Biochimica et Biophysica Acta, 1103 (1992) 185-177 185
© 1992 Elsevier Science Publishers B.V. All rights reserved 0005-2° 35/92/$05.00

BBAMEM 75514

Recognition of liposomes by cells:
in vitro binding and endocytosis mediated by
specific lipid headgroups and surfacc charge density

Kyung-Dali Lee, Keelung Hong and Demetrios Papahadjopoulos
Cuncer Research Institute and Department of Pharmacology, Universiry of California, San Francisce, CA (USA)

(Received 12 July 1991)

Key words: Liposome; Endocytosis; Anionic lipid; CV1; J774

We d the i ion of B of different surface p with two cell lines, CV1, an
African green monkey kidney cell line, and J774, a mrine mroplnplih cell line. Cell !m"hl.! binding and
endocytosis of liposomes were quantified by i ng the ii
dye, pyranine, and the lipid marker rhodamine-PE, The Ilposom upuh was depmden( IMh on the surface
properties of the liposomes and on the cell line. Negatively d into cgg phosph
tidylcholine (PC) / cholesterol (C) (2:1) liposomes were mognind by the two cell lines to diﬂercsx mu
depending on lhe lipld hudsrwp and its charge demity in the I bilayer. 1 of 9% h
(PS), ph PG), or phosphatidic =cid (PA) promoted the uptake by CVI cells more than 20-fold.
lncrenlnullewntentoﬂlme neutivelydm‘ed Ilpidsbeyond%did not furtlm’enlnncetheumkz. llw,
G (PD), or ph
gycol)(PEG-l’E)didnot the uptake. i n(%PS,I’G,I’AorPIinPC/CIIm-udim
enhance the uptake by J774 cells, but a drastic enhancement was observed when ficreasirg concentrations of these
anionic lipids were incorporated in the liposome bilayer. At ieast 50% PS, PG, or PI was needed to reach the level of
uptake seen with CVI cells. The uptake of liposomes containing 56% PS by J774 cells was inhibited by poly-anions
which are the ing ligands for but the uptake by CV1 was not inhibited. Dilferent
mechanisms of liposome uptake by these two cell lines are suggested from the different patterns of uptake and the
competition with various poly-anions. The differences observed in the uptake rate of liposomes with different lipid

compositions scemed to be primarily due to the differences in the bi; between and cell
components. The ir vitro interaction of various liposomes with these cell lines, especially CV1 cells, shows
significant similarities to the in vivo cl rates of the
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the drug [6-8]. Several liposome-encapsulated antimi-
crobial and chemotherapeutic agents are currently un-
der evaluation for use in humans against parasitic and
funga! i [9,10] and lastic di 11-14].
Liposomes can be naturally targeted to mononuclear
phagocytes [15,16), but also have been successfuliy tar-
geted to specific cells by conjugation to appropriate
ligands [17-21]. In spite of all the progress, it is still not
possible to describe in detail how various cells respond
to diffzrent types of liposomes, in terms of recognition
of specific headgroups of phospholipids and glyco-
lipids.
Early m vwo stndu:s, usmg PS or PG containing
d that I are cleared from
the circulation primarily by the reticuloendothelial sys-
tem (RES), mainly due to the uptake by the resident
macrophages of tke liver and spleen {3,22~24). This is a
disadvantage when liposomes are used as a drug deliv-
ery system to target cells other than liver and spleen
macrophages, Recently, it has been reported that a
drastic reductlon of the llposome uptake by RES and
of s blood circula-
tion time can be obtained [25,26). This has becn ac-
complished by replacing PS or PG by G, or PI, and
alsp mre recently by PEG-PE [27-29]). However, the
exact molecular role of the head| of Gy, PL, or
PEG-FE on the li surface in d i their
behav'or in vivo and in vitro is still not clear. Further
adva:.ces in the design of liposomes to avoid early
ciea: ance fmm the blood stream is likely to benefit

lines as a good liposomal aqueous content marker with
pH-dependence which is useful for differentiating lipo-
somes at neutral pH from the ones in low pH compart-
ments.

In this repor! we have examined how various nega-
tively charged lij are ized by endocytic
(or phagocytic) cells in culture, primarily in the absence
of serum. The reason for excluding serum was to
investigate the direct interaction between cells and
liposomes and characterize the ablhly of cenam cells
to diff different neg ly d
We chose CV1, an African green monkey k!dney cell
line, as sone of the well characterized cell lines for
liposome-cell interaction [2,34,36,27], and I774. a
murine macrophage-like cell line, possibly representing
mononuclear phagocytes in RES [35,38,39]. The nega-
iively charged lipids used in these experiments include
PS, PG, PA, P1, monosialoganglioside Gy, and PEG-
PE. The modulatory effect of these anionic lipids on
the liposome uptake by the two cell lines was investi-
gated, and compared with their clearance rates from
blood which have been shown prevnously to dlffer dras-
tically [26). Our findi
analysis of binding and endocytosis with each cell line
demonstrate that these cells have the capacity to distin-
guish small differences in the lipid headgroup structure
on the bilayer surface of the liposome. We conclude
that the rate of liposome uptake is specifically con-
trolled by the headgroup of the lipid rather than simply
the net negative charge on the liposome surface. Fur-

from a detail ding of the hanism by
which various relevant cells recognize and take up
liposomes. Progress in this area will also enhance our
understanding of the removal of foreign particles in
general.

The primary mode by which liposomes are incorpo-
rated into certain types of cells is known to be endocy-
tosis via‘the coated pit pathway [30]. The mvolvement

tl , higher surface charge density also promoles
uptake, bnt the ion of these neg:
charged lipids needed for high level of uptake is de-
pendent on the cell type. Different mechanisms or
different receptors for liposome uptake are suggested
to exist in CV1 and J774 cells.

and Metkod

of clathri ted vesicles in [ is has
been confirmed recently by microinjection of anti-
clathrin antibody into cells [31]. Once endocytosed,
liposomes come in contact with low pH compartments
such as endosomes and lysosomes. However, the na-
ture of the b ible for lipo-
some binding and internalization is unknown at pre-
sent. Our current approach for investigating the mech-
anism of liposome uptake is to make specific changes
in the lipid coinposition of liposomes and document
the conditions which promote or reduce their uptake
by cells. Analytical tools for investigating the mecha-
nism for cellular incorporation of liposomes and their
contents have been provided by the recent success in
‘making liposomes wmalmng colloidal gold [32] and the

of a assay for monitoring
liposome endocytosis {33-35). The fluorescent probe
HPTS has been used with CV1 [34] and 3774 [35] cell

Tissue culture. CV1, an African green monkey kid-
ney cell line, and J774, a murine macrophage-like cell
line, were cultured in DMEM H21 media with 10%
FBS (Fetal Bovine Serum) supplied by the UCSF cell
culture facility. Both cell lines were maintained in
monolayer culture and plated at the density of 1-10°
cells per 60 mm petri dish 24 h before the experiments.

Materiuls. PS (from bovine brain), PG (trans esteri-
fied from PC), PI (from bovine brain), PC (from egg
yolk), and Rho-PE were purch.sed from Avanti Polar
Lipids (Pelham, AL)), and cholesterol from Calbiochem
(San Diego, CA). HPTS (1-hydroxypyrene-3,6,8-tri-
sulfonate) was purchased from Molecular Probes
{Eugene, OR). For competition experiments, poly(l),
poly(C), dextran-sulfate (500000 mol. wt.), and fu-
coidan were purchased from Sigma (St. Louis, MO).



Pre ion of I Lij were made ac-
cording to the reverse phase evaporation method de-
scribed by Szoka and Papahadjopoulos [40). They were
subsequently extruded [41,42] under high pressure ar-
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second allows observation of liposomes mostly at neu-
tral pH [34,35).

Fluorimetric measurement of binding and endocytosis.
Cells were dislodged by treatment with PBS buffer

gon through polycarbonate b

Pleasanton, CA) with a final pore size of 005 pm.
HPTS was encapsulated in the liposomes at 35 mM
concentration with 10 mM Hepes buffer, and the unen-
capsulated HPTS was removed by Sephadex G-75 gel
filtration column. HPTS has been proven to be a good
marker for endocytosis with the two cell lmes [34 35]

3 mM EDTA (5 min at 20°C) and adjusted
to the concentration of 1-10® cells in 1 ml of PBS
buffer. For the binding and endocytosis measurements
using HPTS containing liposomes, fluorescence excita-
tion spectra (A, 395-465 nm) were obtained at 510
nm emission with SPEX Fluorolog2 fluorometer with
continuous stlrrmg at controlled (20°C) temperature.
The fl ities at A, 403, 413, 450 nm

but in some cases Rho-PE was additi

as a second marker for comparison of the uptake of
liposomal lipids versus aqueous contents. The buffer
had a final pH of 7.4, and an osmolality of 300
mosmol /kg adjusted by NaCl. The concentration of
phospholipid was assayed by the method of Bartlett
[43).

Liposome-cell incubation. Cells were washed with
fresh media without serum and kept in the same media
for 1 h before incub with li Lij
were diluted with PBS to a concentration of 100 M of
total phospholipid and 0.5 m} (total of S0 nmol of
lipids) was added to each dish containing 1.5 ml of
media. Unless otherwise indicated, the cells were mcu-

were measured. The intensity at the isosbestic point
413 nm is pH-independent and served as a good mea-
sure of total number of cell-associated HPTS contain-
ing liposomes regardless of their location along the
endocytic pathway. The intensity at 403 and 450 nm
relative to 413 are sensitive to the pH where the probe
resides [44]. The intensity ratio 403/413 nm and
450/413 nm were calculated to estimate the percent-
age of liposomes endocytosed according to the method
in Straubinger et al. [34] and Daleke et al. [35). For
simultaneous monitoring of the liposomal lipid uptake
(monitored by Rho-PE) and the liposomal aqueous
contents uptake (monitored by HPTS), the procedure

bated with liposomes for 1 h at 37°C. The
ated liposomes in solution were washed away at the
end of the incubation by rinsing three times with 3 ml
of cold PBS. For binding experiments, the cells were
prepared the same way except that they were incu-
bated with liposomes at 4°C on ice instead of at 37°C
for 1 h. Again, the cells were washed with cold PBS
thereafter. Experiments were done either in duplicate
or in triplicate, and the maximum deviation from the
average value was 15% within each experiment. How-
ever, the variance between experiments was larger (=
50%), which indicated that the absolute value of lipo-
some uptake varies depending on the preparation of
the cells. In each experiment, however, the relative
enhancement of uptake in comparison with PC/C lipo-
somes by changing the lipid composition was consis-
tently reproducible.
Fluorescence microscopy. The washed cells were
vxewed in monolayer state under a Leitz fluorescence
quipped with epifl and a Nikon
camera wuh an automatic exposure meter. The epi-
fluorescence was viewed with two excitation filter sets;
the first set that allows excitation in the range 350-410
nm and observation of emission with a long wave pass
dichroic mirror and barrier filter at wavelength greater
than 455 nm, and the second set that excites in the
range 450-490 nm and ailows observation of emission
at wavelengths greater than 515 nm with a long wave
pass dichroic mirror and barrier filter. The first set
gives the view of total fluorescence by HPTS (the
liposomes at both neutral and lower pH), and the

for li 1l incubation was the same. In this case,
the liposomes contained 0.2 moi% of Rho-PE in the
bilayer and 35 mM HPTS encapsulated inside. Under
this condition the HPTS fluorescence intensity of the
liposomal solution did not change when the liposomes
were solubilized by adding detergent, thus the fluores-
cence fesonance energy lransfer from HPTS to rho-
damine was i An itation spec-
trum was measured at emission 590 nm and the fluo-
rescence intensity at 570 nm was recorded to monitor
the accumulation of Rho-PE. For calibration purpose,
the excitation spectra for the liposome suspensions
alone were and the fl intensity at
413 nm and at 570 nm were taken to document the
fluorescence due to HPTS and due to Rho-PE, respec-
tively, per nanomole of lipids. The fluorescence inten-
sity associated with 1-10% cells at each peak was
to bl les of ph ipi

that had a corresp

the liposome suspension.

ity of fl in

Results

‘We compared initially the uptake (total cell-associa-
tion which consists of binding plus endocytosis) of
neutral liposomes composed of PC /C (2:1, mole rano)
with and without additional anionic phospholi
Lipids carrying a net negative charge, PS PG PA, PI,
Gyy;» and PEG-PE were included at a certain percent-
age of total phospholipid.
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The effect of lipid headgroups en liposome uptake

The two cell lines, CV1 and J774, showed differ-
ences in the pattern of liposome uptake depending on
the sype of negatively charged lipids incorporated. Fig.
1 shows the total number of liposomes associated with
these cells (i.e., uptake) during 1 h incubation at 37°C
(expressed as nanomoles of lipid per million cells). The
uptake was monitored both by EPTS and by Rho-PE.
CV1 cells showed an intriguing sensitivity to the pres-
ence of certair. anionic lipids; for liposomes containing
9 mol% PS, PG, or PA, therc was more than 20-fold
higher uptake compared with the neutral PC/C lipo-
somes. However, the negative charge imparted by the
inclusion of either 9% Pl, Gy,, or PEG-PE did not
show any enhancement of the uptake over PC/C.

With J774 cells, on the contrary, inclusion of any of
the above negatively charged lipids at a concentration
of 9 mol% showed no significant enhancement of the
uptake over PC/C liposomes. Among the lipid compo-
sitions shown in Fig. 1, only the liposomes composed of
PS,/C {(2:1) were avidiy taken up by J774 cells, The

@ Rho-PE
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Fig. 1. The headgroup of the negatively charged lipids incorporated
into PC/C (2:1) lipusomes determines the extent of enhancement in
their uptake by CV1 and J774. The anionic phospholipid added was
one of the following: PS, PG, PA, PI, Gy, and PEG-PE. Their
effect on the uptake by cells was monitored by both HPTS and
Rho-PE in comparison with neutral PC/C liposomes. The lipid
womposition H contained only PS and cholesterol. The experiments
were done in duplicate, and the maximum deviation from the mean
was within 15% of the mean.
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Fig. 2. The increase of fluorescence associated with one million cells
due to the ion of HPTS inside the lipo-
somes? and rhodamine (incorporated as Rho-PE in the liposome
bilayer) as a function of incubation time, The fluorescence was
converted to the comparable amount of liposomal lipids that con-
tained the same iniensity of fluorescence. PS/PC/C (1:1:1) was
used to show the time course of lizoscme upiah: ruring 4 h of
incubation in serum free media in CV1 cells (A) and 1774 cells (B).
Total 50 nmo! of lipids were z-1ded to about 2-10° cells in 60 mm
peui dish,
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effect of i g ation of
lipids will be discussed in next section.

It is worth noting that the overall pattern of uptake
reported by HPTS correlates with that by Rho-PE,
even though the absolute values are not the same. The
difference in the two values can be due to the possibil-
ity that some fraction of encapsulated HPTS leaks
upon interacting with cells, thus underestimating the
uptake of liposomes Also it ean be partly due to the
possible transfer of Rho-PE, which lcads to overesti-
mation of the uptake. The values of liposome uptake
correlate well when anionic lipid was included at 9% of
total phospholipid, while HPTS seems to leak more
irom the liposomes with more negative charge. How-
ever, either prube can be used to compare the relative
extent of uptake, as will be discussed later.

The amount of liposomes associated with either cell
line increased rather slowly us the incubation time was
increased beyond 1 h. A typical kinetic curve of lipo-
some uptake is shown in Fig. 2. The total amount of
liposomes (PS/PC/C 1:1:1) associated with CV1 cells
monitored by HPTS and Rho-PE is plotted in Fig. 2A
as a function of incubation time. The increase in cell-
bound liposomes was rapid for the initial 30 min, and
progressed slowly afterwards as the incubation time

gatively charged
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Fig. 3. The effect of increased charge density on liposome uptake by

cells. Liposomes. of lipid compesition x /PC/C (.r = PS, PG, P!. or

G- as percent of total phospholipids) were uscd with i
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CVI cetls with respect to the increase of PS or PG
conient. 7S or PG, if i ) as 9% of phosphi
lipids, had little effect on the uptake by J774 cells, but
they induced e‘ihanced uptake as their concentration
in the liposome bilayer was incrcased to more than
30% (Fig. 3B). This enhancement by PS or PG was
saturated around 50% concentration.

PI, which showed only a mirimal enhancement of
uptake in both cell lines wheu incorporated at 9%,
significantly increased uptake in  concentration de-
pendent manner at mole nercentayes between 9% and
50% (Fig. 3A). It is noteworthy that Pl behaved the
same as PS or PG in J774 cell, but it was distinct from
PS and PG in CVI cells.

Gy, showed the same effect as Pl at 9% concentra-
tion in both cell lines in the sense that they did not
induce any enhancement of liposome uptake. Thus we
investigated whether Gy, enhances the uptake as its
concentration in liposome bilayer increases like PI
does. Fig. 3 shows that Gy, did not increase the
uptake by either cell type even when 30% of PC was
replaced by Gy m the bilayer. Unfortunately, the

percentage (x). The amount of liposomal HPTS taken up by CV1

cells (A) and J774 cells (B) after 1 h incubation at 37°C is monitored

as a function of x. The relative increase in the enhancement of

uptake with increased negatively charge lipids over neutrai liposomes

was consistent with standard deviation less than 15% in each experi -
ment.

increased *. Similar uptake kinetics were seen using
Rho-PE o1 HPTS, but the amount oi uptake moni-
tored by Rho-PE was greater than that monitored by
HPTS accumulation in cells at all time points. How-
ever, the cifference in the extent of untake monitored
by the two markers is consistent throughout iiie time
points. Similar uptake kinetics were also observed with
1774 cells as shown ix Fig. 2B. The kinetics of lij

of Gy, one can incorporate in
the lipid bilayer is approx. 30%. Beyond that concen-
tration;, Gy, is known to form micelles in equilibrium
with the bilayer form [45]. Therefore we could not test
whether it starts to be recogmzed in a similar fashion
like P1 if it is incorporsted into liposome bilayer at
more than 30% of PC.

Binding versus endocytosis

In view that the whole process of liposome associa-
tion with cells (uptake) is a two-step process involving
binding and endocytosis, it is important to distinguish
these two steps and assess which step controls the
'wcrall uplake Tahle 1 compares the total amount of

binding a: 4°C, when endocytosis is negligible, was
similar to thosc shown in Fig, 2.

The effect of surface charge density

As shown above, neutral liposomes were taken up
minimally by CV1 cells when ccmpared with iiposomes
containing 9% PS or PG. Increasing the density of
these two negatively charged phospholipids beyond 9%
did not further increase uptake by CV1 cells (Fig. 3A).
In contrast, J774 cells behaved guite differently from

* Under the incubation condition where no stirring is applied, the
diffusion constant for the liposome of 80 nm diameter turns out to
be very small (»10~° cm?/s). We estimate that the average
distance a liposome travels during 1 h is around 150 um. There-
fore, after the initial interaction between cells and the liposomes
within 50 um from the cell monolaye: is complete, the vmoh

as les of lipid) iated
with a million cells after 1 h of incubation at 37°C to
that after 1 h of incubation at 4°C. The first value is a
measure of the total uptake, while the second is a
measure of binding without any endocytosis. In gen-
eral, the binding b ligand and
at 37°C is slightly smaller than thai at 4°C. The differ-
ence however is not significant, and it has been dcmon-
strated previously in the case of lipcsomes containing
10% PS with isolated rat Kupffer cells by measuring
the binding at 37°C with the blockage of endocytosis
using metabolic inhibitors [46). For both CV1 and J774
cells, the higher extent of uptake of a certain type of
liposome correlates with a correspondingly higher
binding level at 4°C. PC liposomes show minimal up-
take during 1 h incubation and also the binding of PC
liposomes is minimal. PS (and PG, not shown here)
promoted mcreased binding of the liposcmes to CV1

process becomes diffusion-limited and th= uptake
as the time increases.

cells and higher uptake. The presence of
10% Gy, inhibited this premotion by PS very ineffec-
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BLE 1
ent of liposome association with CV! and J774 cells at 37°C and ar 4°C

+ total amount of cell-associated liposomal lipids after 1 h incubution with cells at 37°C or 4°C was calculated from the cell-associated HPTS.
er 1 h incubation at 37°C. generally more than 90% of HPTS was at pH lower than 7, and there was no acidification of HPTS after 1 h
ibation at 4°C. The values are the means of two independent experiments each consisted of duplicates and the biggest standard devislion was

than 15% of the value.

id composition

Cell-assaciated liposomes (amoles/10° cells)

37rC &C

[ % 3774 o1 3774

tatal low pH total low pH total total
7C(10:5) 02 024 01 0.1° 01 03
/C/PS(10: 5 I) 41 39 01 0.1 43 03
7C/PS (8:, KR} 28 - - - -
/C/PS( 35 32 0.1 - - 0.3
7C/PS 4.1 38 L9 16 35 20
/C/PS (0:5:10) 32 21 2.0 18 19 20
/C,/Gpy, (10:5:1) 01 - 0.1 - 01 0.1
/C/PI(10:5:1) 02 - 0.1 - 06 03
/C/PEG-PE (10:5:1) 0.1 - 0.1 = 03 03
/C/PS/Gy, (8:5:1:1) 30 28 0.1 ol 20 0.2
he: numbers in these columns are the calcul: fraction of lij at low pH (i among the total cell The

action endocytosed was obtained by utilizing the pH dependence of HPTS excitation spectrum.

zly in CV1 cells; the liposomes with lipid composi-
nR PS/Gy,/PC/C 1:1:8:5 were as much taken up
PS containing iiposomes with no Gy,. It is also
»wn in Table I that higher content of PS (and also
i, and Pi} inucased the ievels of cell associated
osomes by §774 cclls both at 4°C and 37°C. Lipo-
nes with low vonteir: of PS bound less and the total
el of cel! associated liposomes was less, and lipo-
nes with hizgh content of PS bound more and conse-
ently higher was the level of uptake by 1774 cells.

The fraction of liposomes at low pH (internalized)
er 1 h incubation was calculated from the pH-de-
ndent excitation spectrum of HPTS and is shown in
: column next to the total number of cell-association
Table I. Almost 9% of the cell-associated lipo-
mes (uptake) after 1 h incubation at 37°C weie
own to be already endocytosed into the compari-
:nts with pH lower than 7. This was also visually
nfirmed Fy fluorescence microscopy using two filter
is. Fig. 4 shows two sets of cells after incubation with
i lipesomes at 27°C (A, B, C) and 4°C (D, E, F).
fter incubation at 37°C, the HPTS fluorescence pat-
ms in (B) and (C) are markedly different from each
her. The diffe the lij at low
1 already endocytosed which are the large bright
tracellular spots seen only in (B). However, incuba-
i at 4°C results in the pattern of HP’IS fluorescence
(E) almost identical to that in (F), i ing that no

Thus, most of HPTS fluorescence in (E) or (F) is due
to binding, and the total amount of HPTS in the
liposomes associated with cells at 4°C is a good indica-
tor of the initial binding.

The effect of various additives in incubati dit

All the experiments reported above were done in
the absence of serum in the incubation medium. We
investigated whether the presence of serum proteins in
the incubation medium changes the pattern of lipo-
some uptake, as there have been many studies impli-
cating the possibility of adsorption of serum protzins
onto the liposomes mediating the uptake of liposomes
both in vitre and in vive [47,48). Yet, the relutive
amount of liposome uptake mediated by opsonizing
serum proteins in comparison with the portion wiich
docs not involve serum opsonization |s nm known,
Also, the specific that
of a certain lipid composition have not yet been identi-
fied.

Addition of 10% serum in the media made no
difference in the pattern of uptake of liposomes con-
taining 9% of various negatively charged lipids either
by CV1 or by J774. The same was true with liposomes
bearing higher percentages of negative charges in the
case of CVi cells. However, the extent of liposome
uptake by J774 cells was in general higher in the

gnificant acidification of cefl d I con-

of serum. This is more obvious with liposomes

nts has occurred. The only difference between (E)
1d (F) is the absol
ie filter in (F) transmits less light than that in (E).

a high content of negatively charged lipids,
as is shown in Fig. 5. The uptake monitored by Rho-PE
shows that 50% PS was enough to induce a high
uptake in the absence of serum, but 100% PS was
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Fig. 4. Phase contrast and fluorescence micrographs of 1774 cells which have taken up liposomes containing HPTS (PS/PC/C = 1:1:after 1 b
the liposomes

incubation at 37°C (A, B, C) and at °C (D, E, F), A and D, the phase contrast view of the cells; B and E, total fuorescen:.
350-410 nm: emission .~ 455 nm): C and F, fluosescence contributed mostly by the
emission > 515 nm). The dmuvnce in the fluorescence pattern in B and

to the lij ah

iated with cells

of their local pH

fiposomes residing in neutral pH environment (excitation 450-490 nm;

C reveals the liposomes in the low (;H which

There is no apparent difference

ready
between E and F except :h. total fluorescence intensity. The filter set in C (or F) transmits less tight than the filtcr in B (or D).

Uptake
(Mnnlu ! million ulh)

' J774 celis i ;
2
1

% Ps content
Fig. 5. The effect of serum on the uptake of PS ining li

needed to reach a comparable level in the presence of
serum. The results in Fig. 5 also show that a significant
amount of HPTS leaks out of the liposomes with high

ive charge during their i ion with
.|774 cells in the presence of serum.

We also studied the involvement of divalent cations
in liposome binding to the cell surface. It has been
reported previously that the i ion of PS contai
ing liposomes with Kupffer cells requires the presence
of calcium [49]. The effect of calcium on the initial
binding stage in our case could not be addressed due
to the technical difticulty in ining the cell mono-
layer in presence of EDTA. Instead, the dissociation of

d PS |

in J774 cells. The uptake of lij with i i

of PS content were monitored both by Rho-PE (0) in abscnce and

(®) in presence of 10% serum and by HPTS (D) in absence and (@)
in presence of serum.

(PS/PC/C 1:1:1) was mea-
sured by treating the cells for 10 min at room tempera-
ture with PBS containing 3 mM EDTA after washing
free liposemes from the cell monolayer. This proce-
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dure did not dissociate the majority of lij which
were associated with cells aﬂer 1 h mcubatmn at 37°C,
since most of the cell: at 37°C

media at concentrations as high as 5 mg/ml, showed
any effcct on the llposomc uptake by CV1 cells. These

were inside the celis within endosomes ard lysosoraes
as already discussed earlier. However, more than 90%
of the cell d PS i after the incub

psovide only indirect evidence
and do not prove thc involvement of scavenger recep-
tor in the liposome uptake. However, the result in Fig.
6 d that the hanism of PS i

at 4°C were dissociablc by this EDTA treatment as
cells were dislodged from the plastic dish. Yet, it is not
clear whether the depletion of divalent cations induces
the dissociation of bound lip directly or there
are other cellular changes which cause the loss of
binding. Also, 50% of the bound PS liposomes were
removed by 10 minute trypsin treatment (50 pg/ml) at
room This i that lent cations

uptake by these two cell lines is not the same.

Discussion

The interaction of liposomes with cultured cells in
vitro is complex. It involves surface bmcnng, internal-
1zat|on and possible release of 1 Our

and cell surface proteins may play a role in the binding
of liposomes to the cell surface.

Nishikawa et al. [38] suggested, from the cross com-
pelmon besween modified LDL and negatively charged

focuses on the first two processes. Studxes
on the fate of after internali

into endocytic compartments and the release into the
cytoplasm have been reported and most receatly by
Brown and Silvius [36] and Chu et al. [52]. An under-
standing of the cellular parameters involved in the

is critical for designing

that the ptor for ly charged lipo-
somes on h may be the 2 above
{50]. We i igated the invol of this

in the uptake of PS containing llposomes by J774 and
CV1 cells via the addition of i

p which possess specific requirements as a
carrier system for drugs or macromolecules. The cellu-

of poly(I) and poly(C) in the media during incubation.
Poly(I), as well as dextran sulfate and fucoidan, are
known to compete for the binding site of the scavenger
p wnth idized or ically modlfed LDL,

h l; ineffe [51). Fig. 6
shows that poly(l) reduced the extent of PS Ii

lar involved at each step in the processing
of liposomes are not yet known. Here, we have at-
tempted to identify some of the parameters that con-
trol the early events in liposome~cell interaction by
analyzing the uptake of different types of liposomes
with syslemancally varied surface properties. Relatively
she:: § ion time, 1 h, was used for this reason,

uptake by J774 cells in a concentration dependent
manner. At 500 p£g/mi concentration, it inhibited more
than 90% of liposome uptake. Poly(C) also inhibited

contrary to that of longer than 4 h in most of other
experiments [38,53].
G v I

the uptake, but not as well as poly(I). Both dextran
sulfate and fucoidan had the similar effect as poly(1) at
sinilar concentrations. On the contrary, none of poly(l),
poly(C), dextran sulfate, and fucoidan, added to the

i lipids exhibited i d binding and endocy-
tosis over neutral liposomes. However, some of our
data demonstrate that the negative charge is not a sole
determinant for the extent of this increase in binding
and end is. The uptake d ds on the specific
ncadgroup of the anionic phospholipid (Fig. 1). PS,

—8— poly (J774)

PG, and PA possess distinci properties when compared
with Gy, PI and PEG-PE. No dramatic difference has
been observed among PS. PG, and PA in terms of
enhancement of liposome uptake, and they all behaved
similarly in both cell lines in our study. It has not been
carefully investigated whether these phospholipids be-
have differently in the lipossme—cell interaction, al-
though there has been a report by Schroit et al. [54]
which showed that PA liposomes are less taken up by

pg / ml
Fig. 6. The effect of nzgatively charged compounds on the upke of
PS containing liposomes. The uptake of S/PC/C (1:1:1) lipo-
somes by CV1I and J774 cells in the presence of different concentra-
tions of poly(I) and poly(C) was expressed as percent of the uptake in
absence of the compounds. The curve (O) shows that these poly-an-
ions have no effect on the liposome uptake by CV1 celis, contrary to
the case of 1774 cells (0. W),

S - —O—  poly-C (774}
= —O0—  poly-lor poiy-C (CV1)
-
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— .
7 T y T
0 106 200 300 400 506

than PS or PG. The inclusion of any of
these three anionic lipids into the neutral PC/C lipo-
somes makes a drastic difference in their uptake by
CV1 cells. Based on the average diameter of about 80
nm of liposomes extruded thraugh final pore size 0.05
um, 1 nanomole of lipid taken up per 10° cells is
comparable to approx. 7500 liposomes per cell. Ac-
cording to this calculation, about 1300 lip com-
posed of neutral PC/C liposomes were taken up by




one CV1 cell during 1 h incubation, while 30000 lipo-
somes containing 9% PS were taken up per cell for the
same period of incubation.

Earlier in vitro studies reported that negatively
charged liposomes containing PS or PG are taken up
better and deliver drugs or DNA more efficiently than
neutral liposomes [37,55-57]. Also, the in vivo clear-
ance rate of negatively charged liposomes from the
blood circulation is known to be faster than that of
neutral liposomes [58-60]. These studies had con-

cluded, on the basis of the iors of 1
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ing, and may be cleaved off by phospholipase activity.
Therefore, Rho-PE may not be a reliable single marker,
but is useful in with an d aque-
ous marker, such as HPTS. The concentration of the
Rho-PE selected here (0.2 mol% of phospholipid) was
chosen to minimize any interference with the lipo-
some-cell interactions due to the presence of rho-
damine on the liposome surface. Up to 1 mol% Rho-PE
in the liposome membrane was shown to alter only
mmlmally the in vivo blood circulation time of Gy,

in mice d with the same

containing PS, PG or PA, that simply the negative
surface charge of liposomes is the important factor in
detern'unmg the uptake rate. This notion can not be
lized to all the neg: ly ch d lipids, on the

basis of the newer evidence. Thus, the recent in vivo
studies [25,26] have demonstrated that several nega-
tively charged lipids, such as Gy, Pl and PEG-PE,
when incorporated as 9% of PC/C liposomes, produce
a drastic decrease in the rate of RES uptake compared
to similar liposomes composed of 9% PS or PG. This
was also seen in our present study with CV1 cells; none
of Gy,, PI, and PEG-PE showed any enhancement of
the uptake as did PS, PG, or PA, even if introduced at
the same mol% (Fig. 1). Recently, Allen et al. (53]
showed a reduction in the uptake of neutral liposomes
in bone-marrow macrophages when Gy, or PEG-PE
was incorporated in the liposomes. Additionally, G,
and PI have been shown to suppress the complement-
diated enh of i uptake in peri-
toneal } [61]. The h of how Gy,
PI, and PEG-PE work on the liposome surface has not
been determined, but will be discussed below. How-
ever, the recognition of PS by cell surface is strong and
is not inhibited by the presence of Gy,,, as shown here
in Table 1 and also by Allen et al. [53]. The biological
significance as well as the mechamsm for lhls speci-
ficity in certain negal harged groups
and not others is not known at present, although some
studies suggest that the presence of PS on the surface
of cells or liposomes triggers a strong recognition by
macrophages and imply its possible i in the

type of liposomes containing no Rho-PE (unpublished
results). The double labeling study adopted here
strengthens the reliability of the fluorescence method
for the quantitative analysis of liposome uptake. It
eliminates the possibility that liposomes with less nega-
tive charge density have low extent of uptake because
HPTS leaks pref y in those li In fact,
Fig. 5 shows that HPTS leaks more out of the lipo-
somes with high PS content and the enhancement of
uptake by increasing PS content is under-reported by
HPTS. The leakage mediated by serum has been re-
ported to increase when more negative charged lipids
are included [65).

The comparison between binding at 4°C and total
cell-association (uptake) at 37°C (Table 1) shows the
importance of the binding step in liposome uptake. It
is clearly demonstrated that PS and PG are readily
recognized by the cell surface, thus leading to strong
binding and consequently high total uptake. On the
contrary, Gy, Pl and PEG-PE do not significantly
increase the binding of liposomes to cells, despite the
fact that these lipids impart to the liposomes a net
negative charge. Under the incubation condition used
here, the binding at the cell membrane surface appears
to be the step that governs the overall rate of liposome
uptake, since the total number of liposomes associated
with cells at 37°C for 1 h of interaction is directly
proportional to the number of liposomes bound for the
same duration of interaction at 4°C. At theend of 1 h
mcubamon at 37°C, only a small fraction of total ceil-
were found to be at the cell

clearance of senescent red blood cells [62-64].

The main focus of this report was to compare rela-
tive values of liposome uptake with varying lipid com-
position. Therefore it was critical to show that the
HPTS method used in this study for monitoring the
liposome uptake was not influencing the result by
differentiat leakage from a certain composition of lipo-
somes compared to others. To ensure the pattern of
uptake obtained by monitoring HPTS, Rho-PE was
additionally introduced as lipid marker of liposome
along with HPTS. Rho-PE, which has its fluorescent
reporter moiety on the headgroup of PE, has its limita-
tion due to the possibilities that it may transfer from
the ljj to cell b upon bind-

surface, suggesting that the rate of endocytosis follow-
ing the stable binding is much faster than the rate of
binding. Our preliminary data showed an endocytic
rate constant of =0.07/min, which corresponds to
approx. 70% of bound liposomes internalized in 10 min
[66]. If more liposomes were bound to the cells, they
would be endocytosed quickly to show an apparently
higher extent of total uptake. Thus, the number of
liposomes that can bind to the cells may be controlling
the overall uptake. More quantitative analysis of the
kinetic rate constant of liposome binding and subse-
quent end; is under prog to confirm this
model.

Calculation of zeta potential has shown that lipo-
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somes with 10% Gy, are significantly different from

liposomes containing 10% PS or PG, but those with

10% PI are not [67,68). Allhough !hlS type of physu:al
can not distil % PS

uptake of Pl-containing liposomes with PI has been
also seen in the in vivo clearance rate [69]. However,
lhe extent of the increase in the uptake in response to

liposomes from 10% Pl contaimng liposomes, CV1
cells have the ability to recognize the different surface
property of these two types of liposomes and bind
differently, as is shown in Table 1. This suggests the
possibility of recognition of these specific headgroups
on the liposome surface by specific coniponents at the
cell membrane. The observation that 10% PS is still
recognized by CVI cells in the presence of 10% Gy, in
the same liposone bilayer (Table 1) adds further cre-
dence to that possibility. We hypothesize from the
comparison of the chemical structures of these nega-

d PS or PG differs between the two cell lines.
The level of uptake of PC/C liposomes is the same
with CV1 and J774 cells. CV1 cells require only 9
mol% PS or PG to achieve the maximum liposome
uptake, while 1774 cells need up to 50 mol% PS or PG
to reach a high uptake level (Fig. 3).

Even though our data do not offer a conclusive
model for liposome-cell interaction, they do suggest a
few modes of interaction that can explain the different
pattern of uptake by CV1 and J774 cclls. A simplest
explanation for the cell specificity is that CV1 and J774
cells have different binding sites (or receptors) for the

tively charged phospholipids that the feature
which this putative membrane component may recog-
nize and bind to, is the negatively charged phosphate
group * at the lipid/ water interface. PA has this phos-
phate group exposed and has a high affinity for the
binding site on the cell surface. In the case of PC, the
charge of phosphate is neutralized by a positive charge
of choline group an is not recognized by this mem-
brane protein. The presence of serine and glycerol
group, in the case of PS and PG, respectively, has
limited modulatory effect on this high-affinity binding,
thus PS and PG are as cqually well recognized by cells
as PA. On the contrary, inositol ring of Pf and bulky
poly(ethylene glycol) of PEG-PE strongly reduce the
binding the phosphate and the mem-
brane binding site. Yet, we can postulate that even
though the binding constant of this binding site for
ohosphate in PI is weakened, the binding of PI con-
taining liposome can be enhanced by incorporating
more PI as evplained by the multi-ligand effect. In the
case of GM,, the negative charge on the carboxyl of
sialic acid is either not recognized by this mcmbranc
or it is not ible for direct i on.
The idea of shieldc4 charge in PI and Gy, has been
proposed earlier {26). PEG-PE in particular might act
as a strong steric hindrance barrier due to the bulky
PEG group inhibiting the ibility of the phosphate
charge by the putative cell surface components.

The enhancemcent of liposome uptake by the nega-
tively charged lipids was shown to be modulated by the
2-dimensional concentration of them in the liposome
bilayer. Higher PI density in the liposome bilayer is
needed for these liposomes to be recognized by CVI
cells. The same is true with J774 cells. This i

gatively charged 1 . CV1 cells have mem-
brane components that have a high binding constant
for PS, PG, or PA, thus avidly bind liposomes which
contain low concentration of these lipids. 1774 cells do
not have the capacity to detcct a low concentration of
these negatively charged lipids, but have the membranc
components that bind highly negatively charged lipo-
somes. The hypothesis that diiferent cells have differ-
ent liposome-binding sites is supported by the competi-
tion experiment with various poly-anions. Fig. 6
demonstrates that CV1 cells take up liposomes by
binding sites which are not inhibited by the poly-anions
that for CVI cells pos-
sess a mechanisrs for Ilposome uptake that is not
through the scavenger receptor. Further experiments
are needed to prove the direct involvement of scav-
enger receptors in the liposome uptake by 1774 cells.
On the other hand, if we assume that the liposome-bi-
nding sites are the same in these two cell lines, the cell
surface density of the binding sites in CV1 may be
higher than that in 3774 cells. I this case, a multi-ligand
effcct can explain the difference in the threshold charge
density for high uptake. The binding of a liposome may
require several negatively charged lipids and clustering
of one or several types of membrane binding compo-
nents. This would account for the observation that the
uptake by J774 cells can be increased by higher density
of negatively charged lipids in the liposomes. Since the
liposome uptake is throngh endoc:. tosis, a complex
process which requires cy [31] as
well as the binding sites, the machinery involved after
the binding may be also critical. Our preliminary re-
sults with J774 cells indicate that a significant percent-

of sulfate or
inlo the bilayer also enhances the liposome uptake by macrophages
in vitro (Dr. F. Szoka, personal communication). Thus, the speci-
ficity for the negative charge that the cell recognizes may be quite
broad and not just for phosphate,

age of li are taken up through smooth pits [70]
contrary to the case of CV1 cells which take up lipo-
somes exclusively through coated pits (30), and suggest
the possibility of a different route of liposome uptake
in J774 cells versus C\'1 cells. Obviously, the liposome
uptake |s more oomphcaled than a pure electrostatic

b the 1j surface and the cell
membrane surface. In summary, the specificity of the




binding observed herc is not only dependent on the
lipid composition of the liposomes but also on the cell
type, as shown cspecially by the comparison between
CV1 and J774 using liposomes of the same lipid com-
position and by the competition with poly(I) and
poly(C).

Like other ligands that are taken up by cells, the
uptake of liposomes can also be assumed to fall into
cither one of two categories: nonspecific {71] or recep-
tor-mediated cndocytosis [72,73). The fact that the
fiposome hmdlng is lipid headgrou s-specific and cell
type d d di that the | Il inter-
action shows considerable specificity that may be de-
«:nbcd as reccptopmcdlat«.d Using the term ‘recep-
tor. the of cell surface
protcins that bmd a specific chemical structure (ligand)
on the {iposome surfacc and mediate cndosome forma-
tion which contains the ligand-receptor complex {ie-
ceptosome) [74,75]. The latter mechanism has been
documented for many ligands including the LDL re-
ceptor-mediated uptake of LDL particles [50). The
binding of anionic liposomes to the cell surface is
trypsin sensitive to a large cxtent, suggesting the in-
volvement of ceil surface proteins. Neutral PC lipo-
somes have been shown earlier to bind to trypsin
sensitive membrane proteins in fibroblast cell line [76]
We are presently attempting to identify the p
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order to systematically investigate the in vivo role of
these different hani of scrum d lipo-
some uptake in relation to the dircct intcraction be-
tween celis and liposomes reported here. The differ-
cnces observed in the uptake rates of liposomes by
macrophage-like cells in the presence or absence of
serum (Fig. 5) indicate a possiblc invoivement of serum
proteins. However, no difference was observed in CVi
cells using the same lipid composition, and this again
supports the specificity in the ccll type in the lipo-
some—cell intcraction. CV1 cells can clearly distinguish
the presence of 9% ncgatively charged lipids in the
liposome bilayer in the presence of serum and take
them up at the same rate as in the absence of serum.

We have rcported hcre some striking similarities
between the specificities of the uptake of liposomes by
cells in vitro (Fig. !, Tablc 1) and their blood clearance
rates by RES in vivo {25,26). Liposomes that are either
ncutral or carry a negative charge contributcd by either
Pl or Gy, are not recognized avidly by cclls in vitro,
and show a much diminished uptake by the RES cells
in viro. On the contrary, as already discussed above,
when liposomes contain either PS or PG (and also PA),
they are taken up avidly by the cells in vitro and also
removed rapidly fron: the blood circulation. We inves-
tigated the parameters involved in the dircct interac-

cell surface binding site for the negatively charged
liposome.

The discussion in the above sections was based on
the in vitro observation where no serum was present
during the interaction of liposomes with cells. When
serum is added to the incubation medium, proteins
may be adsorbed to the liposome surface [47,48,77] and
change the mechanism of uptake as well as the rate of
uptake. O ization by 1gG or of com-
plement system induces higher hposume uptake medi-
ated by Fc- (78] or
{79,80) in macrophages. There may cxist other opsonms
that play more important roles than the dire-: interac-
tion b and k in vivo, and
recently organ-specific serum opsonins for liver and
spleen macrophages have been described [77). There
are studies which indicate that the binding of certain
serum can be d d on the lipid
composition of liposomes. A recent report showed an
enhancement of complement activation by lipcsonics
containing more negative charge given by PS, PG, PA,
or PI [81]. Also Wassef .t al. showed an intriguing
supprcsswe cl‘fcct of Pl and Gy, on the complement

of li uptake [61]. Both
results ble the beh of these li in
viro, and may cxplain the difference in the in vivo
uptake rate if liposomes are opsonized in the blood
and taken up through complement receptors of
macrophages. However, more studies arc needed in

tion b cells and iip although it is possi-
ble that the direct interaction may not bc the sole
determining factor in the in vivo clearance of lipo-
somes. CV1 ceil line mimicked the in vivo behavior
better than macrophage-like cell linc 1774, a result
which defies our initial expectation. It is not clear
whether it is due to some other complicating factors in
vire or due to the possibility that 3774 cell line may not
represent the cells of the mononuclear phagocytic sys-
tem (RES) which is responsible for the in vive clear-
ance. Numerous studies utilized macrophages in pri-
mary culture as well as scveral macrophage cell lines to
mimic the RES uptake of liposomes, but none was in
perfect agreement with the rate of liposome clearance
in vivo. For example, a recent paper by Allen et al. [53]
showed that the uptake of PC liposomes by bone
marrow macrophages was more than 4-fold reduced
when 10% Gy, or PEG-PE was incorporated,. but the
increase in the uptake by incorporating PS was merely
2-fold. Therefore it should be pointed out that the
results of the in ritro experiments cannot be applied
directly to =xplain the events in vivo. Indeed, it is
obvious that in viro there are many complicating fac-
tors sucit as the blood dynamics and the intzraction
with a variety of cell types in addition to the opsoniza-
tion of liposomes by scrum proteins. However, we
believe that a better und ding of the i ell
interactions in vitro based on the information pre-
sented in this report will provide us with important
clues to the behavior of liposomes in vito.
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