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Purpose. The EDPGFFNVE nonapeptide (NP) was recognized as the
CD21 (CR2) binding epitope of the Epstein-Barr virus (EBV) gp350/
220 envelope glycoprotein which mediates the virus attachment to
human B lymphocytes (Nemerow et al., Cell 56:369-377, 1989). Here
we evaluated the targeting potential of a synthetic receptor binding
epitope (NP) covalently attached to a water-soluble polymeric drug
carrier. In particular, the biorecognition of N-(2-hydroxypropyl)metha-
crylamide (HPMA) copolymer-NP conjugates by B- and T-cells and the
cytotoxicity of HPMA copolymer-NP-adriamycin (ADR) conjugates
toward B-cells, T-cells, and peripheral blood lymphocytes (PBL)
were cvaluated.

Methods. HPMA copolymer-NP and optionally ADR conjugates vary-
ing in the NP density and mode of NP attachment were incubated with
Raji B-cells (human Burkitt’s lymphoma), CCRF-CEM T-cells (acute
human lymphoblastic leukemia), and CCRF-HSB-2 T-cells (human
lymphobilastic leukemia). The kinetics of binding was studied, the
Langmuir adsorption isotherms analyzed, binding constants calculated,
and ICs, doses determined.

Results. Flow cytometry studies revealed that binding was homoge-
neous to both cell types. The apparent binding constants to T-cells
were about two times higher when compared to B-cells. The binding and
cytotoxicity increased with increased amount of epitopes per polymer
chain. Attachment of the NP via a GFLG spacer resulted in increased
biorecognition when compared with conjugates containing NP bound
via a GG spacer. HPMA copolymer-NP-ADR conjugates possessed
specific cytotoxicity to T- and B-malignant cells. Concentrations, which
were lethal to the latter, were not toxic for PBL.

Conclusions. The data obtained seem to indicate the potential of the
HPMA copolymer-NP conjugates as polymer anticancer drug carriers
targetable to immunocompetent cells.
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INTRODUCTION

The use of polymeric drug delivery systems is rapidly
becoming an established approach for improvement of cancer
chemotherapy. The covalent binding of low molecular weight
drugs to water soluble polymer carriers offers a potential mecha-
nism to enhance the specificity of drug action. Endocytosis
becomes the only mode of cell entry of drug-polymer conju-
gates; this can be a highly cell specific mechanism (1,2).

During the last decade we have designed, developed, and
evaluated targetable N-(2-hydroxypropyl)methacrylamide
(HPMA) copolymer-anticancer drug conjugates (reviewed in
part 5 of ref. 1). Various targeting moieties, such as carbohy-
drates (3) and antibodies (4,5) have been used to achieve the
biorecognizability of these conjugates. One of the main advan-
tages is the possibility of attaching numerous biorecognizable
moieties to one macromolecule. The biorecognition of HPMA
copolymers containing side-chains terminated in N-acylated
galactosamine by the asialoglycoprotein receptor was depen-
dent on the amount of bound ligand (3). Similar advantage of
multivalent interactions (cooperative binding) was observed in
the inhibition of virus mediated agglutination of erythrocytes
by polyacrylamides with pendant sialoside groups (6), lectin
recognition of HPMA copolymers with pendant fucosylamine
residues (7), and BCL; mouse lymphoma binding of short pep-
tides fused via a semi-rigid hinge region with the coiled-coil
assembly domains into a multivalent binding molecule (8).

Another advantage of macromolecular carriers containing
multiple small epitopes may be in the easier transcompartmental
transport when compared to large antibody conjugates. It is well
established that increased permeability of tumor vasculature
combined with impaired lymphatic drainage resuits in the accu-
mulation of macromolecules in tumor tissue (3). Other factors,
however, may have an opposite effect. For example, a high
interstitial pressure may result in a convective fluid flow from
the center of the tumor to the periphery which might carry
macromolecules (9). Nevertheless, increased concentrations of
HPMA copolymer bound drugs (when compared to free drugs)
were observed on several tumor models (10,11). It appears that
the permeability and accessibility of a particular tumor will
depend on many factors, one of the very important ones being
the size of the macromolecule. 1t was recently demonstrated
that the effective permeability of small macromolecules, such
as albumin was independent of the tumor pore cutoff size (12).
HPMA copolymers used as drug carriers possess a small size
(< 10 nm). However, this advantage is relevant mainly to the
treatment of solid tumors.

The Epstein-Barr virus (EBV) gp350/220 envelope glyco-
protein mediates virus attachment to the EBV/C3dg receptor
on human B lymphocytes (I3) and specific binding to some
receptors on human T cell lymphomas (14). Two regions of
amino acid similarity were found in the gp350 and C3d coding
sequences and it was suggested that they may represent CD21
(CR2) binding sites of gp350/220. It was shown that multimeric
forms of the N-terminal gp350/220 peptide, composed from
nine amino acid residues (EDPGFFNVE), conjugated to albu-
min efficiently blocked recombinant gp350/220 and C3dg bind-
ing to B cells (13).

In this study the potential of the covalently attached EDPG-
FFNVE nonapeptide (NP) as a targeting moicty for HPMA
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copolymers has been evaluated. The biorecognition of the
HPMA copolymer-NP conjugates by B- and T-lymphocytes
was studied. The NP was attached to the HPMA copolymer
backbone via dipeptide (GG) or tetrapeptide (GFLG) side-
chains (15), and covalently attached Cascade Blue (CB) was
used as the fluorescence marker of the conjugate. The content
of NP containing side-chains was varied to determine the impact
of the cooperativity effect on biorecognition. The cytotoxicity
of HPMA copolymer-ADR-NP conjugates toward CCRF-CEM
and CCRF-HSB-2 T-cell lines, Raji B-cell line, and human
PBL was determined.

MATERIALS AND METHODS

Materials

RPMI 1640 medium, Iscove’s modified medium, penicil-
lin/streptomycin stock solution and Dulbecco’s phosphate buf-
fered saline (DPBS) were obtained from Sigma Chemical Co.
(St. Louis, MO). Fetal bovine serum (FBS) was from HyClone
(Logan, UT). Sephadex G-25 (PD-10) columns and a Superose
6 (16/60) column were from Pharmacia (Piscataway, NJ). Cas-
cade Blue was from Molecular Probes (Eugene, OR). The ADR
was a kind gift from Dr. A. Suarato, Pharmacia-Upjohn (Milano,
Italy). Deionized water was used for the preparation of all
buffers. All other chemicals were of reagent grade or better.

Cell Lines

Raji B-cell line (Burkitt’s lymphoma, human), CCRF-
CEM T-cell line (acute lymphoblastic leukemia, human), and
CCRF-HSB-2 T-cell line (lymphoblastic leukemia) were
obtained from the American Type Culture Collection (ATCC,
Rockville, Maryland). Raji and CCRF-CEM cells were cultured
in RPMI medium supplemented subsequently with 10% and
20% FBS. CCRF-HSB-2 cell were cultured in Iscove’s modified
medium supplemented with 10% FBS. All media contained
penicillin (100 U/ml), and streptomycin (100 pg/ml). Cells
were grown at 37°C in a humidified atmosphere of 5% CO,
(v/v) in air. Cell density in a culture was kept at 0.5-1 X 10°
cells per ml of medium.

HPMA Copolymer-NP Conjugates

The conjugates were synthesized using a two step proce-
dure. In the first step, the polymer precursors were prepared
by radical precipitation copolymerization of HPMA and N-
methacryloylglycylphenylalanylleucylglycine  p-nitrophenyl
ester or N-methacryloylglycylglycine p-nitrophenyl ester (16).
Two polymer precursors were prepared: one contained 8.7
mol% glycylphenylalanylleucylglycine p-nitrophenyl ester side
chains (M,, = 20500; M, /M, = 1.4), the other 9.5 mol%
glycylglycine p-nitrophenyl ester side chains (M, = 19400;
M,/M, = 1.4). The fluorescent marker, Cascade Blue (CB) or
adriamycin (ADR) and the nonapeptide (NP; EDPGFFNVE)
were bound to polymer precursors by consecutive aminolysis of
reactive ester groups (17) without isolation of the intermediate
product. The synthesis of conjugate 1 containing NP and CB
and the synthesis of conjugate 4 containing NP and ADR are
described as examples.
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Synthesis of P(GFLG)-NP-CB (1)

To a stirred solution of 300 mg polymer precursor (8.7
mol%-GFLG-ONp; 145 pmol ONp groups) in 1.5 ml DMF a
suspension of CB (20 mg; 30 wmol) in 0.5 ml DMF was added.
Within 30 min the reaction mixture cleared up and then the NP
(126 mg; 120 pmol) was added followed by slow addition of
70 wl (505 pmol) triethylamine. After 5 h stirring at room
temperature the polymer was precipitated into an excess of
acetone, filtered off and dried. The conjugate was then exten-
sively dialyzed from an aqueous solution and isolated by freeze
drying. The content of bound NP was determined by amino
acid analysis, the content of bound CB was determined spectro-
photometrically using extinction coefficient 2.9 X 10* M™!
cm ™! (Amax 400 nm in borate buffer pH 9.2). The absence of
non-bound ligands was checked by SEC using UV detection
at 280 nm. The yield of conjugate after freeze drying was 290
mg; the content of NP was 20.8 wt.% and the content of CB
3.8 wt.%

Synthesis of P(GFLG)-NP-ADR (4)

To a suspension of 300 mg polymer precursor (145 pmol
ONp), 36 mg (62 pmol) ADR.HCI and 30 mg (28 pmol) NP
in 2.0 mi DMF, 41 pl (292 pmol) triethylamine (diluted 1:1
in DMF) were slowly added. The reaction mixture was stirred
in the dark for 5 h at room temperature. Then 20 pl of 1-
amino-2-propanol was added to aminolyze non-reacted ONp
goups and the copolymer was immediately precipitated into
acetone/ether (3:1), washed, and dried. The polymer was - uri-
fied by Sephadex LH-20 chromatography in MeOH containing
10% DMSO and 1% CH;COOH followed by dialysis. After
freeze drying the polymer was characterized by the determina-
tion of bound NP (amino acid analysis) and by the content of
bound ADR (¢ = 11000 M~ 'cm™! in H,O; X 485 nm).

The synthesis of other polymer conjugates was performed
similarly to that described for conjugates 1 and 4. The HPMA
copolymer conjugates containing the tetrapeptide (GFLG)
spacer are referred to as P(GFLG)- and those containing the
dipeptide (GG) spacer are referred to as P(GG)-, where P is the
HPMA copolymer backbone. The structures and composition of
the conjugates are shown in Fig. 1. The amount of NP, CB,
and ADR in mol-% is very close to the actual number of NP,
CB, and ADR per one polymer chain. The M,, of polymer
conjugates 1-8 were (19,500-25,000).

Binding Assays

Kinetics

Cells were transferred from a culture medium into DPBS
containing 30 mM NaNj; and 0.5% of BSA, placed in Eppendorf
vials (1 X 10° celis in 250 pl), and chilled to 0°C for 30 min.
Conjugates P(GFLG)-NP-CB (1) and P(GG)-CB (8, control)
in DPBS (2 mg/ml) at 0°C were added to cell suspensions at final
concentration 400 pg/ml and the cells incubated for various time
intervals at 0°C. The cells were spun down at 14,000 rpm in
a microrotor of the Biofuge 14R centrifuge for 30 min. The
supernatant containing unbound conjugates was carefully
removed and the cell pellet dissolved in 1 M NaOH ovemight.
The amount of the bound conjugate was determined by fluores-
cence spectrophotometry and the cell protein content by the
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3 GFLG 94.1 35 2.4 (ADR) 17.2 ('high®NP) - 73
4 GFLG 92 12 26 (ADR) 60 (low NP) 8.0
5 GFLG 96.8 3.2 - 18.1 -
6 GFLG 98.1 - 1.9 (ADR) - - 6.1
7 GG 93.0 5.6 1.4 (CB) 285 46
8 GG 98.1 - 1.9 (CB) 8.1

Fig. 1. Structures and composition of conjugates.

Lowry assay. The amount of P(GFLG)-NP-CB conjugate bound
to the cell surface was determined as

(Fyne — )

where Fyp is the fluorescence of the cells (dissolved cell pellet)
incubated with P(GFLG)-NP-CB (average value from three
vials and normalized per the cell proteins). The Fy . is the
fluorescence of cells (dissolved cell pellet) incubated with the
P(GG)-CB conjugate, i.e., the fluorescence of conjugate trapped
by cells during centrifugation (average value from three vials
and normalized per the cell proteins). The Fpgar is the fluores-
cence of a known amount of P(GFLG)-CB dissolved in 1 M
NaOH.

Chound = Fconl.rol )/ Fs!andard

Langmuir Adsorption Isotherms

Various concentrations of conjugates were added to cells
in DPBS (containing 30 mM NaNj, and 0.5% BSA) at 0°C and
incubated for 4 h to reach equilibrium. The P(GG)-CB (8) was
used as a control conjugate to estimate the amount of conjugates
trapped with cells during the cell spinning. The Langmuir bind-
ing isotherms of conjugates normalized per 1 X 10° cells were
analyzed. The parameters of binding, K, (affininty constant)
and R (total amount of receptors) were estimated by fitting

experimental data with the equation:
K, R: Chree/(1 + K; - Cpree) + aClpe )

Crrec Was calculated

Cbound =

The amount of free conjugates in solution —

as Ciee = Cuided — Chounds Where Cygqcq 18 the concentration of
conjugates added to the cell suspension, and a the parameter
corresponding to nonspecific interactions of conjugates with
the cell surface. The a values were determined independently
in experiments where receptors were saturated with conjugates
(0.5 mM of NP equivalent). Average values of Cpnq from three
measurements were used to construct the Langmuir isotherm
plots.

Confocal Fluorescence Microscopy Study of P(GFLG)-NP-
ADR Internalization

A Bio-Rad MRC 600 laser scanning confocal imaging
system based on a Zeis Axioplan microscope and a krypton/
argon laser was employed to observe internalization of the
targeted conjugate. A planapo objective (X60, numerical aper-
ture 1.4, oil) was used. The ADR fluorescence images were
accumulated via the BHS block of filters (excitation at 488 nm
and emission through a 515 nm barrier filter). Cells were cul-
tured with P(GFLG)-NP-ADR conjugates at concentration 100
pg/ml (12 pM of ADR) for 24 h. After incubation the cells
were washed three times with PBS, transferred on polylysine
treated glass coverslips, and kept in PBS for 20 min at 4°C.
Cells were fixed with 1% paraformaldehyde for 10 min at 4°C
and rinsed with PBS. Inverted coverslips were mounted on
glass slides in 50% glycerol and 0.02% NaNj. The slides were
examined immediately. In all cases, the operating conditions
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were such that detectable images could not be obtained for cell
samples not treated by the conjugate.

Cytotoxicity Assays

Cytotoxicity

The cytotoxicity of drugs was assessed using a modified
MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyitetrazolium
bromide) assay (18). Briefly, cells were seeded into 96-well
microtiter plates at the density of 10,000 cells per well. Twenty-
four hours after plating, the medium was aspirated and 12
different concentrations (expressed as ADR equivalents) of ster-
ile HPMA copolymer conjugates in fresh media were added.
Cells were cultured for 72 h with the conjugates before the cell
survival assay was performed. The medium was discarded and
100 ! of fresh medium plus 25 ul of a 5 mg/ml MTT (Fluka)
solution was added to each well. Plates were incubated under
cell culture conditions for 3 h. Formazan crystals were dissolved
overnight in 50% v/v dimethylformamide in water containing
20% w/v sodium dodecyl sulfate. The absorbance of each sam-
ple was measured at 570 nm with a background correction at
630 nm. The results of the cytotoxicity assay were used for the
calculation of the ICs, dose (drug concentration which inhibits
growth by 50% relative to non-treated control cells).

The cytotoxicity of the conjugates for PBL (obtained from
a healthy donor) was assessed by flow cytometer analysis
(FACS Scan, Becton Dickinson). The cells were separated by
the Ficoll-Paque (Pharmacia) density gradient centrifugation,
transferred into RPMI medium supplemented with 10% of FCS,
and equal volumes placed into several wells of the 24-well
plate. Various concentrations of conjugates (expressed in ADR
equivalent) in sterile DPBS were added and cells cultured for
72 h at 37°C. Only DPBS was added to control cells. The cells
were centrifuged, transferred into DPBS (0.5 ml) and analyzed
in a flow cytometer. The lymphocytes were gated by their
‘scatter morphology’ (19). The accumulation of data continued
till counting of the gated cells reached an adequate statistic.
The time interval of counting was fixed and used as an interval
of counting of the treated cells. Cell viability was calculated
from the amount of treated cells possessing light scatter parame-
ters typical for control cells and the amount obtained for control
untreated cells.

Accumulation of HPMA Copolymer Conjugate in
Subpopulations of PBL

Freshly obtained PBL cells were transferred into RPMI
medium supplemented with 10% of FCS. The P(GFLG)-NP-
CB conjugate (1) was added to the cells at a final concentration
100 pg/ml and the cells incubated for 72 h at 37°C. After
incubation cells were divided into three portions. Each portion
of cells was stained with a commercial antibody complementary
for a receptor associated with a particular lymphocyte subpopu-
lation. The Quantum Red™ conjugated mouse anti-human
CD19 (Sigma) antibody was used to stain B lymphocytes. The
FITC conjugated mouse monoclonal anti-human CD3 antibody
(Sigma) was used to stain T lymphocytes. The FITC conjugated
mouse anti-human CD4 (Sigma) was used to stain helper/
inducer T lymphocytes. Cells were stained according to the
procedure developed by the manufacturer. For negative staining
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controls, the isotype-matched non-specific mouse immunoglob-
ulins conjugated with FITC or Quantum Red™ were used.
Stained cells were immediately evaluated by flow cytometer
analysis. Lymphocytes were gated by their ‘scatter morphol-
ogy’. Fluorescence intensity of CB was assumed to be propor-
tional to the accumulation/association of the P(GFLG)-CB-NP
conjugate in the subpopulation of lymphocytes.

Apoptosis Detection

The ApoAlert™ Annexin V/PI kit was used to monitor
the early stage of apoptosis (Clontech, Palo Alto). The kit is
based on staining of phosphatidylserine (PS); in apoptotic cells
PS is translocated from the inner to the outer leaflet of the
plasma membrane, thereby exposing PS to the external cellular
environment (20). Cells were incubated with conjugates for 72
h at 37°C. Aliquots of cell suspension (about 10*~10° cells)
were withdrawn and washed with DPBS. The pellet of cells
was resuspended in 200 pl of the binding buffer, 5 ul of
Annexin V-FITC were added and cells incubated 15 min at
room temperature. The cells were washed with DPBS (2 ml),
resuspended in 0.5 ml of DPBS and immediately analyzed on
a flow cytometer. Integrity of the cell membrane was controlled
by staining of cells with Propidium lodide (PI). To avoid spilling
of the green fluorescence (FITC) to the red channel (PI) cells
were stained with Annexin V-FITC and Pl separately. The
procedure of staining cells with PI was similar to staining cells
with Annexin V-FITC. The plasma membrane integrity of cells
exposed to ADR was controlled with Trypan Blue (samples
where a completed compensation of ADR fluorescence in Pl
channel was limited).

RESULTS

Kinetics of Binding

Raji B-cells and HSB-2 T-cells were incubated with P
(GFLG)-NP-CB conjugates for various periods of time at condi-
tions where no cell internalization occurs (0°C in DPBS, 30
mM NaNlNs, 0.5% BSA). Unbound conjugates were separated
by centrifugation. Cells were spun and the cell pellet used
to analyze the amount of bound conjugates by fluorescence
spectrophotometry. The fluorescence intensity obtained from
cells incubated with P(GG)-CB (at a concentration equal to the
P(GFLG)-NP-CB conjugate) and separated from the incubation
buffer by centrifugation, was used to estimate the amount of
the trapped P(GFLG)-NP-CB conjugate. At neutral pH the
P(GG)-CB conjugate is negatively charged. Consequently, it
was reasonable to assume that its adsorption to the cell surface
will be negligible. The kinetics of P(GFLG)-NP-CB binding
(data not shown) demonstrated that in approximately 3 h an
equilibrium was reached for both, Raji B-cells and HSB-2
T-cells.

Homogeneity of Cellular Biorecognition

Flow cytometric analysis was used to examine the homoge-
neity of the binding of P(GFLG)-NP-CB conjugate 1 to cells
(Fig. 2). It appears that the whole population of Raji B-cells
(Fig. 2A) and HSB-2 T-cells (Fig. 2B) were stained with the
conjugate. These data indicated that the binding of conjugates



1014

A
200 i
2 S &
- 2 :
Q1004 O]
g} 3
B R M e R R
Log SSC-Height B Fluorescence
=z = f
& Y
=2
= 1 2
: 2l ||
£ 1w o /
. /
10 % 5] 0w © r w o w
Log SSC-Height Fluorescence

Fig. 2. Flow cytometric analysis of binding of the P(GFLG)-CB-NP
conjugate 1 to Raji B-cells—upper two panels (A) and to CCRF-HSB-
2 T-cells—lower two panels (B). Before analysis, cells were incubated
with conjugate 1 for 4 h at 0°C.

to the cell surface can be normalized per cell number, for
example 1 X 108,

Langmuir Isotherms

Both the binding efficacy and the amount of P(GFLG)-
NP-CB conjugates bound to the cell surface of Raji B-cells,
HSB-2 T-cells, and CCRF-CEM T-cells were estimated. Condi-
tions of incubation (4 h, 0°C, 30 mM NaN;) were chosen
where no internalization occurred and receptor binding reached
equilibrium. The character of the Langmuir adsorption isotherm
plots indicated that P(GFLG)-NP-CB conjugate bound specifi-
cally to all three cell types used. The binding of the P(GFLG)-
NP-CB conjugate was close to saturation at a concentration of
conjugate corresponding to 50 pM of NP equivalent (Fig. 3).

To determine nonspecific binding, cells were incubated
with P(GFLG)-NP at concentrations equal to 200 pM of NP
equivalent to saturate the receptors. Then different concentra-
tions of P(GFLG)-NP-CB conjugate were added and adsorption
determined. The intensity of nonspecific binding of the conju-
gates was considerably lower when compared to specific bind-
ing (Fig. 3). The nonspecific adsorption data were approximated
with a linear dependence and the parameter a (see Eq. 2). The
parameter o for Raji B-cells was 1.5 fold higher than for HSB-
2 T-cells. Apparently, this difference reflects the different size
of the cells. Using an optical image analyzing software (Image-
Pro) we found that an average diameter of Raji B-cells is
1.3—1.5 larger than the diameter of HSB-2 T-cells. This is in
agreement with small angle light scattering data (14).
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Fig. 3. Langmuir isotherm of the binding of the P(GFLG)-CB-NP
conjugate 1 to Raji B-cells (A), CCRF-HSB-2 T-cells (ll), and CCRF-
CEM T-cells (@). Non-specific adsorption of the conjugate to Raji B-
cells (A) and CCRF-HSB-2 T-cells () is also shown. Cells were
incubated with conjugate 1 for 4 h at 0°C. Solid lines are theoretical
curves obtained by fitting of data with equation 2. Data of non-specific
adsorption were approximated with a linear dependence.

Experimental data were fitted with equation 2 to calculate
the affinity constant K, and the amount of receptors per 1 X
10° cells (Table 1). Values of a parameters were fixed during
the fitting procedure and NP ligands were treated as free ligands,
interacting with receptors independently. Solid lines in Fig. 3
are theoretical curves obtained with calculated parameters.

Values of K, were different for Raji B-cells and HSB-2
T-cells (Table 1). In the case of HSB-2 T-cells K, was almost
twice higher when compared to B-cells. K, values for CEM
and HSB-2 cells were very close. Differences in the values of
the R parameter resulted probably from differences in the cell
surface area. The data obtained are different from those pub-
lished on binding of albumin and microspheres modified by
the NP to B- and T-cells. Nemerow et al. observed NP mediated
binding to B (Raji) cells and not to T (HSB-2) cells (13).
We observed a higher affinity of the HPMA copolymer-NP

Table 1. Parameters® of Binding of HPMA Copolymer-CB-NP Conju-
gates to B- and T-Cells

R
ng per
Con- K, 1 X 108
Cells jugate M X 10° cells o
Raji B-cells 1 103 19*03 5050
Raji B-cells 2 0.1 x007 20x05 3000 % 1500
Raji B-cells 7 02005 2.0*x03 1500 = 1000
CCRF-HSB-2 Tcells 1 23*02 10*02 3360
CCRF-HSB-2 Tcells 2 02 *0.06 1.2 * 0.3 2000 * 1000
CCRF-HSB-2 T-cells 7 05 *0.1 09 =03 1400 * 1000
CCRF-CEM T-cells 1 20x02 13=*02 3360

¢ See equation 2 for explanation of parameters. Data for conjugate 1
were calculated by fitting experimental data into eq. 2 using a fixed
value of the parameter « as determined from data on nonspecific
adsorption. Data for conjugates 2 and 7 were calculated using all
variable parameters.
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conjugates (P(GFLG)-NP-CB) to HSB-2 T-cells when com-
pared to Raji B-cells (Table 1).

Influence of the Amount of Epitopes per Polymer Chain on
the Binding

The Langmuir binding isotherms of P(GFLG)-NP-CB con-
jugates (1 and 2) containing different amounts of NP per poly-
mer chain to Raji B-cells and HSB-2 T-cells were clearly
different (not shown). Binding parameters obtained from the
best fit are presented in Table 1. The parameter of nonspecific
interactions a was a variable parameter during the fitting proce-
dure. The conjugate 1 containing 20.8 wt.% NP (approximately
four NP molecules attached per polymer chain) bound to the
cell surface with an efficiency of about one order of magnitude
higher when compared to conjugate 2 containing 6.8 wt.% NP
(approximately one NP per polymer chain). Affinity constants
were estimated assuming that all NP moieites in the conjugates
were involved in ligand-receptor interactions. It is interesting
to note that calculated values of the o parameters for conjugate
2 were also lower those of conjugate 1.

Influence of the Spacer Structure on the Binding

The length of the spacer between the polymer backbone
and the epitope could influence the biorecognition of the conju-
gate by cell surface receptors. Two HPMA copolymer conju-
gates were compared, namely P(GFLG)-NP-CB (conjugate 1)
and P(GG)-NP-CB (conjugate 7). The Langmuir binding iso-
therms (not shown) of P(GG)-NP-CB (conjugate 7) where the
NP was coupled to the polymer backbone via a short dipeptide
(GG) spacer possessed a considerably lower efficacy of binding
to Raji B-cells and HSB-2 T-cells than P(GFLG)-NP-CB (con-
jugate 7) as the calculated affinity constants indicate (Table 1).

The binding parameters were calculated using variable o
parameters. The values of K, for P(GG)-NP-CB (conjugate 7)
were 4-5 fold lower than the values for the P(GFLG)-NP-CB
(conjugate 1) for both Raji and HSB-2 cells (Table 1). Lower
values of K, for P(GG)-CB-NP (conjugate 7) were observed
in spite of the fact that its NP content (28.5 wt.%) was higher
than in conjugate 1 (20.8 wt.%).

Cytotoxicity of Conjugates to T and B Lymphoblastic Cells

. Free ADR, targeted conjugates 3 and 4 (P(GFLG)-NP-
ADR) and non-targeted conjugate 6 (P(GFLG)-ADR) were
assessed for their dose dependent growth inhibitory effect on
Raji B-cells, CCRF-HSB-2 and CCRF-CEM T-cells in vitro.
The values of the ICs, doses are listed in Table 2. As expected,

Table 2. The ICs, Dose Values for Free and HPMA Copolymer-Bound

ADR
Free
ADR  Conjugate 3 Conjugate 4 Conjugate 6
Cells M Y| pM Y|
CCRF-HSB-2 0.005 03 0.6 7
CCRF-CEM 0.009 0.7 1.0 8
Raji 0.062 53 7.7 42

1015

the attachment of ADR to a non-targeted polymer carrier sub-
stantially decreased the cytotoxicity of ADR as a result of the
limitation of cell uptake of the conjugate to the fluid-phase
pinocytosis. The targeted conjugates, which enter cells by recep-
tor-mediated pinocytosis, were considerably more toxic. The
highest difference between the ICs, doses of non-targeted and
targeted conjugates was obtained for HSB-2 T-cells (Table 2).

The comparison of the cytotoxicity of conjugates 3 and 4
demonstrated the influence of multivalent binding on biological
properties. In agreement with the affinity constants of CB
labeled conjugates 1 and 2 (Table 1), the conjugate 3 had a
substantially lower 1Csg. value than conjugate 4 (Table 2).

The internalization of conjugate 4 in Raji B-cells and in
HSB-2 T cells was studied by confocal fluorescence micros-
copy. The images clearly indicate the internalization of the
conjugate via the endocytic route (Fig. 4).

Accumulation of Conjugate 1 in Subpopulations of
Peripheral Blood Lymphocytes

The accumulation of conjugate 1 in subpopulations of
PBL was assessed. Preliminary experiments verified that the

Fig. 4. Localization of conjugate 4 in Raji B cells (A-contrast phase
image; B-fluorescent image) and fluorescent image in HSB-2 T-cells
(C) as determined by confocal fluorescence microscopy; bar 5 um.
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conjugate was not cytotoxic toward CEM and Raiji cells during
72 h of incubation. We assumed that CB, due to its negative
charge would remain inside the cells during the time of the
experiment.

The PBL cells were incubated with the conjugate for 72
h at 37°C. After incubation they were divided into three portions
and separately stained by B and T cell specific antibodies. B
lymphocytes, a whole population of T lymphocytes, and a
subpopulation of helper/inducer T cells were stained with anti-
CD19, anti-CD3, and anti-CD4 mouse antibodies, respectively.
The results (not shown) demonstrated that the conjugate was
accumulated in all three subpopulations of PBL. The relative
accumulation was larger in T cells (CD3* cells > CD4* cells)
when compared to B cells (CD19* cells).

Toxicity of Conjugate 3 to Peripheral Blood Lymphocytes

Varying concentrations of conjugate 3 were incubated with
fresh PBL cells in RPMI medium for 72 h. Equal aliquots of
cell suspensions were taken for the incubation with the conju-
gate and for control experiments. Cells were once washed with
DPBS, transferred into an equal volume of DPBS (0.5 ml), and
analyzed by flow cytometry. The cytotoxicity of the conjugate
was assessed in two ways: the estimation of the amount of viable
cells according to their shape and size, and by the estimation of
the fraction of apoptotic cells.

The flow cytometry analysis of PBL cells incubated with
conjugate 3 at the concentration of 20 pM ADR equivalent is
shown on Fig. 5 A,B. The lymphocytes were gated by their
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Fig. 5. Representative flow cytometry analysis of viability and devel-
opment of apoptosis in PBL cells incubated with conjugate 3 (20 pM
of ADR equivalent) at 37°C for 72 h. The ApoAlet™ Annexin V/Pl
kit was used to monitor the early stage of apoptosis. The lymphocytes
were gated by their ‘scatter morphology’. The ‘gate’ marked as the
area “R”. Time interval of accumulation of data was equal for both
control and experiment runs. (A) The light scatter histograms of control
cells (left panel) and cells incubated with conjugate (right panel). (B)
Two-color flow cytometry analysis (ADR and FITC-Annexin fluores-
cence). Left panel-control cells; right panel-incubated cells).
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‘scatter morphology’. The light scatter histogram of control
lymphocytes is presented in the left panel of the Fig. 5A. On
the right panel of the Fig. 5A there is the histogram of PBL
cells incubated with conjugate 3. The data seem to indicate
that 98% of cells exposed to conjugate 3 possessed scatter
parameters similar to control cells. It may suggest that 98% of
cells were viable after the treatment.

In Fig. 5B a two-color analysis, for ADR and Annexin V-
FITC fluorescence, is presented. Staining of cells with Annexin
V-FITC showed that about 2.5% of control cells were in an
apoptotic state after 72 h of incubation (Fig. 5B, left panel).
After incubation of PBL cells with conjugate 3 (20 uM ADR
equivalent) for 72 h, the amount of cells in apoptotic state was
unchanged (Fig. 5B, right panel). However, 33% of cells were
positive for ADR fluorescence. It is interesting that the fraction
of cells containing ADR was significantly higher than the frac-
tion of cells in the apoptotic state.

Cytotoxicity of Conjugate 3 to HSB-2 T Cells

A similar approach, as described above for PBL cells, was
used for HSB-2 cells. The HSB-2 cells were incubated with
conjugate 3 (20 M ADR equivalent) for 72 h at 37°C. The
flow cytometer analysis of control HSB-2 cells is presented in
the Fig. 6A (left panel). The light scatter parameter analysis of
the cells incubated with conjugate 3 showed that only about
0.4% of cells possessed light scatter parameters, which were
similar to the parameters of control cells (Fig. 6A, right panel).
Most of cells were fragmented as seen from changes of the light
scatter parameters. It is worth to note that the flow cytometer
approach for evaluation of the cell viability appeared to be
more feasible and sensitive for a suspension of cells than the
MTT assay. Although the use of the MTT assay is rapid and
precise, we found that care should be taken when using this
assay for short-term cytotoxicity assays since non-viable cells
also reduce the tetrazolium dye.
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Fig. 6. Representative flow cytometry analysis of viability and devel-
opment of apoptosis in HSB-2 celis incubated with conjugate 3 (20
1M of ADR equivalent) at 37°C for 72 h. See Fig. 5 for explanation.
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A two-color flow cytometry analysis (ADR and Annexin
V-FITC fluorescence) was performed (Fig. 6B). The analysis
showed that 100% of cells, which were still viable according
to the flow cytometer analysis contained ADR and about 70%
of them were stained with Annexin V-FITC (Fig. 6B, right
panel). The latter indicates that though the cells had unchanged
size and shape they were already in an apoptotic state. In other
words, the percent of surviving cells at the end of the incubation
period was lower than 0.4 %.

The dose dependence of the viability HSB-2 T cells and
PBL cells were compared. Concentrations of conjugate 3, which
have eradicated more than 99% of HSB-2 T lymphoblastic cells
were not toxic to PBL cells.

DISCUSSION

The CD21 (CR2) receptor is an 145 kDa integral trans-
membrane single-chain glycoprotein that recognizes the C3dg
fragment of the human complement factor C3 (21) and the
EBYV receptor with the ligand localized in the NP sequence of
the gp350/220 envelope glycoprotein (13). The CD21 receptor
is expressed on B-lymphocytes (13,22) and on peripheral T
lymphocytes (23,24). About 50% of the peripheral blood CD8*
T cell subpopulation can bind the EBV (25). It appears that
this receptor is overexpressed on B and T lymphoblastoid
cells (12,26).

The EBV seems to bind to both Raji B-cells (13) and
CCRM-HSB-2 T-cells (24). However, a different picture was
obtained with microspheres containing covalently attached NP.
Only a portion of Raji B-celis (47-76%) and about 11% of
HSB-2 T-cells were stained (13). On the other hand, we have
observed by flow cytometry (Fig. 2) a homogeneous binding
of HPMA copolymer conjugates to B- and T-cells. These facts
seem to indicate that a multivalent, flexible macromolecular
NP conjugate may possess a potential as a targetable drug
delivery system. The aim of this study was to evaluate the
biorecognition of HPMA copolymers containing covalently
attached NP (EDPGFFNVE) by T and B lymphocytes. One B-
cell line (Raji) and two T-cell lines (CCRM-CEM and CCRM-
HSB-2) were chosen for the study.

The design of the conjugates (Fig. 1) permitted to evaluate
the influence of the amount of NP per polymer chain as well
as the structure of the oligopetide side-chain on the biorecogni-
zability. Conjugates 1 and 2 contained a different amount of
GFLGEDPGFFNVE side-chains, whereas conjugates 1 and 7
differed in their structure. The latter contained GGEDPGFF-
NVE side-chains. Conjugates 3 and 4 contained ADR in addi-
tion to NP. This permitted to correlate the biorecognition of
the conjugates at the cell surface (Table 1) with the cytotoxicity
(Table 2) of the intracellularly released ADR after internaliza-
tion of the conjugate by receptor-mediated endocytosis (Fig. 4).

The data obtained indicated specific binding of the NP-
containing conjugates to all three cell lines studied. At concen-
trations corresponding to approximately 50 uM of NP equiva-
lent (about 180 pg/ml of conjugates) the binding sites of Raji
B-cells and HSB-2 and CEM T-cells were saturated with conju-
gates. Following saturation of binding sites, the conjugates
nonspecifically adsorbed to the cell surface. The amount of
nonspecific binding was proportional to the concentration of
the conjugate, but considerably lower than the specific binding.
The estimated apparent affinity constants, K, and the amount
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of the conjugates bound to the cells at saturation were different
for B-cells and T-cells (Table 1). The analysis performed was
limited due to the unknown number of NP moieties involved
in biorecognition. We assumed that all NP moieties bound to
HPMA copolymer chains were involved in interactions with
receptors. Due to the flexibility of the HPMA copolymer the
assumption may be close to reality.

Surprisingly, the estimated K, value for CEM and HSB-
2 T-cells was approximately two fold higher when compared
to the K, value obtained for Raji B-cells (Table 1). One of the
explanations could be the difference in the density of receptors
on the cell surface. Estimation of the number of receptors
saturated with conjugates revealed that Raji B-cells have about
70,000 receptors per cell whereas the CEM and HSB-2 T-cells
have about two times less receptors. On the other hand, the
size of Raji B-cells is 1.2-1.3 larger than that of CEM and
HSB-2 T-cells resulting in an 1.4 to 1.7 times larger surface
area. Consequently, the density of receptors on all cell lines is
similar. Apparently the difference in the binding affinity of
conjugates to B- and T-cells can not be explained by a difference
of the density of receptors on the cell surface.

Polymeric chains containing several ligands could interact
with cells in a multipoint attachment mode. Indeed a cooperative
effect seems to be operative. Conjugate 1 which contained about
4 NP moieties per chain possessed an one order of magnitude
better binding affinity when compared to conjugate 2 which
contained about 1 NP moiety per chain (Table 1). These data are
in agreement with the literature. It was observed that efficient
binding of the N-terminal gp350/220 peptide to CD21 receptor
requires presentation as a multivalent ligand (13).

The evaluation of the cytotoxicity of conjugates in vitro
has shown that attachment of ADR to a nontargeted conjugate
6 resulted in a substantial increase in the 1Csq dose when com-
pared to free ADR (Table 2). This expected fact (1) reflects
the change in the mechanism of cell entry (fluid-phase pino-
cytosis vs. free diffusion) resulting in altered intracellular drug
concentrations. Targeted conjugates 3 and 4, P(GFLG)-NP-
ADR, which enter cells by receptor-mediated pinocytosis, were
found to be much more toxic. It is reasonable to assume that
the rate of release of ADR from the HPMA copolymer chains
in the lysosomal compartments (I5,16) are similar for targeted
and non-targeted conjugates. Then the ratio of the ICs, values
of non-targeted to targeted conjugates could be used as an
estimate of the targetability of conjugates containing the NP.
The data indicated (Table 2) that the highest difference between
the cytotoxicity of targeted conjugates 3 and 4 on one hand
and the non-targeted conjugate 6 on the other was found in
HSB-2 T cells. This is in agreement with the binding studies.
The affinity of CB containing conjugates 1 and 2 to HSB-2 T
cells was almost two times higher than that to Raji B cells
(Table 1).

The structure of the side-chain has also an impact on the
biorecognition. The P(GG)-NP-CB conjugate 7 containing the
NP attached via the GG dipeptide possessed an almost five
fold lower affinity for both B- and T-cells when compared to
the P(GFLG)-NP-CB conjugate 1 with a spacer composed of the
tetrapeptide (GFLG). Two possible explanations are obvious.
Sterical hindrance by polymer chains may render the biorecog-
nition of the NP by the CD21 receptor more difficult when a
short GG spacer was placed between the HPMA copolymer
backbone and the NP. Similar sterical hindrance effects were
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observed in the interactions of enzyme active sites with oligo-
peptide side-chains attached to HPMA copolymers (15,16). On
the other hand, different spacers result in different epitopes,
GFLGEDPGFFNVE in conjugates 1 and 2, and GGEDPGFF-
NVE in conjugate 7. It was suggested that in addition to CD21,
there are other cell membrane receptors to which EBV can bind
on T-cells (27,28). This may be also the case with the HPMA
copolymer conjugates.

We demonstrated that the NP-containing HPMA copoly-
mer (conjugate 1) interacts with PBL. According to the flow
cytometry analysis, both B and T lymphocytes accumulated
the P(GFLG)-NP-CB conjugate. Quantitative analysis and com-
parison of accumulation of the conjugate in various T and B
lymphoblastic cells as well as in subpopulation of PBL should
be done in order to obtain a more precise picture of distribution
of receptors for the NP.

Itis very interesting to note that conjugate 3 at a concentra-
tion, which was lethal for T lymphoblastic cells, was not toxic
for PBL. At the same time, the percentage of PBL cells in the
apoptotic state was unchanged after incubation with conjugate
3, when compared to control cells. About one third of PBL cells
contained ADR, but after 72 h incubation with the conjugate,
the accumulated amount of ADR was not sufficient to trigger
apoptosis. For example, at a concentration of conjugate equal
to 20 uM of ADR equivalent, the ADR fluorescence of HSB-
2 T cells was about 100 fold higher than that of PBL cells. The
different rate of ADR uptake is consistent with the expression of
EBY receptors. The amount of EBV receptors on T lymphocytes
was about 10 and 50 times less than the amount on malignant
Molt-4 T cells and Raji B-cells, respectively (29).

In summary, the data seem to indicate the potential of
using small synthetic receptor binding epitopes as targeting
moieties for polymer based targetable drug delivery systems.
The relatively small size of the conjugates should possess only
a minor hindrance to transport across transcompartmental barri-
ers. In addition, attachment of numerous ligands per polymer
chain, without impairing the solubility of the conjugate, permits
the design of conjugates with a high binding affinity. Prelimi-
nary data on an in vivo mouse model seem to support our
conclusions (30).
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