
www.manaraa.com

Proc. Natl. Acad. Sci. USA
Vol. 94, pp. 7566–7571, July 1997
Medical Sciences

Chemical camouflage of antigenic determinants:
Stealth erythrocytes

MARK D. SCOTT*†, KARI L. MURAD*, FOTIOS KOUMPOURAS*, MARGARET TALBOT*, AND JOHN W. EATON‡

*Division of Experimental Pathology, Department of Pathology and Laboratory Medicine, Albany Medical College, Albany, NY 12208; and ‡Department of
Pediatrics, Baylor College of Medicine, Houston, TX 77030

Communicated by Helen M. Ranney, Alliance Pharmaceutical Corporation, San Diego, CA, May 5, 1997 (received for review December 13, 1996)

ABSTRACT In a number of clinical circumstances it
would be desirable to artificially conceal cellular antigenic
determinants to permit survival of heterologous donor cells.
A case in point is the problem encountered in transfusions of
patients with rare blood types or chronically transfused
patients who become allosensitized to minor blood group
determinants. We have tested the possibility that chemical
modification of the red blood cell (RBC) membrane might
serve to occlude antigenic determinants, thereby minimizing
transfusion reactions. To this end, we have covalently bound
methoxy(polyethylene glycol) (mPEG) to the surface of mam-
malian RBC via cyanuric chloride coupling. Human RBC
treated with this technique lose ABO blood group reactivity as
assessed by solution–phase antisera agglutination. In accord
with this, we also find a profound decrease in anti-blood group
antibody binding. Furthermore, whereas human monocytes
avidly phagocytose untreated sheep RBC, mPEG-derivatized
sheep RBC are ineffectively phagocytosed. Surprisingly, hu-
man and mouse RBC appear unaffected by this covalent
modification of the cell membrane. Thus, mPEG-treated RBC
are morphologically normal, have normal osmotic fragility,
and mPEG-derivatized murine RBC have normal in vivo
survival, even following repeated infusions. Finally, in pre-
liminary experiments, mPEG-modified sheep RBC intraperi-
toneally transfused into mice show significantly improved (up
to 360-fold) survival when compared with untreated sheep
RBC. We speculate that similar chemical camouflage of intact
cells may have significant clinical applications in both trans-
fusion (e.g., allosensitization and autoimmune hemolytic dis-
ease) and transplantation (e.g., endothelial cells and pancre-
atic b cells) medicine.

The transfusion of red blood cells (RBC) is the most common,
and best tolerated, form of tissue transplantation. Indeed, in
1993, over 14 million units of blood were donated for trans-
fusion in the United States alone (1). In most transfusions,
simple blood typing (ABOyRh-D) is sufficient to identify
appropriate donors. Occasionally, however, appropriate do-
nors for patients with rare blood types cannot quickly be found;
a situation that may become life-threatening. More often,
problems are encountered in individuals who receive chronic
transfusions, such as patients with sickle cell anemia and
thalassemia. In such patients, alloimmunization against minor
RBC antigens can make it nearly impossible to identify ap-
propriate blood donors (2–4). Previous studies in which pu-
rified proteins were covalently modified with poly(ethylene
glycol) (PEG) provided a possible solution to this problem.
PEG-modified proteins have been shown to have increased in
vivo survival and to be nonimmunogenic, even with repeated
infusions (5, 6). We therefore explored the hypothesis that the

covalent binding of PEG to intact RBC might mask RBC
surface antigens and thereby permit the survival of heterolo-
gous or even xenogeneic RBC.

To experimentally test this hypothesis, human, mouse, and
sheep RBC were derivatized with methoxypoly(ethylene gly-
col) (mPEG) and the in vitro and in vivo effects of derivati-
zation on cell structure, function, antigenicity, and survival
were investigated. The results indicate that Type A or B human
RBC covalently modified with mPEG resist agglutination by
appropriate antisera, show decreased anti-A or anti-B anti-
body binding, and are structurally normal. Furthermore,
mPEG-derivatized sheep RBC are resistant to phagocytosis by
human peripheral blood monocytes. Finally, mPEG-
derivatized mouse RBC have normal in vivo survival and
mPEG-modified sheep erythrocytes exhibit significantly pro-
longed survival when transfused into mice. It is our belief that
this procedure for antigen camouflage may have significant
potential in transfusion and transplantation medicine.

MATERIALS AND METHODS

Following informed consent, venous blood was drawn in
heparin from healthy laboratory volunteers. Serum was col-
lected in serum tubes and, in some cases, complement was heat
inactivated (56°C for 30 min). To prevent any storage artifacts,
all samples were processed immediately. Care was taken to
assure adequate representation of males and females and no
individuals were excluded on the basis of race or gender.
Statistical significance was determined by Student’s t test or
ANOVA (7). All biochemicals, unless otherwise noted, were
obtained from Sigma.

mPEG Derivatization. The general protocol for mPEG
derivatization of intact RBC was based on that previously
developed for covalent modification of proteins with cyanuric
chloride-coupled PEG (8, 9). mPEG (Mr 5 kDa) conjugated to
cyanuric chloride was added to washed RBC suspended to a
hematocrit of '12% in isotonic alkaline phosphate buffered
saline (PBS; 50 mM K2HPO4y105 mM NaCl, pH '9.2) and the
RBC were incubated for 30 min at 4°C. In some experiments,
unactivated (i.e., no cyanuric chloride) mPEG was used to
assess the effects of noncovalently bound polymer. Following
derivatization, the RBC were washed three times prior to use.
mPEG concentrations used ranged from 0 to 8 mg per ml of
RBC suspension.

Effects of mPEG Derivatization on Antigenic Recognition.
The effects of mPEG derivatization on the antigenicity of
control and modified RBC were assessed by the reactivity of
both major (ABO) and minor (Rh and MNS) antigens. ABO
reactivity was determined by gross agglutination following
addition of commercial blood typing antisera (Carolina Bio-
logical Supply). In addition, a novel microagglutination
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method was developed using a platelet aggregometer (Chrono-
Log, Havertown, PA) to follow the time-dependent aggluti-
nation of stirred RBC suspensions. Briefly, 450 ml of an RBC
suspension (6% hematocrit in isotonic saline) was placed in an
aggregometer cuvette at 37°C, with stirring, and 20 ml of anti-A
andyor anti-B typing serum (or autologousyheterologous se-
rum) was added. RBC agglutination was then followed over
time. Reactivity of selected minor RBC antigens was tested in
the Albany Medical Center Clinical Hematology Laboratory
according to established American Association of Blood Banks
methods and rated on the 41s system (10).

Direct RBC antibody binding was quantified by a sandwich
ELISA (11). In brief, 96-well microtiter plates were pretreated
with anti-l and anti-k human IgGyIgM antibodies. Washed
mPEG-modified and control RBC were preincubated (60 min
at 37°C) with anti-A andyor anti-B typing sera, washed (three
times in isotonic saline), and added to the wells at a final
concentration of 1 3 104 per well. After 60-min incubation
(23°C), unbound RBCs were removed by washing the wells
(three times). To each well, an alkaline phosphatase-
conjugated goat anti-human Ig diluted in azide containing PBS
(137 mM NaCly0.3 mM KCly0.15 mM KH2PO4y6.4 mM
Na2HPO4y15.5 mM NaN3y2 g% BSA, pH 7.4) was added and
allowed to incubate for 60 min at 23°C. Excess (unbound)
antibody was removed by washing the wells (three times) with
PBS. To each well, 100 ml of ELISA buffer (1 M Na2CO3y20
mM MgCl2y1 mg/ml phosphatase substrate, pH 9.8) was added
to each well and allowed to develop for 30–60 min at room
temperature. Bound enzyme activity was quantified spectro-
photometrically at 405 nm on a standard microtiter plate
reader (Molecular Devices).

The ingestion of control and derivatized RBC by human
peripheral blood mononuclear cells (PBMC) was also exam-
ined. PBMC were prepared by the method of Pommier et al.
(12). Brief ly, whole blood was collected in acid–citrate-
dextrose anticoagulant and gently layered over Histopaque
(1:3 ratio of whole blood to Histopaque) and centrifuged to
separate PBMC, which were subsequently washed three times
in Hanks9 balanced salt solution. Washed, packed human and
sheep RBC (treated as indicated) and PBMC (.95% viable as
assessed by Trypan blue) (13) were prepared and mixed to
achieve a ratio of 10 RBC per PBMC. PBMC concentration
was held constant at 2 3 106yml. The cell mixture was
centrifuged (120 3 g for 2 min) to pellet the cell mixture and
to initiate cell:cell contact and phagocytosis. Following 30 min
incubation at 37°C, 1 vol of water (4°C) was added to lyse
nonphagocytosed RBC and, after 30 sec, 1 vol of 23 PBS was
added to restore isotonicity. The total number of monocytes
and the number of monocytes that had phagocytosed RBC
were counted microscopically. The phagocytic index was cal-
culated as the number of monocytes ingesting RBC per total
monocyte number.

Effects of mPEG Derivatization on RBC Structure and
Function. RBC morphology was examined by both light and
scanning electron microscopy (SEM). For the SEM studies,
mPEG-modified and control RBC (exposed to pH 9.2 in the
absence of reactive mPEG) were prepared as described above,
and immediately washed three times in isotonic saline. The
cells were then fixed with 1% formaldehydey1% paraformal-
dehyde and prepared using standard SEM procedures (14).
Spontaneous RBC lysis was quantitated by measuring the
amount of extracellular hemoglobin against the total hemo-
globin concentration using the ferricyanide–cyanide (Drab-
kin’s) method at 540 nm (15). The osmotic fragility of RBC in
response to decreasing osmolarity was determined as de-
scribed (16).

Previous studies have shown that cyanuric chloride-activated
mPEG reacts primarily with accessible « amino acids (primar-
ily lysine residues) on proteins. Thus, to determine possible
sites of covalent mPEG derivatization, SDSyPAGE was done

on membranes of control and treated cells. Briefly, membrane
ghosts from the control and derivatized RBC were prepared by
the method of Dodge et al. (17) in the presence of the protease
inhibitor phenylmethylsulfonyl f luoride (100 mM). Protein
concentration of the washed membranes was determined using
Coomassie blue (Pierce) (18). Aliquots containing 30 mg of
SDS-solubilized protein were loaded on 9% polyacrylamide
gels as described (19, 20).

Effects of mPEG Derivatization on in Vivo Survival. The in
vivo survival of mPEG-modified RBC was examined in
BALByc mice. RBC were obtained from multiple donor mice
and pooled. Half the cells were derivatized as described above,
and then both control and mPEG-modified RBC were labeled
with PKH-26, a fluorescent lipid that inserts into the mem-
brane. The labeled RBC were injected intraperitoneally (i.p.)
into recipient mice. In similar studies, sheep RBC were mPEG
derivatized, labeled, and injected i.p. into mice. Cell survival
was followed up to 62 days (mouse3 mouse) or 72 hr (sheep
3 mouse) by measuring PKH-26 fluorescence on a Becton
Dickinson flow cytometer (21).

RESULTS

Covalent binding of mPEG to the membranes of intact Type
A RBC prevents agglutination by anti-A antisera in a dose
dependent manner (Fig. 1). This is apparent whether aggre-
gation is measured by hemagglutination on a slide under static
conditions (Fig. 1 A) or using a platelet aggregometer (Fig.
1B). In additional studies (results not shown), mPEG-modified
RBC were also resistant to aggregation in the presence of
various ‘‘enhancing’’ agents, which ordinarily magnify hemag-
glutination (e.g., low ionic strength saline, high concentrations
of albumin, or precedent neuraminidase treatment). Further-
more, testing of matched control and derivatized RBC (6
mgyml RBC) by the Clinical Hematology Laboratory at the
Albany Medical Center for selected minor RBC antigens also
revealed significant decreases in the reactivity of minor blood
group antigens on the modified RBC (Table 1). These antigens
are typical of minor blood group determinants to which
immunological responses occur in chronically transfused indi-
viduals (22).

As expected from the agglutination results, mPEG-modified
human Type A RBC also bind significantly (P , 0.01) less
anti-A antibody (Fig. 2A). Identical results (not shown) are
obtained with Type B and Type AB RBC. Furthermore,
mPEG-modified human RBC, following either opsonization
with appropriate antisera or damage by heating (47°C 3 30

FIG. 1. Derivatization of RBC with mPEG prevents antibody-
mediated aggregation. Type A2 RBC were derivatized with 0, 3, and
6 mgyml mPEG as described. (A) Gross RBC agglutination. Equal
volumes of a 40% hematocrit of Type A2 RBC were mixed with anti-A
typing sera. As can be seen, increasing amounts of covalently bound
mPEG inhibits RBC agglutination. (B) Microaggregation of control
and mPEG-derivatized Type A RBC in response to anti-A serum as
measured at 37°C in a platelet aggregometer. Shown is a representative
experiment from over 20 independent assays. Significance (P , 0.01)
is denoted by an asterisk.
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min), are significantly less susceptible to phagocytosis by
autologous PBMC (not shown). Perhaps more surprisingly,
mPEG-modified sheep RBC opsonized by prior incubation
with human serum are highly resistant to phagocytosis by
human peripheral blood monocytes (Fig. 2B); this decreased
phagocytosis is closely correlated with the degree of derivati-
zation. Importantly, addition of unactivated mPEG to intact
RBC, followed by washing in saline (three times), has no
inhibitory effect on antisera-induced hemagglutination, anti-
body binding, or phagocytosis (data not shown).

While mPEG derivatization significantly decreases RBC
antigenicity, the covalent modification of RBC has no appar-
ent morphological, structural, or functional effects on the cells.
During the derivatization process itself, virtually no lysis
(,1%) was observed in either the control or mPEG-modified
RBC. Indeed, even mPEG concentrations of up to 50 mgyml
yielded no significant lysis during RBC derivatization. How-
ever, very high concentrations of mPEG (.30 mgyml) resulted
in significant lysis after 24 hr of incubation at 37°C (but not
4°C). In addition, as shown in Fig. 3, mPEG-derivatized RBC
(6 mgyml) are morphologically normal. Similarly, while mPEG
modification of RBC does lead to a slight (though significant)
increase in spontaneous hemolysis, this amounts to ,5% after
48 hr at 37°C (Fig. 4A). Further supporting the normalityy
stability of the derivatized RBC, no differences in the osmotic
fragility curves of the control and mPEG-modified RBC could
be seen even after 48 hr of incubation at 37°C (Fig. 4B). Finally,
the effects of mPEG modification on the hemoglobin oxygen
affinity of treated cells were assessed. Oxygen equilibrium
curves (obtained using a Hemox-Analyzer; TCS Medical Prod-
ucts, Southampton, PA) revealed that the oxygen affinity of
mPEG-treated RBC was within the normal range (P50 5 25.6

mmHg; average of three determinations) and equivalent to
both fresh control cells and untreated cells incubated at pH 9.2.

To determine the site(s) of membrane modification, RBC
membrane proteins from control and derivatized cells were
analyzed by SDSy9% PAGE. As shown in Fig. 5, there are
distinctive shifts in the apparent molecular weights of several
protein bands in the area of Band 3 (the anion transport
channel). The extent of these changes is mPEG dose depen-
dent. For example, two bands (denoted by asterisks) occurring
in the Band 3 area show approximate 2-fold differences in
intensity when membranes from cells incubated with 3 vs. 6
mgyml mPEG are compared by densitometry. In addition, a
new band slightly above Band 4.1 is also observed in mPEG-
derivatized samples. This band is probably not mPEG-
modified Band 4.1 (an internal cytoskeletal protein), but more

FIG. 3. Human mPEG-derivatized RBC are morphologically nor-
mal. Shown are control RBC (35,500; A) and (31,900; B) and
mPEG-derivatized (6 mgyml) RBC at (35,500; C) and (31,900; D).
mPEG-modified RBC were prepared as described.

Table 1. Clinical laboratory detection of Rh, Kell, and MNS RBC
antigen-mediated agglutination of control and mPEG-derivitized
human RBC

C c E e K S s

Control 0 41 0 31 0 31 31

mPEG-treated 0 11w 0 11w 0 11 11w

Agglutination response is measured macroscopically with a 41s

rating being the strongest and a 11w being the weakest positive
agglutination response. mPEG concentration was 6 mgyml. C, c, E, e,
Rh antigens; S, s, MNS antigens; K, Kell antigens.

FIG. 2. mPEG derivatization decreases RBC blood group antibody binding and phagocytic destruction by heterologous phagocytes. (A) ELISA
analysis of antibody binding to mPEG-treated human Type A2 RBC. The control and mPEG-derivatized RBC were mixed with anti-A serum and
incubated for 30 min at 37°C. The samples were extensively washed and then incubated with a secondary antibody conjugated with alkaline
phosphatase. The amount of bound antiblood Group A antibody was quantitated as described. (B) Phagocytic uptake of mPEG-derivatized sheep
RBC by human peripheral blood monocytes. mPEG-modified sheep RBC were incubated with human peripheral blood monocytic cells for 30 min
as described. Significance (P , 0.01) is denoted by an asterisk.

7568 Medical Sciences: Scott et al. Proc. Natl. Acad. Sci. USA 94 (1997)
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likely represents a modification of another, at least partially
external, membrane protein.

In support of the lack of significant RBC damage occasioned
by mPEG derivatization, no significant differences in the in
vivo survival of mPEG-modified mouse RBC were observed
even after repeated long-term administration. As shown in Fig.
6, the rates of removal of the fluorescently tagged cells in the
primary transfusion were 2.33 and 2.31% per day, respectively,
in the control and mPEG-modified (3 mgyml) RBC. Similarly,
a tertiary infusion of control and mPEG-modified (3 mgyml)
RBC administered 18 weeks following the primary infusion,
demonstrated very similar rates of clearance (2.10 and 2.23%
per day, respectively). Importantly, these data demonstrate
that the covalent modification of the RBC surface with mPEG

does not elicit an immune response. Similarly, repeated doses
of mPEG-modified cells over the short term also does not alter
in vivo survival.

However, as noted in Fig. 6, a somewhat greater variation in
the t1/2 of survival between the control [t1/2 ' 24 (1°) and 25
(3°) days] and mPEG [t1/2 ' 22 (1°) and 27 (3°) days]-treated
RBC was observed. This may reflect some minor injury to the
cells—perhaps due to differences in the preparation and

FIG. 4. Erythrocyte stability is minimally affected by covalent attachment of mPEG. (A) RBC lysis of mPEG-modified RBC was slightly, though
significantly, increased. However, even after 24 hr of incubation at 37°C (or storage at 4°C) lysis was less than 5%. (B) Osmotic fragility of the
mPEG-treated cells is also unaffected. Shown are representative osmotic fragility profiles of the control and mPEG-modified (3 and 6 mgyml) RBC.
A 40% hematocrit of the control and mPEG-modified cells was incubated in Hanks9 balanced salt solution (pH 7.2; supplemented with 5 mM glucose
and containing 100 units of penicillin and 100 mg of streptomycin per ml) for up to 48 hr at 37°C. Significance (P , 0.05) is denoted by an asterisk.

FIG. 5. SDSyPAGE analysis shows dose-dependent differences in
the electrophoretic mobility of membranes from control and mPEG-
derivatized human RBC. Note especially the distinct mobility shifts in
proteins in the area of Bands 3 and 4.1 (arrows). Arrows denoted by
an asterisk further demonstrate clear dose dependence as measured by
gel densitometry. SDSyPAGE analysis was done as described.

FIG. 6. In vivo survival of mPEG-derivatized mouse RBC is normal
even after repeated infusions. Shown are the clearance rates of
primary and tertiary i.p. infusions of control and mPEG-modified
mouse RBC. Survival was followed using a fluorescent fatty acid label
(PKH-26; Sigma) as described. Each infusion approximated 8–10% of
the total mouse RBC mass (based on weight and calculated blood
volume). Following each RBC administration, cell clearance was
allowed to proceed until no detectable label remained ('55 days) at
which time the animals were retransfused. The total elapsed time
between the primary and tertiary transfusions was '18 weeks. Each
time point represents the mean 6 SD of five BALByc mice. The
clearance rates of the control and mPEG-derivatized RBC were
determined by linear regression analysis and are denoted by broken
and solid lines, respectively.

Medical Sciences: Scott et al. Proc. Natl. Acad. Sci. USA 94 (1997) 7569
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purification of the cyanuric chloride-activated mPEG. Such
changes would be magnified in mouse RBC, which are much
more fragile than human RBC. However, as demonstrated by
the tertiary infusion of mPEG-modified cells shown in Fig. 6,
this is not a consistent finding.

While the normal or near-normal survival of isogeneic (i.e.,
autologous) mPEG-derivatized mouse RBC indicates that
derivatization per se causes no significant effects on RBC
structure, function, or viability, it does not address what effect
it may have on heterologous or even xenogenic transfusions. As
an extreme test of this question, we elected to study the survival
of mPEG-modified sheep RBC in mice. Control and mPEG-
modified sheep RBC (mean cell volume '31 m3; diameter
'4.8 m) were injected i.p. into BALByc mice (mean cell
volume '49 m3; diameter '6.6 m) (23). Surprisingly, as shown
in Fig. 7, .4 times more mPEG-derivatized sheep RBC enter
the murine circulation following i.p. injection and exhibit
significantly longer in vivo survival. In contrast, far fewer
control sheep RBC appear in the circulation and these are
rapidly cleared. This is in accord with previous studies indi-
cating that, following intravenous administration, sheep RBC
have a half-life of ,5 min in mice (Fig. 7 Inset) (24).

DISCUSSION

The effectiveness with which mammals immunologically re-
spond to and destroy heterologous cells has been an important
barrier in both blood banking and organ transplantation.
Within the sphere of blood banking, effective typing for major
blood groups does keep the incidence of severe transfusion
reactions relatively low; the frequency of serious hemolytic
transfusion reactions is estimated to be only '1 in 6,000,
whereas fatal transfusion reactions occur in only '1 in 100,000
transfusions (25, 26). However, alloimmunization to minor
RBC antigens is frequent in chronically transfused individuals,
such as those with severe thalassemias and sickle cell anemia
(27, 28). In such patients, 20–30% will ultimately show evi-
dence of alloimmunization against minor blood group antigens
making subsequent transfusions more problematic (2, 29).
Finally, a large (but unknown) measure of morbidity and
mortality may also be ascribed to the lack of transfusion. This
is particularly true in patients with autoimmune hemolytic

disease or those suffering severe trauma for whom blood
typing and matching cannot be carried out quickly enough.

The above considerations have led to the our interest in
hemoglobin-based blood substitutes. At present, preclinical
and clinical tests of chemically and genetically manipulated
hemoglobin solutions are being conducted. Despite substantial
activity in this area, a safe and effective blood substitute, which
can be used in compromised humans, has yet to be developed
(30, 31). Indeed, because the RBC membrane serves to localize
and protect the intracellular hemoglobin, it might be more
desirable to employ antigenically silent RBC rather than
engineered hemoglobin solutions. To this end, the selective
exoglycosidase treatment of RBC to enzymatically remove A
or B antigens is being tested (32). While significant success is
being met with Type B erythrocytes, Type A RBC are more
problematic. Furthermore, such treatments will have no effect
on other blood group reactivities.

Consequently, we have attempted to produce antigenically
silent RBC via the covalent attachment of nonimmunogenic
materials such as mPEG. Previous studies with PEG, or PEG
derivatives, coupled to purified proteins have demonstrated
that the protein half-life within the circulation is greatly
improved (5, 6, 8). Similarly, liposomes containing externally
disposed PEG lipids have improved half-lives in vivo (33–35).
It is also of interest that the covalent attachment of PEG
usually does not impair the function of purified enzymes and
appears to make foreign proteins nonimmunogenic even after
repetitive intravenous administration (5, 6, 8, 36–39). The
‘‘camouflage’’ effected by PEG is imparted by the special
physico-chemical nature of PEG (i.e., its size, large exclusion
volume, and extensive hydration), which may prevent the
interactions of large molecules such as antibodies with RBC
and may as well hinder cell–cell interactions. Thus, we rea-
soned that mPEG derivatization might yield fully functional
yet antigenically inert RBC.

Indeed, mPEG-modified human and mouse RBC are mor-
phologically and structurally normal, exhibit decreased anti-
genicity and, in mice, demonstrate normal in vivo survival with
no immunogenicity associated with the mPEG-modified RBC.
Furthermore, in an extreme test of the potential for mPEG
derivatization to retard recognition and destruction of xeno-
geneic cells, mPEG-derivatized sheep RBC have substantially
improved survival in the circulation of mice. The eventual
destruction of the derivatized sheep RBC in the mouse may not
be immunologic in nature but may be mediated by structural
changes induced by the foreign environment. For example, the
lipid composition of mouse and sheep RBC is significantly
different in that sheep RBC do not have phosphatidylcholine
(40). This disparity in membrane composition may mediate the
accelerated removal of the sheep RBC (41).

In summary, our findings suggest that mPEG-derivatized
RBC may be an attractive alternative to hemoglobin-based
blood substitutes in emergency situations and in the chroni-
cally transfused patient. This is largely because compartmen-
talized (i.e., intraerythrocytic) hemoglobin is preferable to
free hemoglobin, which, even when modified to improve
stability and increase molecular weight, can be toxic (42, 43).
We find that the covalent modification of RBC surfaces with
mPEG effectively obscures antigenic determinants while leav-
ing the RBC structurally and functionally normal and nonim-
munogenic. Furthermore, initial studies on xenogeneic trans-
fusions have demonstrated increased survival of mPEG-
modified RBC. The chemical camouf lage of antigenic
determinants on cell surfaces may permit not only heterolo-
gous RBC transfusions but may also have obvious utility in
transplantation medicine.

We would like to thank Ms. Katy Mahany for her excellent technical
support. This research was supported in part by National Institutes of
Health Grant HL53066.

FIG. 7. In vivo survival of mPEG-modified sheep RBC is enhanced
dramatically in mice. mPEG-derivatized sheep RBC were prepared as
described and injected i.p. into naive BALByc mice. Shown are the
mean value 6 SD (percent total RBC counted) of four mice per group.
(Inset) Survival time (t1y2 , 5 min) of unmodified sheep RBC
following direct intravenous infusion (modified from Sohnle and
Sussdorf; ref. 24).

7570 Medical Sciences: Scott et al. Proc. Natl. Acad. Sci. USA 94 (1997)

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
20

, 2
02

1 



www.manaraa.com

1. Institute of Medicine (1996) HIV and the Blood Supply: An
Analysis of Crisis Decision Making, Institute of Medicine Report
(National Academy Press, Washington, DC).

2. Vichinsky, E. P., Earles, A., Johnson, R. A., Hoag, S., Williams,
A. & Lubin, B. (1990) N. Engl. J. Med. 322, 1617–1621.

3. Larison, P. T. & Cook, L. O. (1994) in Modern Blood Banking and
Transplantation Practices, ed. Harmening, D. (Davis, Philadel-
phia), 3rd Ed., pp. 351–374.

4. Beattie, K. M. & Shafer, A. W. (1986) Transfusion 26, 401–404.
5. Abuchowski, A., van Es, T., Palczuk, N. C. & Davis, F. F. (1977)

J. Biol. Chem. 252, 3578–3581.
6. Abuchowski, A., McCoy, J. R., Palczuk, N. C., van Es, T. & Davis,

F. F. (1977) J. Biol. Chem. 252, 3582–3586.
7. Spence, J. T., Underwood, B. J., Duncan, C. P. & Cotton, J. W.

(1968) Elementary Statistics (Appleton–Century–Crofts, New
York), 3rd Ed., pp. 108–112.

8. Jackson, C.-J., Charlton, J. L., Kuzminski, K., Lang, G. M. &
Sehon, A. H. (1987) Anal. Biochem. 165, 114–127.

9. Sehon, A. H. (1983) Prog. Immunol. 5, 483–491.
10. Walker, R. H., ed. (1990) AABB Technical Manual (American

Association of Blood Banks, Arlington, VA), 10th Ed., pp.
528–537.

11. Culigan, J. E., Kruisbeck, A. M., Margulies, D. H., Shevach,
E. M. & Strober, W. (1994) Current Protocols of Immunology
(Wiley, New York), Vol. 1, pp. 2.1.1–2.1.13.

12. Pommier, C. G., O’Shea, J., Chused, T., Takahashi, T., Ochoa,
M., Nutman, T. B., Bianco, C. & Brown, E. J. (1984) Blood 64,
858–866.

13. Helinski, E. H., Bielat, K. L., Ovak, G. M. & Pauly, J. L. (1988)
J. Leukocyte Biol. 44, 111–121.

14. Kayden, H. J. & Bessis, M. (1970) Blood 35, 427–436.
15. van Kampen, E. J. & Zijlstra, W. G. (1961) Clin. Chim. Acta 6,

538–544.
16. Johnson, R. M., Ravindranath, Y., el-Alfy, M. & Goyette, G., Jr.

(1994) Blood 83, 1117–1123.
17. Dodge, J. T., Mitchell, C. & Hanahan, D. J. (1963) Arch. Bio-

chem. Biophys. 100, 119–130.
18. Sedmak, J. J. (1977) Anal. Biochem. 79, 544–552.
19. Scott, M. D., Rouyer-Fessard, P., Lubin, B. H. & Beuzard, Y.

(1990) J. Biol. Chem. 265, 17953–17959.
20. Fairbanks, G., Dino, J. E. & Carter, D. P. (1988) in Red Cell

Membranes, eds. Shohet, S. B. & Mohandas, N. (Churchill Liv-
ingstone, New York), pp. 17–94.

21. Schlegel, R. A., Lumley-Sapanski, K. & Williamson, P. (1992)
Adv. Exp. Med. Biol. 326, 133–138.

22. Reid, M. E. & Lomas-Francis, C. (1987) The Blood Group
Antigen Factsbook (Academic, San Diego), pp. 400–401.

23. Altman, P. L. & Dittmer, D. S. (1971) Blood and Other Body
Fluids (Fed. Am. Soc. Exp. Biol., Bethesda), pp. 116–119.

24. Sohnle, P. G. & Sussdorf, D. H. (1969) Proc. Soc. Exp. Biol. Med.
131, 1359–1361.

25. National Institutes of Health Consensus Conference (1988)
J. Am. Med. Assoc. 260, 2700–2703.

26. Sazama, K. (1990) Transfusion 30, 583–590.
27. Moore, S. B., Taswell, H. F., Pineda, A. A. & Sonnenberg, C. L.

(1980) Am. J. Clin. Pathol. 74, 94–97.
28. Sirchia, G., Zanella, A., Parravicini, A., Morelati, F., Rebulla, P.

& Masera, G. (1985) Transfusion 25, 110–112.
29. Economidou, J., Constantoulakis, M., Augoustaki, O. & Adi-

nolfi, M. (1971) Vox Sang. 20, 252–258.
30. Eaton, J. W. (1996) J. Lab. Clin. Med. 127, 416–417.
31. Hess, J. R. (1996) Semin. Hematol. 33, 369–378.
32. Goldstein, J. (1989) Transfusion Med. Rev. 3, 206–212.
33. Zalipsky, S., Brandeis, E., Newman, M. S. & Woodle, M. C.

(1994) FEBS Lett. 353, 71–74.
34. Senior, J., Delgado, C., Fisher, D., Tilcock, C. & Gregoriadis, G.

(1991) Biochim. Biophys. Acta 1062, 77–82.
35. Maruyama, K., Yuda, T., Okamoto, A., Kojima, S., Suginaka, A.

& Iwatsuru, M. (1992) Biochim. Biophys. Acta 1128, 44–49.
36. Fuertges, F. & Abuchowski, A. (1990) J. Controlled Release 11,

139–148.
37. Saifer, M. G., Somack, R. & Williams, L. D. (1994) Adv. Exp.

Med. Biol. 366, 377–387.
38. Harris, J. M. (1985) J. Med. Soc. Rev. Macromol. Chem. Phys. C25,

325–373.
39. Harris, J. M., Struck, E. C., Case, M. G. & Paley, M. S. (1984) J.

Polym. Sci. 22, 341–352.
40. Saito, M., Tanaka, Y. & Ando, S. (1983) Anal. Biochem. 132,

376–383.
41. Allen, D. W. & Manning, N. (1996) Blood 87, 3489–3493.
42. Motterlini, R., Foresti, R., Vandegriff, K., Intaglietta, M. &

Winslow, R. M. (1995) Am. J. Physiol. 269, H648–H655.
43. Manning, L. R., Morgan, S., Beavis, R. C., Chait, B. T., Manning,

J. M., Hess, J. R., Cross, M., Currell, D. L., Marini, M. A. &
Winslow, R. M. (1991) Proc. Natl. Acad. Sci. USA 88, 3329–3333.

Medical Sciences: Scott et al. Proc. Natl. Acad. Sci. USA 94 (1997) 7571

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
20

, 2
02

1 


