexamethasone; MA-
FITC, N-methacryloylaminopropyl fluorescein thiourea; MA-
Tyr-NH,, N-methacryloyl tyrosinamide; MW, molecular
weight; M,,, weight average molecular weight; M,, number
average molecular weight; NSAIDs, nonsteroidal anti-
inflammatory drugs; P—Dex, acid-labile HPMA copolymer—
dexamethasone conjugates; P—Dex-Tyr-NH,, tyrosine amide-
containing P—Dex; PK, pharmacokinetics; RA, rheumatoid
arthritis; RAFT, reversible addition—fragmentation chain
transfer; SEC, size exclusion chromatography; 12, the half-
life associated with the distribution phase; #;/5g), the half-
life associated with the elimination phase; V., volume of
central compartment; V, apparent volume of distribution at
steady state.
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