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Abstract: Membrane grafting of methoxypoly(ethylene glycol) [nPEG] to allo-
geneic leukocytes attenuates allorecognition and significantly reduces the risk of
graft-versus-host disease in mice. To optimize the immunological efficacy of
polymer grafting, murine splenocytes were modified using three differing linker
chemistries: CmPEG (5kDa), BTCmPEG (5 and 20kDa) and TmPEG (5kDa).
In vitro immunocamouflage efficacy was examined by flow cytometic analysis of
leukocyte markers and mixed lymphocyte reactions (MLR). In contrast to CmPEG
and BTCmPEG, TmPEG exerted significant cellular toxicity. Flow cytometric
analysis demonstrated that both CmPEG and BTCmPEG were highly effective
at camouflaging cell surface markers while TmPEG was ineffective. Furthermore,
CmPEG and BTCmPEG dramatically blocked MLR allorecognition and cellular
proliferation. Polymer length was the most critical factor in the immunocamou-
flage of cells with the BTCmPEG 20kDa being the most effective. In contrast
to other immunomodulatory approaches, immunocamouflage of leukocytes
yields a multivalent effect globally interfering with attachment, allorecognition,
presentation and costimulation pathways.
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INTRODUCTION

Methoxypoly(ethylene glycol) [mPEG] has been widely used to covalently
modify purified proteins since the mid-1970s [1,2]. Consequent to protein
derivatization, pegylated proteins and liposomes were observed to have
reduced or absent immunogenicity while exhibiting normal enzymatic
function and improved vascular retention times [1-4]. As a result of these
attributes, mPEG-modified proteins and liposomes are currently utilized
in multiple therapeutic situations. For example, mPEG has been grafted
to bovine adenosine deaminase for use in enzyme replacement therapy of
adenosine deaminase deficient severe combined immunodeficiency
patients [5]. This life-long therapeutic intervention has been crucial for
those patients who are not suitable candidates for bone marrow trans-
plantation. Similarly, mPEG-modified asparaginase has demonstrated
great promise in the treatment of acute leukemias [6,7]. Other clinical
usages of pegylated proteins include mPEG-bilirubin oxidase for jaundice
as well as PEG-hemoglobin as a blood substitute [8,9].

More recently, the covalent grafting of mPEG to membrane proteins
of intact cells has been used to attenuate antigenic and immunologic rec-
ognition of allogeneic red blood cells (RBC), white blood cells (WBC)
and pancreatic islets [10-26]. Importantly, these studies demonstrated
that pegylated RBC had normal in vivo survival in murine transfusion
models at immunoprotective levels of derivatization [10-21]. Also of
interest was the finding that the membrane grafting of mPEG to human
and murine immune cells resulted in the attenuation or abrogation of
allogeneic recognition [10-21]. The immunomodulatory effect of mPEG
grafting to immune cells arises from the immunocamouflage of numerous
adhesion, allorecognition and costimulatory molecules on the T lympho-
cyte and antigen presenting cell [10-21]. The potency of this immuno-
camouflage was further demonstrated by the experimental finding that
modification of donor lymphocytes prevents transfusion-mediated graft
versus host disease in a murine model [10-21].

The efficacy of immunocamouflage is dependent upon both the den-
sity and depth of the mPEG brush border [10-21]. The density of the
brush border is a direct function of the linker chemistry used to graft
the mPEG to the membrane proteins as well as the concentration of acti-
vated mPEG used for derivatization. The depth of the brush border is a
direct function of the polymer length. While decades of study have
demonstrated that mPEG itself exhibits no significant acute or chronic
toxicity [27-31], the linker chemistry has the potential to exert toxic
effects. Previously, minimal attention has been paid to the linker chemistry
toxicity when working on the derivatization of purified proteins unless
the chemistry affected protein function. However, when working with
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intact, viable cells, the potential toxicity of the linker chemistry is of crucial
importance.

As a result of the above concerns, comparative studies of differing
linker chemistries and polymer lengths on cell viability as well as the
efficacy of mPEG-mediated immunocamouflage were conducted using
murine splenocytes. The differential effects of the various linker
chemistries on cell viability and immunocamouflage were assessed using
mixed lymphocyte reactions (MLR) and flow cytometric analysis of cell
viability and the immunocamouflage of membrane proteins involved in
lymphocyte adhesion and activation pathways. As will be shown, poly-
mer length is the primary factor in imparting immunocamouflage, but
this in turn is dependent upon the efficacy of membrane grafting as
governed by the linker chemistry employed. Furthermore, some linker
chemistries carry significant cellular toxicity concerns.

MATERIALS AND METHODS
Isolation of Mouse Splenocytes

All animal studies were done in accordance with NIH, CIHR and Insti-
tutional guidelines for the care and use of laboratory animals. Spleens
were recovered from two H-2 disparate mouse strains [Balb/c (H-2K%)
and C57BL/6 (H-2K®)] and single cell suspensions were prepared [19].
The recovered splenocytes were washed once with Hepes (Sigma Chemi-
cal Co., St. Louis, MO)/RPMI 1640 (Life Technologies, Rockville,
Maryland)/and 1% Human Albumin (Sigma Chemical Co., St. Louis,
MO). Red blood cells were removed using an ammonium chloride lysing
reagent (Pharmingen, San Diego, CA) followed by two washes with
Hepes/RPMI 1640 with 1% human albumin. Cells were counted on a
hemacytometer and resuspended in Hepes/RPMI 1640 with 1% human
albumin.

Cell Derivatization

As shown in Table 1, splenocytes were derivatized using three different
linker chemistries: cyanuric chloride activated methoxypoly(ethylene
glycol) (CmPEG; 5 kDa); methoxypoly(ethylene glycol)-1 Benzotriazolyl-
Carbonate (BTCmPEG; 5 and 20kDa) and O-Tresyl-O’-methylpoly-
ethylene glycol (TmPEG; 5kDa). In all cases, murine splenocytes were
derivatized with the 0-5mM mPEG at a cell concentration of 5.5 x 10’
cells per ml as previously described [10-21]. Cells were incubated with
activated mPEG for 60 minutes at room temperature in isotonic alkaline
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Table 1. Linker and Polymer Chemistry. Variable linker chemistries were exam-
ined though all chemistries used targeted lysine (more correctly, epsilon amino
acid) residues. The efficiency of binding and the efficacy of the induced immuno-
camouflage were examined via flow cytometry and mixed lymphocyte reactions.
The BTCmPEG 5000 and BTCmPEG 20000 were further analyzed to determine
the effect of polymer size on the induced immunocamouflage

CH3(-0-CH-CHp)p-O \KN O

" o CH3(—O~CH;—CH)n—0SOCHLF 3
N, N 1]

\/ CH,0(CH,CH,0),CON. N/N

C1

Cyanuric Chloride mPEG-1-benzotriazolyl — Tresylchloride

mPEG carbonate mPEG

CmPEG BTCmPEG TmPEG

Leaving Group: None Leaving Group: None Leaving Group:

Polymer m.w.: 5,000 Polymer m.w.: 5,000 0OSO,CH,CF;
and 20,000 Polymer m.w.: 5,000

phosphate buffer (PBS; 50 mM K,HPO, and 105 mM NaCl; pH 8.0) and
washed twice with Hepes/RPMI 1640 with 1% human albumin. An
additional wash in AIM V media was done if preparing cells for MLR
or, alternatively, two washes in PBS containing 1.5mM sodium azide
for use in flow cytometric analysis.

Mixed Lymphocyte Reactions (MLR)

One-way MLR were conducted using splenocytes from two H-2 disparate
mouse strains, Balb/c (H-2K%) and C57BL/6 (H-2K") [16,19,20]. In a
one-way MLR, one population of splenocytes was gamma irradiated
(2 Gy) and acted as allogeneic stimulator cells. Stimulator and responder
splenocytes (5.12 x 10° cells per well) were co-incubated in triplicate in
96-well plates at 37°C, 5% CO, for 3 days. On day 3, all wells were pulsed
with *H-thymidine and incubated for 24 hours at 37°C, 5% CO,. Cellular
DNA was collected on filter mats using a Skatron cell harvester (Suffolk,
UK) and cellular proliferation was measured by *H-thymidine incor-
poration.

Cell Viability and DNA Laddering

The viability of unmodified and modified cells was determined by propi-
dium iodide exclusion assay on the flow cytometer [32]. Cell viability was
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determined at 0, 24, 48, and 72 hours post-derivatization. In addition, cell
viability was assessed both in the absence and presence of allogeneic
stimulator cells to determine if allostimulation would affect viability.
Similarly, viability of the control and mPEG-grafted populations was
determined pre— and post-mitogen stimulation.

To assess the induction of apoptosis, an apoptotic DNA-Laddering
kit (Boehringer Mannheim, Germany) was used. Approximately 2 x 10°
cells per sample were collected for DNA purification as per the manufac-
turer’s directions. DNA preparations from the samples were analyzed via
agarose gel electrophoresis using a 1% agarose gel in TBE-buffer (0.10 M
Sodium Acetate, 0.20 M EDTA, 0.80 M Tris Base, 36.5mL glacial acetic
acid, bring up to 1L; pH 8.0; dilute to 1X) at 75V for approximately 2-3
hours. DNA molecular weight markers (Boehringer Mannheim, Germany)
and a positive control of apoptotic U937 cells were similarly run.
Ethidium bromide was used to stain the DNA for apoptotic laddering.
DNA Iladdering gels were analyzed using Image J analysis software
(NIH, Bethesda, MD).

Mitogen Stimulation

Control and mPEG-modified splenocytes were incubated in triplicate
with phytohemagglutinin (PHA) (Sigma; 0.5 pug/mL) or a combination
of phorbol 12-myristate 13-acetate (PMA; 50 pg/mL;) and Ionomycin
(2pg/mL ) at 37°C, 5% CO, for 3 days [33,34]. As in the MLR studies,
all wells were pulsed with *H-Thymidine and incubated for 24 hours at
37°C, 5% CO, before cellular proliferation was measured by scintillation
counting.

CD Marker Analysis

Flow cytometric studies were done on splenocytes to determine the
degree of immunocamouflage of cell surface receptors, adhesion mole-
cules, activation and costimulatory molecules [10-21]. Experiments were
done with control and mPEG modified cells resuspended at a concen-
tration of 1.0 x 107 cells. Fluorescently labeled monoclonal anti-mouse
antibodies (CD2, CD3e, CD4, CD8, CDl11a, CD25, CD28, CD80, and
T cell receptor; Becton Dickinson, San Jose, CA) were added as indi-
cated. The cells were incubated for 30 minutes on ice, washed two times
with 1X phosphate buffer solution (PBS) containing azide and analyzed
on the flow cytometer for fluorescence intensity of specific cell surface
epitopes. A minimum of 10,000 splenocytes per sample were analyzed.
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All samples were gated upon using mouse splenocyte parameters pre-
viously established for FACScan analysis.

RESULTS

Mixed lymphocyte reactions (MLR’s) were performed to determine if
CmPEG (5kDa), BTCmPEG (5 and 20 kDa), and TmPEG (5 kDa) were
capable of preventing cellular proliferation in vitro. Concurrently, studies
were conducted to assess whether linker chemistry and polymer length
affected either the efficacy of derivatization or the degree of immuno-
camouflage. As shown in Figure 1, SkDa CmPEG and both the 5 and
20kDa BTCmPEG effectively prevented allorecognition and prolifer-
ation. Indeed, at derivatization concentrations as low as 0.6mM per
5.5%x 107 cells both the CmPEG and BTCmPEG grafting resulted in a
nearly complete abrogation of alloresponsiveness as evidenced by a
>80% decrease in *H-thymidine incorporation. This finding was further
confirmed by microscopic analysis of the MLR (Figure 1). Increasing the
derivatization concentration of the CmPEG and BTCmPEG to >2mM
essentially reduced the proliferation rate to that seen in resting spleno-
cytes. Initial studies with TmPEG also suggested that it was equally (if
not more) effective at blocking T cell activation and proliferation (data
not shown), but for toxicological reasons, discussed below, this com-
pound was not further pursued.

In order to confirm that the loss of proliferation was due to mPEG-
mediated immunocamouflage and not a result of cytotoxicity, viability
studies were performed using propidium iodide exclusion. As shown in
Table 2, neither unstimulated (i.e., no stimulator cells) CmPEG and
BTCmPEG-modified splenocytes exhibited any significant cytotoxicity
at immunoprotective levels (<2.4mM) of mPEG grafting over 72 hours
in culture. In contrast, TmPEG modification yielded dead or dying cells
(Table 2). The toxicity of TmPEG is likely attributable to the tri-fluoride
leaving group (OSO,CH,CF3;) that constitutes the linker moiety of
TmPEG. Consequent to these toxicity findings of the linker chemistry
used by TmPEG, this compound was not further pursued.

To determine whether the loss of alloresponsiveness noted in the
MLRs might arise from the loss of proliferative potential due to mem-
brane perturbations arising from the grafted CmPEG and BTCmPEG,
direct mitogen stimulation was done using phorbol 12-myristate 13-acetate
(PMA) in combination with ionomycin. PMA and ionomycin work in
conjunction with one another to activate cellular proliferation by directly
initiating intracellular signaling cascades. Importantly, these molecules,
because of their very small molecular weight, readily pass through the
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Figure 1. Covalent grafting of mPEG to splenocyte membranes significantly
attenuates allorecognition of H-2 disparate cells. Shown are the proliferation
responses of one-way MLR in which the responder cells have been derivatized
with CmPEG 5000, BTCmPEG 5000, or BTCmPEG 20000. Insert: Photomicro-
graphs of unstimulated splenocytes show the small rounded morphology typical
of resting lymphocytes (1). In contrast, allostimulation of control (unmodified)
splenocytes results in multiple foci of proliferating alloresponsive cells (2). How-
ever, as can be seen, mPEG-modified (0.6 mM) splenocytes fail to proliferate and
remain morphologically unactivated (3). The data presented represented the co-
culturing of 5.12 x 10° mPEG-modified Balb/c splenocytes with 5.12 x 10° irra-
diated C57Bl/6 splenocytes. The results shown represent the mean =+ standard
deviation of triplicate samples from a minimum of 4 independent experiments.
Photomicrographs are representative samples.

mPEG brush border. As documented in Figure 2, splenocytes modified at
all concentrations of CmPEG and BTCmPEG were stimulated to levels
comparable to that observed with unmodified cells. Furthermore, neither
linker chemistry (CmPEG versus BTCmPEG) nor polymer size (5 versus
20kDa) adversely affected the proliferative potential of the modified
splenocytes (Figure 2).

The mitogen proliferation studies further illuminated an interesting
observation noted in the viability studies of pegylated cells that were
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Table 2. In the absence of allogeneic stimulation cell viability is unaffected by the
covalent grafting of mPEG to membrane surfaces when using CmPEG 5000,
BTCmPEG 5000, or BTCmPEG 20000. In contrast, TmPEG 5000 was found
to exert a potent toxic effect on murine splenocytes. This toxicity was also noted
on human peripheral blood mononuclear cells (data not shown). Viability was
determined by flow cytometric analysis of propidium iodide exclusion. Shown
are the average percentages from two experiments

mM mPEG Species 0 Hrs. 24 Hrs. 48 Hrs. 72 Hrs.
Unmodified Control 97% 84% 85% 80%
0.6 CmPEG 5000 ND 76% 80% 80%
BTCmPEG 5000 99% 90% 86% 74%
BTCmPEG 20000 95% 88% 75% 74%
TmPEG 5000 43%* 32%** 9%**  0.7%**
1.2 CmPEG 5000 95% 7% 78% 80%
BTCmPEG 5000 99% 94% 94% 85%
BTCmPEG 20000 94% 77% 1% 1%
TmPEG 5000 40%* 4%** 1%** 0%**
24 CmPEG 5000 91% 65% 68% 60%*
BTCmPEG 5000 99% 93% 90% 75%
BTCmPEG 20000 92% 78% 72% 51%*
TmPEG 5000 56%* 8%** 3%~ 0%**
5.0 CmPEG 5000 83%* 26%** 10%** 8%~
BTCmPEG 5000 ND ND ND ND
BTCmPEG 20000 74%* 63%* 52%* ND
TmPEG 5000 49%* 11%** 5%** 0%**

*p<0.01 compared to unmodified controls.
**p<0.001 compared to unmodified controls.

allostimulated. As shown in Table 3, the introduction of allogeneic stimu-
lator cells resulted in a time and mPEG-dose dependent loss of viability in
both CmPEG and BTCmPEG modified cells—cells that exhibited nor-
mal viability in the absence of stimulator cells. A similar loss of viability
was not observed subsequent to the mitogen stimulation of the mPEG
grafted cells, arguing that proliferation itself does not result in cytotoxi-
city. Rather, this data suggests that the decreased viability noted follow-
ing the introduction of the stimulator cells is allostimulation specific and
occurs via an active process; ie., apoptosis. Indeed, previous studies
clearly demonstrate that weak or insufficient allostimulation drives lym-
phocytes towards an apoptotic pathway [35-41].

As demonstrated in Figure 3, analysis of DNA laddering gels con-
firmed that apoptosis was preferentially induced in the mPEG-modified
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Figure 2. The proliferation potential of mPEG modified splenocytes is unaffected
as demonstrated by direct mitogen stimulation. Shown are the mitogen prolifer-
ation responses of cells derivatized with CmPEG 5000 (A), BTCmPEG 5000 (B),
or BTCmPEG 20000 (C). Mitogen stimulation was done using a combination
of PMA (50ng/ml) and Ionomycin (2 pg/ml). Shown are the mean =+ standard
deviation of triplicate samples from two independent experiments.

cells upon exposure to allogeneic stimulator cells (lanes C and D) but not
in the absence of these cells (lanes A and B). Note that while apoptosis is
increased in the control MLR, as denoted by the area under the demar-
cated curve, a significantly greater increase in DNA laddering is observed
in the allostimulated MLR with the mPEG-modified responder cells.
Moreover, when further assessed relative to the proliferation index (PI)
of the sample, it is clear that a much greater percentage of the
allostimulated non-pegylated responder cells (lane D) are undergoing
apoptosis. Indeed, despite virtually no proliferation of the pegylated cells
(PI = 6; see Figure 1) relative to the control MLR (PI = 100), the allos-
timulated mPEG splenocytes exhibit a 140% increase in the DNA ladder-
ing—especially in the very low molecular bands. While a significant
increase in laddering is also seen in the control MLR upon allostimula-
tion (lane C), much of this signal likely represent dead/dying stimulator
cells.
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Table 3. In the presence of allogeneic stimulation cell viability was significantly
decreased in a time and mPEG dose dependent manner following the covalent
grafting of CmPEG 5000, BTCmPEG 5000, or BTCmPEG 20000. Because of
the toxicity associated with TmPEG in the absence of allogeneic stimulation,
viability was not included below but approached zero in all cases.Viability was
determined by flow cytometric analysis of propidium iodide exclusion. Shown
are the average percentages from two experiments

mM mPEG Species 0 Hrs. 24 Hrs. 48 Hrs.
Control 73% 74% 74%

0.6 CmPEG 5000 62% 43% 51%
BTCmPEG 5000 74% 56%* 44%*
BTCmPEG 20000 59% 54%* 54%*

1.2 CmPEG 5000 59% 37%* 18%*
BTCmPEG 5000 75% 62% 53%"*
BTCmPEG 20000 61% 47%** 50%*

24 CmPEG 5000 50%* 32%** 6% "
BTCmPEG 5000 77% 41%** 47%**
BTCmPEG 20000 58%* 42%** 30%**
TmPEG 5000

5.0 CmPEG 5000 T%** 0%** 3%**
BTCmPEG 5000 ND ND ND
BTCmPEG 20000 37%** 22%** ND

*p < 0.01 compared to unmodified controls.
**p < 0.001 compared to unmodified controls.

The efficacy of immunocamouflage was further examined by flow
cytometric analysis of the CmPEG and BTCmPEG grafted cells.
CmPEG-modification of splenocytes resulted in the dramatic camoufla-
ging of cell surface molecules of both the TCR and CD4 (Figures 4A
and 4B, respectively). In unmodified murine splenocytes, 60% of the cells
were TCR positive; however, following derivatization with 2.4 mM
CmPEG, only 5% of the same population were TCR positive. Similar
results were observed with the CD4 receptor (Figure 4B). In the unmodi-
fied splenocyte population 41% of cells were CD4 positive while only 4%
were positive subsequent to derivatization with 2.4mM of CmPEG.
Importantly, as shown in Table 4, mPEG grafting results in a global
camouflaging effect on multiple adhesion, activation, and co-stimulatory
proteins. The effect of linker chemistry and polymer size was also
demonstrated by these flow cytometric analyses of the CmPEG 5000,
BTCmPEG 5000 and BTCmPEG 20000 modified cells. As shown in
Figure 5 and Table 4, the BTC linker chemistry was generally equal to
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Figure 3. Apoptosis is preferentially induced in mPEG-modified cells upon chal-
lenge with allogeneic stimulator cells. In contrast, in the absence of allostimula-
tion, control (lane A) and mPEG-modified (lane B) murine splenocytes
demonstrate comparable viability (Table 2) and DNA laddering profiles as shown
by ethidium bromide staining and densitometry. Shown is a representative
ethidium bromide stained agarose gel showing the DNA laddering patterns after
48 incubation in the absence (—) and presence (+) of allogeneic stimulators. The
mPEG-modified cells were derivatized in the presence of 1.2mM CmPEG 5000.
Also shown are densitometric analysis of the agarose gel. Area analysis (a) of
the lower banding areas are given as is the average proliferation index (PI) of
the MLR as determined by Figure 1. PI = (CPM Exp. MLR/CPM Control
MLR) x 100.

or more efficient in modifying the murine splenocytes than the cyanuric
chloride chemistry. However, some significant exceptions were noted.
For example, at 2.4 mM of derivatization, CmPEG 5000 was able to dim-
inish the antibody binding of the class II molecule by 71% while the
BTCmPEG 5000 demonstrated only a 41% decrease in class II binding.
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Figure 4. mPEG grafting effectively immunocamouflages membrane proteins as
demonstrated by the loss of antibody recognition of the murine T Cell Receptor
(TCR) and CD4 molecule. Shown are representative flow cytometric dot plots of
control and CmPEG 5000 (2.4 mM) derivatized murine splenocytes.

However, in all cases the BTCmPEG 20000 was the most efficient at
inducing immunocamouflage when expressed on a molar ratio. This
likely reflects the much larger radius of gyration (R,) of the 20 kDa poly-
mer, which is crucial in the development of membrane immunocamou-
flage (Figure 6).

DISCUSSION

Our studies of four different mPEG compounds clearly demonstrate that
the selection of appropriate, non-toxic linker chemistries as well as poly-
mer chain length are crucial factors in the use of stealth technology on
intact, viable cells. While all the activated mPEG compounds studied
[CmPEG 5000, BTCmPEG 5000, BTCmPEG 20000, and TmPEG
5000] targeted lysine residues on the exterior face of membrane proteins,
significant differences were noted in both cellular toxicity and the efficacy
of immunocamouflage.

Unlike the CmPEG or BTCmPEG, the TmPEG was of particular
interest in that its linker chemistry results in a direct, covalent linkage
between the mPEG polymer chain and the protein, thereby removing



‘sfo1uod payrpowun o3 paredwod 1000 > d,,

‘s;o1puod payrpowun o3 paredwos 190 > d,

aN aN aN aN 96 €9 LL 000§ OddWL
aN daN S Sl 14 S daN 0000C OddWD LI
aN 194 S 4! 81 ! 97 000§ OIdWDLd
SL 0s L L1 oy Sl €l 000§ OddWD 0°¢
aN aN aN aN S6 19 SL 000S OddWL
oy L9 € 8 L S € 0000C DddWDLY
I€ 4! L 6S 0¢ L 8¢ 000§ OddWD LI
194 0s (44 6¢ ¥9 L1 0¢ 000§ OddWD v'e
aN aN aN aN S6 SL €L 000S OddWL
0¢ L9 139 Sy 9¢ [4 LT 0000C DddWD LI
Ic 9 S9 001 6¢ Il €S 000§ OddWD LI
SL 09 c8 €9 9L [4% IS 000 OddWD 4!
aN aN aN daN aN aN aN 000S OddWL
133 L9 78 001 139 14! €L 0000C DddWD LI
79 daN SL 001 6v 0C 65 000§ OddWD LI
000 OddWD 90
%001 %001 %001 %001 %001 %001 %001 payrpowrur) 0
8¢dD yqete] yao IT sse[D DHIN BIIAD T0ydeoar q[ao 1, 3EdO saradg D N

syuowradxs djeredas ¢ Jo wNWIUIW € JO UBIW ) I8 UIAIS SI[NSAI Y[,
(001 =) [0JIUOD payIpowun 9y} 0} JANE[AI  S[[D) IANISOJ JUIJ,, T8 UMOUS SAN[BA "onssy) US1I0] JO UONIUSOIIO[[e SAIIIJO
10j Terond surejold opdnmu jo oSepynowes [Bqo[S 9y} ur synsar surejold suriquOW 01 HFJW Jo Sunjeld Jud[BA0d AL ‘p Iqe]

317



318 A. M. Chen and M. D. Scott

100 4 Al B
80 -

60 .

Percent Positive Relative to

|MHC Class 1
A

T T T T T T T

100 -4 C| D

80 - —O— CmPEG 5 kDa

—@— BTCmPEG 5 kDa
—— BTCmPEG 20 kDa

60
40

20

Percent Positive Relative to

mM mPEG mM mPEG

Figure 5. Differential effects of linker chemistry and polymer length on the immu-
nocamouflage of membrane proteins. Shown are the percent positive cells for
CDl11la, MHC Class II, CD4 and the T cell receptor (TCR) following derivatiza-
tion with CmPEG 5000, BTCmPEG 5000, and BTCmPEG 20000. The values
shown are normalized to the unmodified control population.

any biological consequence that the linker group might have on the mem-
brane surface (Table 1) [42]. Indeed, initial screening of the TmPEG 5000
in the MLR assay appeared promising as no proliferation was noted
upon allogeneic stimulation. However, subsequent studies demonstrated
that the OSO,CH,CF; leaving group was highly toxic, thereby account-
ing for the loss of proliferation as dead cells don’t divide. Furthermore,
flow cytometric analysis of the TmPEG-modified cells also demonstrated
that this linker chemistry was very poor at camouflaging cell surface epi-
topes due to its poor derivatization of membrane proteins. For example,
while both the CmPEG 5000 and BTCmPEG 5000 resulted in an almost
65% decrease in detectable CD3e, the TmPEG yielded only a 25%
decrease and killed the cells as well. Consequently, further use of this
compound was avoided.
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Figure 6. Mechanism of immunocamouflage. As shown, rigid linear molecules
have a small radius of gyration (R,) and fail to effectively camouflage (shaded
area, a and b) cell surface proteins and carbohydrates (“antigens”). In contrast,
the linear, but highly flexible, mPEG polymer yields a large zone of steric
occlusion (shaded areas ¢ and d). As noted, the immunocamouflaged area effec-
tively covers membrane antigens. The size of the area of protection is dependent
up on the length (L) of the polymer and its resultant R,

The derivatization efficiency of the CmPEG 5000 and BTCmPEG
5000 were fairly similar, though the BTCmPEG was, on average, slightly
better (Table 4; Figure 5). What was clearly observed was that polymer
length ultimately determined the efficacy of the mPEG-mediated immu-
nocamouflage. As shown in Figure 6, the rigid linear molecules lack
any significant radius of gyration (R,) resulting in a poor or absent
camouflaging (a,b) of the membrane antigens. In contrast, while methoxy-
poly(ethylene glycol) is a linear molecule, it has a high degree of intra-
chain flexibility due to the repeating, highly mobile, ethoxy units. Based
on its expansive R, as well as the heavy hydration of the polymer chain
itself, the grafted mPEG is able to sterically occlude a large three dimen-
sional (3D) volume (Figure 6). Consequent to the space filling capacity of
mPEG, the immunocamouflage of surface membrane proteins and carbo-
hydrates (antigens in Figure 6) occurs. However, as denoted, the longer
the mPEG polymer chain (¢, d) the larger the membrane surface area cov-
ered by this steric shield (¢, d and stippled area). Importantly, the larger
polymers allow for a more efficient immunocamouflage of the cell mem-
brane at equimolar concentrations. This is clearly observed with all the
membrane markers examined (Table 4). Furthermore, our previous stu-
dies on red blood cells demonstrate that the larger polymers (e.g.,
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BTCmPEG 20000) also improve the viability and circulation time of
mPEG-modified cells relative to the shorter polymer chains. Indeed, at
derivatization concentrations in excess of 2mM BTCmPEG 20000, nor-
mal RBC in vivo survival times were noted in murine transfusion models
[10-21].

Interestingly, despite the incomplete camouflaging of immunologi-
cally important adhesion, recognition, activation and stimulation path-
ways on T lymphocytes and antigen presenting cells, the CmPEG 5000,
BTCmPEG 5000, and the BTCmPEG 20000 were all highly effective in
actually inhibiting allorecognition as demonstrated by the MLR studies
(Figures 1 and 6). Even slight derivatization (> 0.20 mM mPEG species
per 5.5x 107 cells) of the responder cells resulted in significantly
(p<0.0001) decreased or even absent proliferation as evidenced by the
loss of *H-thymidine incorporation. At slightly higher derivatization
dosages (1.2mM), a virtually complete blockade of T cell activation
was observed for the CmPEG and BTCmPEGs. Clearly these data sug-
gest that it is not necessary to completely “encase” allogeneic cells in a
polymer envelope. Rather the data suggest that even light levels of cell
or tissue pegylation may be sufficient to weaken the multiple interaction
between H-2/MHC disparate cell populations (e.g., T cell and antigen
presenting cell), thereby conferring an immunologically stealthy pheno-
type. Indeed, a large body of research clearly indicates that a biologically
prolonged interaction between the T lymphocyte and the antigen present-
ing cell is necessary to efficiently transmit the allorecognition and stimu-
lation signals for T lymphocyte activation (Figure 6) [43-48]. However,
pegylation of the membrane surface interferes with both the stability
and longevity of these receptor-ligand interactions, there-by preventing
allorecognition and favoring immunological anergy due to the apoptosis
of the alloresponsive cell population.

In sum, an increasing body of evidence suggests that the covalent
grafting of mPEG to membrane surfaces can significantly reduce the
inherent antigenicity and immunogenicity of allogeneic cells [10-26]. This
immunocamouflage of cells is highly dependent on the molecular weight
of the grafted mPEG and to a lesser extent on the chemical linkers used to
target the protein residues. However, this does not mean that the linker
chemistry is unimportant as some linkers, such as the tresylated mPEG
(TmPEG), may exert significant toxicity when used to derivatize intact,
viable, cells. While previous studies on red blood cells and more recently
on pancreatic B cell islets [16,26] have demonstrated that pegylation of
membranes can be accomplished without adversely affecting the struc-
ture, function or viability of the modified cell, an unexpected finding of
this study was that allostimulation of pegylated splenocytes induced
apoptosis. This finding suggests that it may be possible to induce an
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anergic state by the introduction of pegylated donor cells, thereby driving
potential alloresponders into an apoptotic mode.
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