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The objective of this study was to investigate the molecular weight (MW) and time-dependence of
the phenomenon termed “the enhanced permeability and retention” (EPR) effect in solid tumor, in
particular to determine and define the early phase accumulation of macromolecules in tumor and
normal tissues and the relationship between blood concentration and tissue clearance. As a model,
radioiodinated N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers of MW ranging from 4.5

K to 800 K were administered i.v. to mice bearing sarcoma 180 tumor. Within 10 min all HPMA
copolymers accumulated effectively in the tumor regardless of MW (1.0-1.5% of injected dose per
g of tumor). However, higher MW copolymers $50 K) showed significantly increased tumor accu-
mulation after 6 h, while the lower MW copolymers €40 K) were cleared rapidly from tumor tis-
sue due to rapid diffusion back into the bloodstream. Blood clearance was also MW-dependent;
the lower MW copolymers displayed rapid clearance, with kidney radioactivity of the copolymers
of MW <20 K representing 24% of injected dose per g kidney at 1 min after i.v. administration.
Within 10 min these copolymers passed through the kidney and were excreted in the urine. Higher
MW copolymers consistently showed kidney levels of 3-5% dose per g kidney in the early phase
with no time-dependent accumulation in kidney. There was also no progressive accumulation in
muscle or liver, regardless of polymer MW. These results suggest the “EPR effect” in solid tumor
primarily arises from in the difference in clearance rate between the solid tumor and the normal
tissues after initial penetration of the polymers into these tissues.

Key words:  Polymer drugs — Tumor targeting accumulation — EPR effect — Tumor vascular per-
meability — Tissue clearance

Soluble macromolecules such as albumin, poly(styreneeither to mice, rats, or rabbis!*® has shown clearly
co-maleic acid-halfa-butylate) conjugated neocarzinosta- that there is a relationship between MW and time-depen-
tin (SMANCS) and lipids such as the lipid contrast agentdent tumor accumulation. Molecules of higher MW pro-
Lipiodol,*® polymeric drug conjugatés,protein® and  gressively accumulate in a variety of solid tumor models,
liposome$® exhibit enhanced or selective accumulationthe phenomenon being most pronounced when nonbiode-
in solid tumors. This phenomenon has been termed “thgradable polymers are used as probes. BradyKirti,
enhanced permeability and retention (EPR) effect” bynitric oxid€®'” and vascular permeability fact&is®
Maeda and colleague®’ and is attributed to: (i) high have been shown to enhance vascular permeability.
vascular density of the tumor, (ii) increased permeabilityHowever, it is still not clear whether it is the rate of tumor
of tumor vessels, (iii) defective tumor vascular architec-uptake of macromolecules or their tumor clearance which
ture, and (iv) defective or suppressed lymphatic drainageiltimately governs accumulation with time.
in the tumor interstitium. As the EPR effect seems of fun- For this reason, we examined in the present study the
damental importance for tumor-selective targeting usingearly phase tissue uptake (focusing on the period within
macromolecular anticancer agents, there is considerabl®0 min after administration) df9-labeled HPMA copol-
need to understand more clearly the mechanism of thgmers of different MW and narrow polydispersity in mice
EPR effect. bearing solid tumor. The late phase distribution of HPMA

The use of various proteins with different molecular copolymers 6 h) in tumor and normal tissues was also
weights (MWsY and N-(2-hydroxypropyl)methacrylamide investigated in this study. HPMA copolymers provide a
(HPMA) copolymers of defined MVW? administered useful probe, as their MW-dependent body distribution is
well characterize® and they have been used to prepare
4 To whom correspondencand reprint requests should be covalent conjugates of many anticancer agents including
addressed. HPMA copolymer doxorubicin (PK1), which is now
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undergoing early clinical testing in the UK This conju-  Body distribution and tumor accumulation studies
gate has been shown to exhibit the preferential tumot®l-labeled HPMA copolymers were administered to mice

uptake (EPR) effeét?¥ via the tail vein (10Qug/ml/mouse). At various times after
administration (1.0, 5.0, 10 min, 1 and 6 h) mice were
MATERIALS AND METHODS killed and blood samples were drawn by cardiac puncture.

Then, the mice were subjected to reperfusion with hep-
Reagents Various purified HPMA copolymer samples
with well characterized MW ranging from 4.5 K to 800 K
with narrow polydispersity (MW/MN1.2) were prepared
as described previously and designed to contain 1 mol% 80 early phase A
of tyrosine residue for later radioactive iodinatf®nThe
polydispersity (weight average MW/number average
MW) of all the copolymers was calculated to be 1.2 by
gel permeation chromatography using standard HPMA
copolymers with defined MW The HPMA-copolymer
fraction showed mean MW of 4.5 K, 16 K, 40 K, 80 K,
150 K, 300 K, 600 K, 800 K, respectivéfy Their chemi-
cal structure is shown in Fig. 1. The content of tyrosine
was assessed by UV absorption measurement.
Radioiodination of HPMA copolymers HPMA copoly-
mers were radioiodolabeled using the chloramine T
method with a kit of reagents from ICN Biomedicals Inc.,
Costa Mesa, CA, as described previod8ly.Free
[**]iodide was removed by Sephadex G-10 column chro-
matography after iodination. The specific radioactivity of
all HPMA copolymer fractions was approximately
2.5x10° dpm/mg. The labeled copolymers were immedi-
ately used for body distribution studies.
In vivo tumor model Male ddY, 6-week-old mice,
weighing 30-35 g, from SLC Inc., Shizuoka, were 0 : : o
implanted subcutaneously with xX® sarcoma 180 cells 0 100 200 300 400
passaged as ascitic fluid of ascitic sarcoma 180. The tis-
sue distribution study was performed on day 10-12 after
tumor implantation, when the tumors were 7-10 mm in
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CHe CH—CHz—O—OH Fig. 2. Blood concentration and urinary excretiori®tlabeled
macromolecular dru rototypes based on HPMA copolymer
| gp yp poly
H—OH cO following i.v. administration to ddY mice bearing sarcoma 180
| tumor. A, blood; B, urine. Three blood samples were taken at
CHs NH2 death, and each point represents the m®8&nf1=3). The con-

centrations of HPMA copolymers are based on radioactivity:
Fig. 1. Chemical structure of HPMA copolymerg/ell defined MW: 800 K (A ); 600 K @ ); 300 K¢ ); 150 KM ); 80 K
copolymer fractions each having a narrow polydispersity were(A); 40 K (0 ); 16.2 K ¢ ); 4.5 K (0 ). Values are meaB&
used in this study. (n=3), except in B1f=2).
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Fig. 3 Accumulation of #9-labeled HPMA cpolymers in solid sarcoma Q8umor tissues. Athe early phase; B, the late phase
(longer time period); Symbols used for copolymers with different MW are the same as in Fig. 2.

arin-contaifing saine in order to remove blood compo-
nents in the blood vessels of the tissues. Each specime

was removed and weighed, and the radioactivity was 307 early phase late phase
counted to estimate the total recovery of the dose admin 251

istered, reflecting the amount of the polymer drug retained 20+

in the tissue interstitium and in cells. 15 "

Statistical analysis Studeris t test was applied for the 10- I

evaluation 6 P value. 5 : -

RESULTS

Blood clearance and renal excretion of HPMA copoly-
mers after iv. administration Clearance of HPMA
copolymers from the bloodstream showed a strong depen
dence on MW (Fig. 2, A and B). Both copolymer samples
of MW<20 K (4.5 K and 16.2 K) had the same profile of
blood clearance and urinary excretion rate; they were
cleared rapidly from the bloodstream with an initigl af
less than 1 min. In contrast, the higher MW copolymers
(MW=80 K) remained in the bloodstream much lange
and after 6 h, 25-40% of injected dose/g blood still
remained. At this time only 0.1% dose/g of the lower
MW copolymers was detectable in the circulation. At 6 h, 1.5
the sample with MW 40 K (closest to the renal excretion
threshold for HPMA copolymer) showed a decrease in the 1
blood level to almost half of its original value, although it

was retained far longer than the lower MW copolymers of 0.5 -
<20 K.

The renal excretion rates of the copolymers were com- o 25 5 175 10 0 100 200 300 400
pared at 5 and 10 min afterv.iadministration (Fig. 2B).
A great dfference was seen befen high and low MW
copolymers, rlecting the renal excretion threshold. Fig. 4 Accumulation of 29-labeled HPMA copolymers in the
Tumor accumulation of HPMA copolymers in early  kidney (A), the liver (B) and the muscle (C). Symbols used for
and late phase In the early phase, i.e., within 10 min of copolymers with different MW are the same as in Fig. 2.
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Fig. 5. Molecular weight-dependent accumulation in tumor and normal tissues of various molecular weight range polymers following
i.v. administration to tumor (sarcoma 180)-bearing ddY mice. The values on the ordinate are the ratios of tissue-accatualgfion v
dose) at 6 h divided by that at 5 min. Values are m&m$=3). Liver (@ ), kidney @ ), and tumornN ).

10 10

100

Ratio of injected dose (6 h/5 min) @
Urinary excretion rate (% dose / min) o

Ratio of distribution (tumor/ muscle tissue)

01 0.1
45K 162K 40K 80K 150K 300K 600K 800K 0.01 T T 0.01
Molecular weight of HPMA copolymers 103 104 105 106
Fig. 6. Molecular weight-dependent tumor accumulation. Molecular weight

Ratios of tumor- and normal-tissue (muscle) accumulation of varg;, 7 - Time_dependent accumulation of HPMA polymers of
ious MW polymers following i.v. administration to tumor (sar-

coma 180)-bearing ddY mice. The values on the ordinate are thparous MW in tumor foIIowmg LV adm|n|§trat|on to ddy mice
ratios of calculated values of.tumor accumulation at 6 h divided o g Sarcoma 180, and urinary excretion rates. For the time-
by that of muscle at 6 hvalues are meanSE {1=3) dependent tumor-accumulation of HPMA copolymers, the ratio

: was calculated with tumor accumulation values (% of injected
dose) at 6 h divided by those at 5 mi@ (). Urinary excretion
rate (O ) was calculated from the total urinary excretion values
(% injected dose) at 5 and 10 min after administration.

administration, all HPMA copolymers showed significant

accumulation in tumor tissue (~1% dose/g) without any

MW dependency (Fig. 3A). Progressive tumor accumula-mers showed little or no increase in tumor accumulation
tion became apparent from 1 h after administration for thg0.7—-1.1% dose/g).

higher MW copolymers to levels of 2.5-3.0% dose/g After 6 h, the difference in tumor levels of high and
(Figs. 3B, 5 and 6). In contrast, the lower MW copoly- low MW polymers became very marked (Figs. 3B, 5 and

310



Tumor-selective Accumulation of Macromolecules

6). In the case of the lower MW copolymers, as thecated a strong MW-dependency. Namely, in the muscle,
plasma concentration decreased it appears that copolymére 6 h/5 min ratio was 7-8 for the lower MW copoly-
initially delivered into the tumor during the early phase, mers, but 53-75 for the higher MW polymers. Further-
diffused back into the bloodstream and was then elimi-more, time-dependent progressive accumulation of the
nated by renal excretion. higher MW HPMA copolymers in tumor tissue was much
Normal tissue distribution of HPMA copolymers in the ~ more evident than in the normal tissues (Fig. 7). The ini-
early phase The normal tissue distribution of HPMA tial urinary excretion rates of the higher MW copolymers
copolymers was examined in kidney, liver and musclewere 0.11-0.13% dose/min, whilst those of the lower MW
(Fig. 4, A, B and C). Radioactivity counts in the kidney copolymers were 2.0-2.9% dose/min.
showed a strong inverse MW-dependency (Fig. 4A). At 1
min after i.v. administration of the copolymers of piscussion
MW <20 K in the kidney values for recovered radioactiv-
ity were 20-24% of the injected dose/g. For the higher Improving tumor-selective drug delivery is a key objec-
MW copolymers the corresponding values were 3-5%/gtive in cancer chemotherapy using cytotoxic compounds.
In the early phase, within 10 min after administration, theMacromolecular drugs, particularly polymer conjugates,
kidney levels of radioactivity seen after administration ofare attracting increasing interest because of their passive
the lower MW copolymers decreased rapidly, whilst val-and selective drug targeting to tumor tisSu#:2" %)
ues detected for the higher MW copolymers remainedExamples of polymer conjugates under clinical study
consistently low. This is easily explained, as the copoly-include SMANCS, 3129 which was approved and has
mers of MW<20 K pass through the kidney, without been used for treatment of hepatoma in Japan since 1993,
tubular re-uptake and are quickly eliminated into the urineand HPMA copolymer-doxorubicin, designated PK-1,

Levels of radioactivity detected in the liver showed thewhich is under phase /Il clinical evaluation in the %K.
same pattern as the blood clearance profiles for all HPMAThe EPR effect is not only observed in tumor tissue, but
copolymers (Fig. 4B). However, an important observationhas also been described at sites of inflammatiéh,
is that none of the normal tissues studied showed evike., water-soluble polymers such as poly(vinylalcohol),
dence of time-dependent progressive increase in the accpoly(ethylene glycol) and dextran with different MWs
mulation of HPMA copolymers. The clearance of poly- show preferred accumulation at the tumor and inflamma-
mers in the liver, shown previously to be hepatobiliarytory sitest® %2731
transfer® was so effective that the concentration of these Large polymers and small particles up to the size of
polymers did not build up with time. bacteria can escape from the circulation via the EPR

The levels of HPMA copolymers detected in the mus-effect into tumor tissue in a number of different animal
cle were relatively high at the early phase and declinedumor models:® 10132232 This process clearly exhibits
within 10 min. The copolymers were cleared very rapidly MW dependency, but it was not clear whether tumor
and their accumulation fell to a low level within 1 h with uptake rate or clearance rate governs the observed molec-
no subsequent time-dependent increase (Fig. 4C). ular size dependency. Also, it was unclear whether the
Time-dependent tumor accumulation of the higher very early phase (immediately after i.v. administration) or
MW HPMA copolymers in tumor tissue: the EPR  the later phase is more susceptible to copolymer macro-
effect  Progressive time-dependent accumulation ofmolecular weight effects. HPMA copolymers are loosely
HPMA copolymers in tumor tissue was compared withcoiled neutral macromolecules that have no affinity for
the changes in normal tissues: the kidney, the muscle anthe plasma membranes or the blood vessels. Thus, they
the liver (Fig. 5). Ratios of radioactivity (% dose/g tissue)exist as free molecules and are believed to enter the cells
of HPMA copolymer values in tumor observed at 6 h andby the mechanism of fluid-phase pinocytd€isin the
5 min after i.v. administration showed a clear-cut MW early phase after administration, it became very clear that
dependency (Figs. 5 and 7). The lower MW copolymersthe urinary excretion rate of HPMA copolymers is depen-
(<20 K) displayed a 6 h/5 min ratio of approximately 0.1. dent on the MW of the copolymer (Figs. 2A/B and 7),
In contrast, the higher MW copolymers40 K) exhibited and this explains why lower MW copolymers do not
ratios (6 h/5 min) of 2.7-3.1 in the tumor, whereas in theaccumulate in normal tissue (Figs. 2—6). Retention of
kidney and the liver, the ratios were 0.1-0.2 for the lowerhigher MW copolymers in the bloodstream is consistent
MW copolymers, and 0.3-1.0 for the higher MW copoly- with a size above the renal excretion threshold (~40 K),
mers. as reported previousty!- 22

Tumor levels of HPMA copolymers at 6 h after i.v. The early phase tumor accumulation of all HPMA
administration were compared with histologically similar copolymers studied showed no MW-dependency (1.0-
orthotopic tissue, muscle, where the sarcoma 180 wa$.5%/g) (Fig. 3A), consistent with extravasation through
inoculated (Fig. 6). The tumor/normal tissue ratios indi-the defective vascular architecture of tumor ve$sérg—9
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which may be under the influence of known vascular perinormal tissue could have resulted from uptake by reticu-
meability factors such as vascular permeability factorloendothelial cells, such as macrophages and polymorpho-
(VPF)/vascular endothelial growth factor (VEGF?2®  nudear cédls, if such cells are abundinfound in soid
bradykinin (especially [hydroxyprop¥lbradykinin)4 52 tumor tissues. Howevgthis seems unlikgl Wu et al”
and nitric oxide's 1”21 demonstrated that stealth liposomes, which are coated
Our present study confirmed the progres time- with polyethyleneglycol and are not phagocytized by
dependent tumoritropic ecumulation of higher MW  these cells and do not bind to vascular endothelia, were
HPMA copolymers in the late phase; at 1 h after adminispreferentially accumulated in tumor tissues. Therefore, the
tration of the copolymers one can observe the Effgtte  highly selective uptake of macromolecules, lipids and par-
in solid tumors, as reported earligr-116.21.27.28.30) ticulates in solid tumor tissues could be attributed to the
(Fig. 3B). The tumor distributions of higher MW HPMA EPR dfect.
copolymers at 1 h showed 2- to 3-fold increases com- In conclusion,it was found that the early phasel
pared with that at 10 min after administration. This EPRmin) uptake rate into the tumor tissue is indiscriminately
effect contributes to the much slower clearance of thoséigh for all molecular sizes of copolymers used (Fig. 3A),
macromolecules from the tumor tissues or tumor interstiwhereas the clearance rate either via blood or the lym-
tium into the lymphatics (Figs. 3 vs. 4-7), which is con- phatics from the tumor was much faster for lower MW
sistent with previous reports, including those on variouscopolymers than for higher MW copolymers. Naynel
lipids'™ and liposome$. Very little clearance from the macromolecular drug>@0 K) trefficking is predominantly
tumor tissue into the blood is observed folWMM40 K, one-way (blood- tumor), with little reverse flow (blood
i.e., above the renal excretion threshold (Fig. 7 and refs-» tuma - blood - urine). This notion is also supported
2, 4, 9), whereas clearance of small molecwiescircu- by the findngs that low MV anfcancer agents such as
lating blood is well known. The intratumor concentration mitomycin C or doxorubicin injected into cavities (i.e.,
remains high even after 100 h, even though the plasmantraperitoneally or intrapleurally) are readily equilibrated
level is very lav.>'® The copolymer concentration in the with the blood level and are cleared rapidivhile high
liver, which is a blood-rich normal tissue, more or lessMW drugs such as SMANCS, or radicaet albunin or
paralleled that in blood (Figs. 2A and 4Both present lipids (which behave like macromoleculgsvivo) remain
and previous studies showed that the normal tissues, i.eat high concentration for a long time [ref. 37 and Maeda,
liver, kidney, muscle, skin, etc., exhibit much faster clear- H. et al, unpublished data].
ance of these copolymers than tumor tissue, and no clear
time-dependent accumulation was observed in these NOxCKNOWLEDGMENTS
mal tissues, in contrast to the tumor tissues (Figs. 4 and
5). Although the present model used mouse sarcoma 180, This work was supported in part by Grants-in-Aid from the
we have found similar EPRfects in various animals and Ministry of Education, Science, Sports and Culture of Japan
human tumors including B16 melanofagolon 38 and (HM), the Sagawa Foundation for Support of Cancer Research,
S-180%121316.2) gnd Ehrlich carcinoma (both unpublished Kyoto (HM) and the Cancer Research Campaign, U.K. (RD), for
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