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I. INTRODUCTION 
The observation that fowl erythrocytes were agglutinated by influenza 

viruses represented a milestone in the development of virology (Hirst, 
1941 ; McClelland and Hare, 1941). The extensive research stimulated 
by this discovery was the subject of an earlier review in this series 
(Buazell and Hanig, 1958). The phenomenon of hemadsorption was also 
first described in conncction with influenza viruses (Shelokov e t  al., 1958) 
and reflects the same interaction between erythrocytes and viral envelope 
components. A number of viruses unrelated to myxoviruses have since 
been shown to agglutinate erythrocytes of various species. The mecha- 
nism in each case appears to differ basically from that of the myxovi- 
ruses, and in no instance is there precise knowledge as to the groupings 
involved in either erythrocyte surface or virion. Regardless of the under- 
lying mechanism, proof that hemagglutination is due to the viral agent 
in hand depends on wlh,her the visible reaction can be inhibited by 
antibody directed against the whole viral particle or its active surface 
structures. Specific inhibition of hemagglutination by antibody has thus 
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been a major asset in the recognition of important immunological rela- 
tionships within and among different groups of aninlal viruses. 

I n  this review, we have attemptcd to summarize the experimental 
evidence bearing 011 thc nature of the virus-erythrocyte reactions cliar- 
acteristic of scveral taxonomic groups. Such evidence is culled from (1) 
study of conditions necessary for hemagglutination ; (2) examiriatioll 
of specific factors affecting either the cell or the virion to enhance, alter, 
or abolish the reaction; and (3) direct physicocl~ernical analysis of cells, 
viruses and “receptor analogs.” We have not considered in this discussion 
(1)  passive hemagglutination reactions used for measurement of anti- 
body to  viral antigens adsorbed to  tanned erythrocytes (e.g., HAA) 
or (2) hcmagglutinins which are formed during viral infection indcpcn- 
dcntly of mature virions (c.g., vaccinia). 

11. THE RED CELL MEMBRANE 

The ultrastructurc and composition of erythrocytc membranes consti- 
tute a field of study which is cxpanding SO rapidly that  no attempt 
can be made here to encompass the extensive literature on the subject, 
except for particular aspects which concern this review. It is of more 
than historical interest that  the influcnea virus-erythrocyte-glyccprotein 
inhibitor model has served as an important link in relating biological 
function to red cell membrane structurc. Influenza virus receptors are 
intimately associated with receptors for isoantibodies, namely blood 
group antigens (A, B, H, MI N ) .  These scrvc as additional markers 
with which to recognize biological activities of purified rnembrrmc frac- 
tions. In  broad analogy with virus receptor analogs, the structure of 
antigenic determinants of blood group spccificity has been elucidated 
not from primary analysis of erythrocytes but from extcnsive study 
of soluble blood group substances derived froin sourccs other than red 
cells. MN antigens constitute an cxception to this statcmcnt, since they 
are found only in erythrocytes, and in fact form a part of the glycopro- 
tein complex which contains virus receptor activity. 

A direct approach to the chcinical characterizatiori of various receptor 
activities lies in attempting to render erythrocyte membranes solublc 
and then to  separate components by standard methods of protein and 
carbohydrate chemistry. Much depends initially on the nature of thc 
starting material which is to be rendered soluble by onc means or an- 
other. Plasma proteins, leukocytes, and platelets are possible sources 
of contamination if not separated from the crythrocytes before lysis. 
The method of lysis used to obtain stroma, or posthemolytic residue, 
also has an ixriportant bearing on the purity of the end product, since 
hemoglobin and other cytoplasmic constituents are readily occluded and 
cling tenaciously to membranes of red cells lysed in distilled water. 
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Hemoglobin-free membranes 

By hypotonic lysis under carefully controllcd conditions of pH and ionic 
strength, pure erythrocyte ghosts are obtainable (Dodge e t  al., 1963). 
Such membranes retain virtually all of the lipid of the intact cell. This 
fact, along with their antigenic distinction from cytoplasmic constituents, 
makes such preparations acceptable as intact cell membranes. They ap- 
pear as biconcave disks when viewed by phase-contrast microscopy and 
are virtually free of hemoglobin as determined by colorimetric and im- 
munological analysis, and by electron microscopy (Howe and Lee, 1969; 
Howe e t  al., 1970b). 

Table I presents a simplified summary of several methods which have 
been used to partition membranes or posthemolytic residue into biologi- 
cally active subfractions. The term “posthemolytic residue” is here in- 

Posthemolytic residue 

trypsin 

M.W. 10,000 

NANA 37% 

AB/MN + 
VI f - 

18 

phenol 1 soluble 1 aqueous butanol 

fraction I sialo- (lipids) 
I (insoluble) I 

(lipoprotein) I 
sialo- -200) 

/ \ I t  glycoprotein 

(VRS)b 
/ 

31 ,000  (monomer) 

20-25% 

+ 
+ 
+ 

sialo- J X m s i a l o -  
protein proteins 

I 
I 
I 
I 
I 
I 
I 

80-160,000 (mixtures) 
I 

t - I f  

not tested - ,+ 1 
I 

I 
I 

+ - j +  

(1 Yield of glycoprotein enhanced by prior extraction of membranes with lithium 

b Virus receptor substance. 
c Rich in serine, threonine. Includes some nonsialoproteins. 

diiodosalicylate. Product antigenically identical to  VRS. 

Rich in serine, threonine, 0-glycosidically linked t o  N-acetylgalactosamine (alkali 

M.W. 55,000 proposed on basis of corrected SDS-gel data. 
VI = influenza viral hemagglutination inhibition. 

labile) ; asparagine linked N-glycosidically to N-acetylglucosamine (alkali stable). 

0 I = reactive sites uncovered by removal of N-acetylneuraminic acid (NANA) 
from alkali-stable oligosaccharide side chain. 
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FIG. I. Purified virus rcccptor substance (VRS) negatively alained with PTA. (3) 
VRS frnm human eryllirocytca. (b) VRS from riiuriiie (Swiss) erythrocytes. (By 
Courtesy of nr J n m m  R .  TTiirris.) x 125,000. 

tcrirlcd to signify relatively crude preparations of stroma as contrasted 
to  membranes that retain both morphological and chemical identity and 
tire uncontaminated with hemoglobin, plasma protcin, or formed ele- 
ments. Hot 50% phenol extraction of membranes separates into the aque- 
ous phase a glycoprotcin (Kathan e t  al. ,  1961) which can be fuither 
purified through fractional etlislnol precipitation and various comhina- 
Lions of gel filtration and chromatography (Springer et al., 196G). The 
find product is free of lipid, contains virtually a11 the sialic acid and 
npproxirnntcly linlf of the hexoscs and amino sugars of the membrane, 
ttnd is completely soluble in water. By sevcrnl diffcrcnt criteria, including 
polyacrylumidc gel clectrophoresis (PAGE) , ultracentrifugal analysis, 
ti~id immunoelectrophoresis, i t  represents a single component. Electron 
microscopic examination of a preparation of erythrocyte glycoprotein 
considered pure by these criteria was negatively stained witjh phospho- 
turigstic acid and examined by electron microscopy (Fig. l a ) .  It is seen 
that the preparation comprises a homogeneous array of particles, al- 
though no conclusions as to ,size or configuration can be drawn due 
to hypcrtonicity of the staining solution. An exactly compartiblc prepara- 
tion from muriric erythrocytes is shown, in which the particles are 
seen to  be closely similar to the human siibstance in both size and 
uniformity (Fig. 11)). TIic yield of glycoprotein from hurnsn crythro- 
oytes was rcportetl to be enli:mccd if membranes wcrc extracted first 
with liLliiiirn diiodosrilicylate (Ids) and then with 25% aqueous phenol 
(Marchesi and Andrews, 1971). Glycoprotein purified in this manner 
shows mtigcnic identity with the VRS and MN substances prcviously 
described. Recent electrophoretic studies of various glycoprotcins, includ- 
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ing the LIS-phenol-derived erythrocyte material, have shown that appar- 
ent molecular weights vary with the degree of acrylamide cross linking 
(Segrest e t  al., 1971). In  the light of these findings, some of the molecular 
weights previously determined for phenol-derived glycoproteins (VRS 
and MN substances) by PAGE will have to be reevaluated (cf. Table 
I ) .  The stromal glycoprotein is a poten6 inhibitor of ,influenza virus 
hemagglutination, and contains, in its polysaccharide moiety, the deter- 
minants for M and N blood group antigens (Kathan et al., 1961; Howe 
et al., 1963; Springer e t  al., 1966). It thus may be considered to encompass 
the sites on the erythrocyte surface to  which myxoviral hemagglutinins 
attach, i.e., the virus receptor substance (VRS) . These surface glyco- 
protein sites are associated with, and appear to be extensions of intra- 
membranous particles revealed by freeze-etching techniques and electron 
microscopy (Marchesi e t  al., 1971). Antibodies evoked in rabbits by 
injection of VRS in complete Freund’s adjuvant may be directed not 
only to the particular blood group antigens contained in its polysaccha- 
ride moiety (Springer e t  al., 1966), but also to the protein portion of 
the VRS molecule. The latter antibodies are broadly cross-reactive from 
one individual VRS preparation to another, independently of blood group 
antigens. Antibody to VRS, labeled with ferritin, reacts specifically with 
intact erythrocytes as well as with the external surface of hemoglobin- 
free membranes. Figures 2 and 3 show electron micrographs of these 
reactions, both of which can be blocked by prior absorption of the labeled 
antiserum with pure VRS (Howe e t  al., 1970b). Trypsin treatment inac- 
tivates receptors for myxoviruses both on erythrocytes and in purified 
VRS. As a result, the electrophoretic motility of both erythrocytes aqd 
glycoprotein is reduced. These effects are accounted for by the cleavage 
of a sialopeptide from the erythrocyte glycoprotein (Cook e t  al., 1961). 
A structural model has been proposed for this component and for its 
insertion into the erythrocyte (Winzler, 1969a) . The trypsin-sensitive 
fragment is considered to be a t  the amino end of a linear polypeptide 
which is anchored among the cell lipids a t  its carboxyl end. Along the 
polypeptide chain are a series of oligosaccharide residues in which 
N-acetylneuraminic acid (NANA) is terminally bound. This terminally 
bound NANA accounts for the predominantly anionic nature of the cell 
surface and the rapid electrophoretic mobility of the intact pure glyco- 
protein itself (Cook et  al., 1961; Howe and Lee, 1969; Danon e t  al., 
1965). The oligosaccharide side chains are attached to  the peptide 
through O-glycosidic linkage of 1%’-acetylgalactosamine to serine and 
threonine, and through N-glycosidic linkage of N-acetylglucosamine to  
aspartic acid residues. The pure glycoprotein has a characteristically 
high content of all three of these amino acids (Winzler, 1969a; Kathan 
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FIG. 2. Specific rraction of hurniin group 0 erythrocytrs with fcrritin-lttleled 
antibody to VltS. Glutaraldehyde and osmium tctroxidc fixation after reaction 
wilh antibody and wnshing with phorrptitile-~~iifre~ d i n e ,  pH 7.2. (By courtmy 
of Dr. Thomas Biiclii.) (u) x 20,000. (1)) Dctnil from (a), x 100,000. 
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FIG. 3. Specific reaction of human erythrocyte membranes with ferritindabeled 
antibody to VRS. (a) Erythrocytes were reacted with the antibody, washed free 
of nonspecific protein and ferritin, and lysed by the addition of complement. The 
cell membranes were washed free of hemoglobin, and fixed in glutaraldehyde and 
osmium tetroxide. x 50,000. 

(b) Portion of a hemoglobin-free membrane prepared by hypotonic lysis (Dodge 
et al., 1963), allowed to react with antibody, washed in phosphate-buffered saline, 
fixed in gluiaraldetiydc, and negatively stained with PTA. x 100,000. (By courtesy 
of Dr. Thomas Bachi.) 
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et  al., 1961; Springer et al., 1966; Howe et al., 1972). Thc trypsin-rc- 
leased sialopcptide carries the prosthetic groupings necessary for virus 
attachment to the cell and for inhibition of influenza viral hemagglutinin 
by the purified glycoprotein. The sialopcptide also carries the determi- 
nants for M and N blood group antigens recognized in the intact glyco- 
protein. Recent cvidence (Dzierzkowa-Borodcj e t  nl., 1970) shows that  
determinants reacting with anti-I arc containcd in an  alkali-stable trisac- 
charide obtained by borohydride degradation of VRS from which NANA 
has previously bcen rcmovcd by mild acid hydrolysis. Phcnol-derived 
glycoproteins from several species differ from one another significantly 
with respect to monosaccharide composition and content of the corre- 
sponding amino acid residues involved in carbohydratc-protein linkage 
(Howe e t  al., 1972). 

Treatment of hemoglobin-free memhranes with aqueous pyridine re- 
sulted in the partition of the protein into a soluble fraction containing 
most of the membrane sialic acid and irisolublc fractions containing 
membrane lipid (Blumenfeld et al., 1970). On Sephadox (2-200, in the 
presence of pyridine, sialoprotein was separatcd from components lacking 
sugar residues. Thc sialoprotein fraction had a t  least one component 
which shared antigenic identity with VRS, and which undoubtedly ac- 
counted for the virus inhibitory action of thc sinloprotein fraction (Table 
I).  Virus rcccptor activity of the pyridine-dcrived sialoprotein was np- 
preciably lower than that  of pure VRS. This may have bccri due to 
the presence of nonreactive components, or to an nrrangcment of comple- 
mentary prosthetic groups ICSS cfficicnt than VRS in binding to  the viral 
surface. I n  amino acid analysis, the pyridine-derived sialoprotein gave 
high serine and tlircoriirie values comparable to those for the purified 
VRS, strongly supporting tile conclusion that this large molecular weight 
glycoprotein was an entity distinct from thc siiialler proteins in thc 
soluble fraction, which coritaincd little or no sialic acid (Howe e t  al., 
1971). 

n-Butanol has been used by a number of investigators (Howe et al., 
1963; Maddy, 1964) t o  soluhili7e membrane components A portion of 
tlic rncrrlbrane protein was thus rendered water soluble, presumably by 
separation from lipids and lipoproteins which entered the butanol phase. 
Several cxtractions were required to reinove all lipid from the water- 
solublc fraction, which compriscd scvcral compoiients and coritaincd 
sialic acid, virus receptor, and blood group activities (Whittcmorc e t  
al., 1969). One component cross-reacted antigenically with pure VRS 
(Howe and T,ee, 1969). As will bc noted subsequently, erythrocyte rccep- 
tors for scvcrnl groups other than rnyxoviruscs hnvc bccn described on 
the basis of the inliibitory activity demonstrable in mixtures of mem- 
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brane components, such as the water-soluble fraotion referred to above. 
These ('receptors," however, cannot be rccognized in a statc of purity 
comparable to that of VRS. 

Combinations of various methods have been used to determine the 
total number of individual proteins present in crythrocyte membranes 
prepared by hypotonic lysis and free of hemoglobin and cytoplasmic 
constituents. Rosenberg and Guidotti (1969) subjected ghosts to sequen- 
tial extraction with EDTA, 0.8 M NaCl and ethanol-ether. The resulting 
lipid-free residue contained most of the sialic acid of the membrane 
and was resolved by gel electrophoresis into five additional fractions, 
two of which accounted for 90% of the sialic acid in the starting mate- 
rial. These two sialoprotein fractions had molecular weights in the same 
range (25,000-30,000) as that of the monomeric form of VRS obtained 
by phenol extraction of membranes. The other components separated 
on gel electrophoresis were in the size range from 10,000 to 170,000. 
NH,-terminal end group analyses indicatcd consistent differences among 
the proteins of the various fractions. A minimum of twelve different 
polypeptide chains were judged to  be present in the membrane. These 
results are to be compared with thosc of another study in which hemo- 
globin-free membranes were dissolved in SDS and heated at  100°C for 
3 minutes in order to disaggregate the proteins completely. Sephadex 
G-200 chromatography revealed the presence of a t  least 14 components 
of molecular weight ranging from 32,000 to 255,000, two of which con- 
tained carbohydrate-one with a molecular weight of 108,000; the sec- 
ond, a smaller, more rapid component thought to be glycolipid (Lenard, 
1970). In  this latter study, the multiplicity of components in SDS gel 
was not critically excluded as being due to  random aggregation. 

111. METHODOLOGY 

The visible result of viral hemagglutination is the “pattern” formed 
at  the bottom of a test tube or well plate by lattices of red cells lightly 
conjoined by viral hemagglutinin (Salk, 1944). The stability of this 
pattern varies inversely with the ability of the virus to elute. Hemagglu- 
tination serves as a useful direct means of titering intact viral particles 
or hemagglutinating subunits. Since hemagglutination is a simple two- 
component system, the titer of a given preparation will depend on 
the concentration of viral particles and their state of aggregation. The 
concentration of erythrocytes, the pH, the temperature, and in some 
instances the presence of divalent cations or other supplementary 
factors may affect the titer. Details of special significance will be 
mentioned hercinafter with the discussion of individual groups of 
hemagglutinating viruses. The tcchniques generally applicable to  the 
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quantitation of viral hemagglutination are well described in standard 
compendia of virological diagnostic proccdurcs (Lennettc and Schmidt, 
1969). With a few exceptions, titrations of viral hemagglutinin and corre- 
sponding antibodies are readily adaptable to microtechniques (Sever, 
1962) which arc highly reproducible and effect substantial economies 
of valuable diagnostic and experimental reagents. 

While the pattern tcchnique is the one in widest USO, otlior approaches 
to quantitation of viral hemagglutination have been developed, particu- 
larly with influenza viruses. Densitometric procedures, first devised by 
Hirst and Pickels (1942), depend on the rate of settling of cells during 
their interaction with viral hcrnagglutinating partides resulting in the 
formation of aggregates. Readings of optical density taken a t  given inter- 
vals of time, and related to a normal cell suspension without virus, 
bear a direct relationship to the conccntratiori of viral particles. 1,evine 
et al. (1953) were able to extend this principle to  establish methods 
for determining the absolutc number of hemagglutinating particles 
present in a virus suspension. Their method was based on spectrophoto- 
qetric measurcmcnt of thc number of erythrocytes dimerized by viral 
hemagglutinin under conditions precluding the formation of larger cell 
aggregates. The presence of dimers under thc standard conditions used 
was established by direct rnicroscopy. These workers found that  thc 
conversion factor for transforming tube dilution hemagglutination titers 
into absolute numbers of hemagglutinating particles was the same for 
influenza and Newcastle discase viruses. More recently, a photornctric 
method has been described (Drescher et al., 1962) which depends on 
dctcrmining the highest dilution of virus causing maximal agglutination 
by extrapolation from data obtained with constant numbers of cells 
and varying dilutions of virus. At this point, variability in reactivity 
of virus with different samples of erythrocytes is minimal. Actual titers 
are then calculated mathematically from this point of reference and 
are expressed as “hemagglutinin concentration units.” A high degree 
of reproducibility was claimed for this method, which has advantages 
primarily for detecting minor antigenic variations among related strains 
of influenza virus. 

In  studies of the antigenic composition of the influenza virus envelope, 
constituents of the hemagglutinin have bcen obtained which, on separa- 
tion from the parent molecule, do not hemagglutinate directly. Such 
componentr aye considered to be monovalent with rcspcrt to hcmaggluti- 
nating activity, but are antigenically related to the hemagglutinin com- 
plex. Such for example is the “host antigen” found in influenza viruses 
whirh have been propagated in chicken embryos Rnrl which will be dis- 
cussed subsequently in greater detail. The method for dctccting these 
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monovalent fragments of hemagglutinin depends on thcir capacity to  
combine with antihemagglutinin and thereby to block its inhibition of 
hemagglutination by complete virus (hemagglutination-inhibition block- 
ing or HIB test) (Harboe, 1963). The specificity of the antibody is 
critical and purified virus must be used, since nonviral host tissue frag- 
ments may combine with antibody to block hemagglutination. 

The hemadsorption phenomenon is based on the attachment of erythro- 
cytes to infected cells in culture which have hemagglutinin at their sur- 
faces (Shelokov e t  d., 1958). Monolayers suspected of containing in- 
fected cells are drained of culture fluids; a suspension (usually 0.5%) 
of washed guinea pig erythrocytes is added in a quantity sufficient to  
immerse the cells. The reaction takes place a t  4OC almost immediately. 
After 15-20 minutes the monolayers are drained and washed with cold 
balanced salt solution to  remove unattached cells. The preparations are 
then examined immediately under the microscope, before any elution 
of erythrocytes occurs. Done in this manner, hemadsorption may substi- 
tute for cytopathic effect in estimating titers or units of infectivity. 
Hemadsorption plaques represent a variation of this technique. Mono- 
layers are infected in the same manner as for plaque titrations with 
a cytolytic virus. Instead of the usual solid overlay, a semisolid overlay 
(e.g., methyl cellulose or 0.27. agar) is used which can be removed 
a t  the end of the total incubation period without disturbing attached 
cells. Residual traces of medium are removed by washing with pre- 
warmed balanced salt solution, and hemadsorption is carried out. Plaques 
thus revealed display a dose response quite comparable to infectivity 
measured by TCID,, or liemadsorption end points (Home e t  al., 1970a) 
and offer a reliable means for quantitation of myxoviruses. Hemadsorp- 
tion can be directly quantitated by lysing attached erythrocytes with 
distilled water and measuring the concentration of free hemoglobin 
(Finter, 1964). With either fluid or semisolid overlays, urea-cyanide 
(Aculute, Ortho Pharmaceutical CoIporation, Raritan, New Jersey) may 
be used as the lysing agent. This renders both erythrocytes and freed 
tissue cells soluble. There is thus no interference with the spectrophoto- 
metric determination of hemoglobin converted to cyanornethemoglobin. 
Optical density is read a t  410 nm, and the results are expressed as 
percentage of a standard solution of cyanomcthemoglobin. 

IV. MAJOR VIRUS GROUPS THAT REACT WITH ERYTHROCYTES 

A .  Myxoviruses 

Since the discovery of myxoviral hemagglutination (Hirst, 1941 ; 
McClelland and Hare, 1941), much has been learned about the nature 
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of the viral subunits involved in the reaction as well as about the chemis- 
try of the L‘receptors’’ on crythrocytes. I n  addition, this virus-erythrocyte 
interaction has constituted a model for the study of the first stagcs 
of viral attachment to host cells capable of synthesizing new virus. The 
extensive literature on influenza viruses has been well reviewed in recent 
years (Buzzcll and Hanig, 1958; Hoyle, 1968). 

The reaction of myxoviruses with red cells involves two relatively 
independcnt phenomcna, namcly adsorption and elution. The viral com- 
ponents primarily responsible are, respcctivt!ly , hemagglutinin and 
neuraminidasc. Both are componcnts of the viral envelope, and both 
are codcd for independently by the influenza viral genome. Recombinants 
of A, strains of influenza virus with an A strain (NWS) served to demon- 
strate that the hcmagglutinin of reccnt A, isolates (IIong Kong) differed 
antigenically from that of Ap strains isolated prior to 1968, but that 
the neuraminidases of all A, strains examined were antigenically identi- 
cal with one another (Schulman and Kilbourne, 1969). These observa- 
bions showcd that hemagglutinin and neuraminidase varied indepcn- 
dently as antigens; and that antibodies to the enzyme werc of primary 
importance in protection against Hong Kong virus. It is also evident 
from R U C ~  atudics that the antigenic classification of influenza viruses 
must take into account the specificity of both of these major envelope 
components. 

Hemagglutinin and neuraminidase have bcen recognized as distinct 
entities by elcctron microscopic examination of negativcly stained prep- 
arations of virus after disintegration with ether or detergents, and sep- 
aration by elcctrophoresis, column chromatography or density gradient 
centrifugation. Laver and Valentine (1969) disrupted strains of influenza 
A virus with sodium dodccyl sulfate (SDS) and subjected them to clec- 
truphorrsis on ccllulose acetate. Electron microscopic examination of 
the eluted, biologically active subunits, in the presence of SDS, revealed 
hemagglutinin to comprise rods 40 x 140 A; the neuraminidase appeared 
us oblong structures 85 X 60 A with a centrally attached fiber 100 A 
in length. Removal of SDS by ucctone precipitation resulted in the for- 
mation of polymers of either subunit and, in mixtures of the two, in 
thc formation of copolymers. The results suggested that the spikes on 
the intact virion are of two kinds corresponding, respectivcly, to the 
two independently active subunits describcd. Rott et aE. (1970) subjected 
SDS-treated influenza virus to sucrose density gradient centrifugation. 
They isolated hemagglutinin which was reactive with chicken erythro- 
cytes and which appeared on negative staining as a rodlike structure 
50 A in diameter and 200 A in length; a second morphological form, 
composed of sphcrical particles about 40 A in diameter, was rcactive 



VIRUS-ERYTHROCYTE INTERACTIONS 13 

with guinea pig cells. Biologically active neuraminidase and hemaggluti- 
nin have been isolated from one and the same preparation of virus by 
treatment with Tween-20 and separation on Sephadex G-200. Residual 
hemagglutinin could be removed from neuraminidase by absorption with 
chicken erythrocytes. The sedimentation coefficient for hemagglutinin 
subunits was 8.1 S;  and that for neuraminidase, 10.8 S. Structures seen 
by electron microscopy in negatively stained preparations of neuram- 
inidase consisted of aggregates in rosette formation with a central knob 
(Webster, 1970). I n  other studies, purified influenza A, virus was treated 
with ether, and the envelope components separated from nucleocapsid 
by electrophoretic techniques and by analytical ultracentrifugation. The 
isolated neuraminidase-hemagglutinin complexes tended to aggregate into 
rosettelike clusters and appeared to comprise either tubelike structures, 
rings attached to stalks, or variations between these two forms. In  this 
biologically active form, the neuraminidase-hemagglutinin complex waE 
comparable in size to  the tubular structures forming the characteristic 
spikes of the influenza virus envelope (Hjerten et al., 1970). 

The chemical nature of the reactive groups of the viral hemagglutinin 
responsible for attachment to soluble or cell-surface glycoproteins is 
not at all clear, except that  peptides are involved. The attachment is 
pH dependent, and therefore may be mediated by ionizable amino acid 
groupings of the hemagglutinin. The work of Hoyle and Hana (1966) 
pointed to disulfide linkages as “active centers” for two major biological 
activities of the influenza virus particle, namely hemagglutinin and 
neuraminidase. Chemical cleavage of S-S bonds resulted in the inactiva- 
tion of one or the other of these activities, depending on the strain 
of virus used. Similar observations were made by Eckert (1967) on 
the hemagglutinin of the reassociated envelope protein of influenza virus 
(PR8). Hemagglutination, and its inhibition by mucoids, is generally 
independent of neuraminidase activity. That  this dichotomy may not 
be absolute is suggested from recent studies (Hoyle, 1969) which indicate 
a close resemblance between the active sites of both neuraminidase and 
hemagglutinin in several strains of influenza virus. Through the use of 
reagents reacting directly with amino acids in proteins of A and A, 
strains, centers containing histidine were found which appeared to possess 
both hemagglutinin and neuraminidase activity. It was concluded that  
histidine was essential for neuraminidase activity and that  tyrosine could 
substitute for histidine in the hemagglutinin-active centers. 

Included in the hemagglutinin of influenza virus is a sulfated glycopro- 
tein, originally referred to as “host antigen” (Harboe, 1963). Antibody 
to normal chicken tissue inhibited strains of influenza virus hemaggluti- 
nin due to the reaction of a portion of the antihemagglutinin with this 
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host factor on the viral particle. It was subsequently shown tha t  this 
same antigen was present in liirge quantities and in soluble form in 
chorioallantoic fluid from both infected and normal chicken embryos, 
and that it could be quantitated by the hemagglutination inhibition 
blocking (HIR) test (Section 111) (IIaukencs e t  a,?., 1966; Lee e f  al., 
1969). The host antigen showed structural similaritics to blood group 
substance and to certain keratosulfates from cartilage (Haukenes e t  
nl., 1966; Meyer e t  al., 1967). Rabbit antisera to the pure substance 
contained antihemagglutinin react,ivc with purified intact influenza virus 
particles. 

Besides fowl erythrocytes, cells of many mammalian species are agglu- 
tinated by infliiPiiza viruses. Adsorption appccirs to be relatively indepen- 
dent of temperature, and takes place with most strains equally well 
a t  4°C and 37°C. This is largely an electrostatic interaction, and in 
general there are upper (pH 9.0) and lower (pH 5.0) limits to the pH 
range in which the reaction is maximal (Tischer, 1963). With respect 
to thc molecular basis for viral attachment (hemagglutinin), much has 
been learned from the study of receptor analogs, the prototype of which 
was originally described as a nonspecific inhibitor of viral hemagglutina- 
tion distinct from antibody in human serum (Francis, 1947). Rcccptor 
analogs have sincc bccn obtaincd from rnnny sources. They are all glyco- 
protein and bind preferentially to reactive sites on the virus so as to 
prevent attachment to  crythrocytcs. Irihihitory action in all cases is 
ubolished following treatment with reagents (e.g., pcriodutc oxidation, 
trypsin, neuraininidase or receptor-destroying enzyme of Vibrio cholerue 
or Clostridiupra perfringens) which modify tlic polysaccharide moiety by 
alteration of NANA residucs, or their removal from the macromolecule. 
A pttrtial list of inhibitory glycoproteins includes, besides human and 
animal sera : egg components, urinary mucoprotein, ovarian cyst fluid, 
mcconiurn, Collocalia mucoid (Howc ef  al., 1961 j , nncl extracts of tissues, 
e.g., lung and erythrocytes, of several species. Extensive study of purified 
glycoproteins has shown that the residuc csscnlial for intcraction with 
influenza virus is N-acetylneuraminic acid (Gottschalk, 1966a,b). Recent 
studies have shown further that  carbons 7, 8, and 9 in the polyhydroxyl 
side chain of NANA are involved in the binding of sialoproteins t o  
irifluerietL virus (Suttajit and Winder, 1971 ) . Althollgh all inhibitors of 
influenza virus hemagglutination contain NANA, not all sialoproteins 
are active inhibitors. The inhibitory potency of a glycoprotein is deter- 
mined by the number of negatively chargcd terminal sialic acid residues 
which can attach simultaneously to complcmcntary groupings of the 
viral surface. The attachment in turn is a function of the number of 
sialic acid residues available per molecule of glycoprotein and the degree 
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of complementarity of the viral surface (Fazekas de St. Groth and Got- 
tschalk, 1963). The basis for the latter is still unknown. A relationship 
between molecular size, sialic acid content, and inhibitory activity has 
been recognized among a number of naturally occurring inhibitors of 
influenza virus hemagglutination (Springer et al., 1969). Such a relation- 
ship was also demonstrated artificially with serum orosomucoid, which 
in the native state is a weak inhibitor. Polymers, produced by heating 
under controlled conditions, had molecular weights greater than 200,000 
and on a weight basis were found to be much more potent inhibitors 
than the monomeric form (Whitehead and Winzler, 1968). Inhibitory 
activity was lost after treatment with V .  cholerae neuraminidase. Con- 
cordant results were obtained with orosomucoid polymerized by cross- 
linking with acetaldehyde (Morawiecki and Lisowska, 1965). A polymer 
of molecular weight in excess of 800,000 showed activity approximately 
600-fold greater than that of the monomer. A filamentous form of heat- 
polymerized orosomucoid was found to  be more active against certain 
strains of influenza virus than a globular form of the same macromolecule 
(Barclay et al., 1969). This observation suggested that multiple reactive 
sites on the viral particle might be more reactive with sialic residues 
in a linear disposition than on a convoluted molecule? thus accounting 
for the greater inhibitory efficiency of the “chain” polymer over that 
of the “ball.” However, hemagglutination by viral subunits was equally 
sensitive to inhibition by the two morphological forms of orosomucoid. 
Therefore, i t  seems that factors other than simply the spatial configura- 
tion of NANA residues must be essential for interaction with viral 
hemagglutinin. 

A heat-labile inhibitor, unrelated to antibody or complement? is found 
in many animal sera (C. M. Chu, 1951). This factor ( p  inhibitor) is 
not inactivated by periodate or neuraminidase, either of bacterial or 
viral origin; i t  requires calcium ions for activity and is inactivated by 
trypsin. These properties suggest that the antiviral activity involves 
peptide rather than glycosidic linkages, and by analogy, that erythrocyte 
receptors for influenza virus may exist which do not involve terminal 
NANA residues. The p inhibitor seems to have greater activity against 
A, than against B strains of influenza virus (Hoyle, 1968). 

A third type of nonspecific inhibitor (gamma inhibitor) is present 
in some normal animal sera, particularly those of horses and guinea 
pigs. The horse serum inhibitor is a glycoprotein distinct from antibody 
and is highly active against A, strains of influenza virus, with little 
activity against A, or B strains. It is stable to heat and neutralizes 
hemagglutinin as well as infectivity in 0210. This neutralizing effect was 
ascribed to the unusual avidity of some strains of virus to complex 
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with receptor groupings on the glycoprotein. The firmness of the inhibi- 
tor-virus union may also have been due to incomplete receptor dcstruc- 
tion by viral enzyme and consequent failure of virus and inhibitors 
to dissociate. Fractionation and structural studics (Levinson e t  al., 1969) 
of horse serum inhibitor showed that i t  comprised two active siibstituents 
in the polysaccharide moiety, namely 4-O-acctyl-NANA as well as 
NANA. The former rcprcsented the grouping active against A, influenza 
virus, the latter the residue reactive with a recent B isolate. In accord 
with this interpretation was thc fact that the A? inhibitor was sensitive 
to viral ncuraminidase only after trealrncnt with mild alkali. I n  addition, 
metaperiodate treatment enhanced the inhibitory activity against the 
B virus. Since this type of enhancement had not been encountered in 
strains of influenza virus isolated prior to 1965, i t  was postulated that  
this biologicti1 change was related to natural antigenic modifications 
emerging a t  the same time. These findings suggested that  the structure 
of NANA itself might play a determining role in the inhibition of A? 
viral hernagglutinin. 

Strains of influenza were obtained from isolates of A, virus in the 
1957 pandemic whicli were distinguished by either sensitivity ("+") 
or insensitivity ("-") to  horse serum (gamma) inhibitor. Reactivity 
with antibody parallcletl receptor destruction in the serum inhibitor and 
on erythrocytes (Choppin and Tamm, 1960a). The avidity of the "+" 
strains for glycoprotein substrates was explained by the failure of sub- 
strate hydrolysis and hence failure of virus to be liberated from the 
complex (Choppin and Ttimm, 1960b). A ptirnllel ohservation was re- 
ported which indicated that  avid strains were still able to  agglutinate 
fowl cells after rcrnoval of receptors for other influenza viruses by treat- 
ment with RDE, either bacterial or viral. Moreover, the avid A, strain 
eluted incomplctcly from ncurnminidasc-treated erythrocytes. These 
findings were taken to mcan that  avid strain rcceptors, uncovered by 
ncuraminidase or periodate treatment, diff ered qualitatively from those 
for nonavid strains of influenza virus (Takatsy e t  al., 1959). 

It has been assumed that  the cornhination of irifluenza viruses with 
glycoprotcins from various sources depends on the same forces and mo- 
lecular requirements that  are responsible for viral attachment to glyco- 
protein receptors on the surface of erythrocytes. As described in an 
earlier section, VRS, or soluble virus receptor substance from human 
erythrocytes has thc oligobaccharide residues required for viral attach- 
ment. Moreover, all the NANA on the erythrocyte is terminally bound 
and can be clettvcd by neuraminidase, Loth bacterial and viral. The 
fi~idirigs cited above with respect to avid strains of A, virus suggest 
the prcscrice 0x1 erythrocytes of determinant inhibitory groupings which 
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do not include NANA; but this has not been substantiated. On the 
other hand, the presence of differently substituted neuraminic acids has 
not bccn entirely cxcluded. It is of some importance that the sialopeptide 
split from erythrocytes by the action of trypsin is itself a poor inhibitor 
of hemagglutination. The parent matcrial, however, is recognized as a 
macramoleculc of 31,000 monomeric molecular weight. It is itself a potent 
inhibitor and increases in potcncy with polymerization (Springer e t  al., 
1969). 

Thcre is same evidence showing that after removal of sialopeptide 
by trypsin, resulting in complete removal of NANA, erythrocytes are 
still capable of hemagglutination by influenza virus (Winzler, 1969b). 
Hence, other portions of the peptide backbone may be involved in this 
interaction, including the proximal portions of oligosaccharide side 
chains. Other soluble sialic acid-containing fractions of erythrocyte mem- 
branes, whether derived by butanol or by pyridine extraction (Table I) 
are several orders of magnitude less potent than VRS as viral inhibi- 
tors. This may be explainable by the fact that  these fractions are mix- 
tures of active less aggregated glycoprotein with inactive proteins. There 
is no certainty that the frequency or distribution of the necessary recep- 
tor configurations are the same in these sialoprotein fractions as in the 
glycoprotein purified by the phenol method. 

Adsorption of virus to erythrocytes in suspension causes their aggrega- 
tion into a fragile lattice which, on settling, forms the characteristic 
agglutination pattern a t  the bottom of the tube or titration well plate. 
The visible reaction is followed by elution of intact viral particles when 
the reaction mixture is brought from 4OC to 37OC a t  pH 7.2. Elution 
of influenza virus was initially recognized as being enzymatic in nature 
(Hirst, 1942) and is now known to be due to the action of neuraminidase 
in the viral envelope. While the completeness with which influenza viral 
particles elute from the crythrocyte surface may vary from strain to 
strain, the basic mechanism can be considered the same in all cases. 
Elution of the viral particle is accompanied by release of NANA from 
the receptor site. Similarly, in the interaction with soluble analogs, viral 
neuraminidase effects a degrec of dissociation which varies with the 
strain, as intimated above. Structural studies with orosomucoid have 
indicated that the prosthetic groupings necessary for interaction with 
influenza virus include oligosaccharide side chains, linked O-glycosidi- 
cally to  serine and threonine (Gottschalk, 1965). NANA occupies a ter- 
minal nonreducing position in a-ketosidic linkage to  N-acetylgalactos- 
amine; i t  is at this latter bond that viral neuraminidase acts to free 
NANA from glycoprotein inhibitors (Graham and Gottschalk, 1960; 
Carubelli e t  al., 1965; Gottschalk, 1966a). The polyhydroxy side chain 
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of NANA must be intact for maximum activity of the cneyme to take 
place (Sutttijit and Winzler, 1971)- In  gcnerul, the completeness o f  elu- 
tion from the crythrocytes appears to be inversely proportional to  the 
avidity for glycoprotein inhibitors, as exemplified by the reaction of 
“+” struins of A, influenza virus with the gamma inhibitor of horse 
serum, cited carlier. I n  studies with low rnolecular wcight oligosaccha- 
rides as substrates for ncuramiiiidase, the enzyme from Ti. chalerue 
(the classical RDE) was shown to hydrolyze both 2-6’ and 2-3’ ketosidic 
linkages, whercas the viral enzyme attached only to thc 2-3’ bond. Al- 
though the 2-6’ cornpourids were able to bind the viral enzynic, the 
latter acted only slightly, if a t  all, in releasing NANA (Drzeniek, 1967). 
This suggested that enzyme itself may have some rolc, albeit limited, 
in binding thc virtil particle to cell receptor material. Probably both 
2-3’ and 2-6’ linkages cxibt in the erythrocyte, as deduced from studies 
of an alkali labile tetrasaccharide obtained by borohydride reduction 
of stromal sialopcptidc. The latter was derived by t ryp in  treatment 
of either virus receptor substtince (VRS) or crythroc,ytes (Table I) 
(Winder, 1969b). 

It was demonstrated that after adsorption and elution of influenza 
virus, the electrophoretic mobility of erythrocytes was greatly reduced, 
in concert with their resistance to reagglutination by freshly added virus 
(Hanig, 1948; Stone arid Ada, 1952; Cook et al., 1961). Treatment with 
RDE of V .  cholerae, with trypsin or with pcriodute achieved the same 
results. These early observations, subsequently confirmed and extended, 
urc readily explttiricd in cucli insttirice by the rcmovul of sialic acid 
residues, whether as NANA alone or as part of a sialopeptidc fragment. 
The predomiriuntly negative charge of the erythrocyte a t  physiological 
pH can bc ascribed entirely to  ionized frce COO- groups of sialic acid. 
Similarly, the electrophoretic mobility of purified VKS from human RBC 
was greatly reduced following reaction with influenza virus and removal 
of sialic acid (Howe et al., 1963). Resides changes in electrophorctic 
mobility, reinoval of NANA residues from human erythrocytes by either 
viral or bacterial ncuraminidase effects striking changes in the immuno- 
logical reactivities of the cell. These concern several specificities: (1) 
the M and N blood group antigens which are inactivated by inyxoviruses 
acting either on whole cells or on purified erythrocyte glycoprutcins bcwr- 
irig thcsc determinants ; (2) Forssman heterophile antigens, including 
those associated with infectious mononucleosis ; arid (3) the specificities 
reluted to  broadly reactive serum “panagglutinin” and phytohernag- 
glutinins. The subject of antigenic alteration of erythrocytes by myxovi- 
ruses and soluble cnzymcs has been revicwcd elsewhere (Springer, 1963 ; 
Drzeniek, 1970. 
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B. Paramyxoviruses 

The paramyxovirus group, now set apart from the orthomyxoviruses 
(influenza viruses) , includes the viruses of mumps and Newcastle disease 
and the parainfluenza subgroup which comprises 5 members. I n  contrast 
to the influenza viruses, paramyxoviruses are capable of lysing erythro- 
cytes of several species, and of fusing cells in culture to form poly- 
karyons. Neither hemolysis nor cell fusion caused by exogenously applied 
virus bore any relation to the virulence of several strains of NDV (Kohn 
and Fuchs, 1969). I n  contrast, polykaryocytosis induced during active 
infection in chick embryo fibroblasts (endogenous fusion) was correlated 
with the virulence of several strains of NDV for chicken embryos (Reeve 
and Alexander, 1970). Moreover, the fusing capacity of avirulent strains 
was enhanced by blockade of cellular RNA synthesis. Inhibition of pro- 
tein synthesis with p-fluorophenylalanine or cyclohexamide resulted in 
parallel inhibition of fusion by virulent strains. These findings suggested 
that protein synthesis was required for fusion to occur and that the 
cytopathology induced by avirulent strains was related to failure of 
viral maturation and release and to  the intracellular accumulation of 
viral products (Reeve and Poste, 1971). The molecular basis for cell 
fusion, whether exogenous or endogenous is still largely unknown, how- 
ever. The same is true for viral hemolysis. 

The paramyxoviruses hemagglutinate the erythrocytes of avian as 
well as a number of mammalian species. As with the influenza group, 
the viral hemagglutinin is situated on the spikes of the viral envelope 
in close association with viral neuraminidase. Hemagglutination occurs 
with strains of paramyxoviruses over a wide range of pH (5-9)) opti- 
mally a t  about 7 (Tischer, 1963)) and presumably by much the same 
mechanism as with influenza virus. The same receptors on the erythro- 
cyte are involved, as proved by the capacity of influenza viruses to 
inactivate receptors for paramyxoviruses, and vice versa. Trypsin and 
V .  cholerae enzyme are equally effective in this regard, receptor destruc- 
tion in all instances being associated with the release of diffusible NANA. 
While most strains of paramyxoviruses, particularly those adapted to 
laboratory passage, are relatively insensitive to the alpha (Francis type) 
hemagglutination inhibitor, they are nonetheless capable of splitting 
NANA from receptor analogs as well as from purified VRS (Howe and 
Morgan, 1969). One exception appears to be purified ovine a-l-glycopro- 
tein which has been reported to inhibit NDV hemagglutination to high 
titer independently of viral enzyme activity (Campbell e t  al., 1967). 
Paramyxoviruses elute from the erythrocyte surface with lower efficiency 
than influenza viruses. Those viruses which are not actively hemolytic 
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can be shown to elute at neutrality. Those which hcmolyze at tempera- 
tures ahove 4 O C :  (NDV, mumps, Sendai) can be adsorbed to formalinized 
fowl erythrorytes a t  4°C and eluted at, 37°C (Kis I’ov pt nl. ,  IWU). 
Eluted virus may show a relative increase in hcmaggliit,inin titer but 
a decrease in infectivity, both effects being due to disruption and frwg- 
mentation of viral particles (.John and Fulginiti, 1968). 

Viral heniolysis was first described for mumps virus (Morgan e t  d., 
1948; 1,. Chu and Morgan, 1950) and then for NDV (Kilham, 1949); 
arid somewhat more recently for Scndai virus (Sato, 1958) and type 
3 pnrrtinflurnza virus (TIcrmodsson e t  nl., 1961). Thr  rxnct mechanism 
which mediates viral llcmolysis remains to I c  eliicidated, however. Sev- 
eral facts have been estahlished which throw some light on this phenome- 
non. For hemolysis to  occur, intact viral particles or large subunits were 
required as shown with both Sendai and NDV (Sagik and Lcvine, 1957; 
Sokol s t  nl., 1961). Heterogeneity of NDV particles with respect to  
hemolytic activity was demonstrated (Sokol, 1963). Not only was “in- 
complete” Sendai virus less hemolytic than complete virus (Sokol et  
al., 1964), hut! i t  was shown that sonicntion of infective virus progres- 
sively inactivated licmolysis which was ultimately eliminated when hem- 
agglutinating particles mere reduced helow LL certnin si7e range (Hosaka, 
1970). This was in accord wit,h the earlier finding that  subunits of Sendai 
virus ohtaincd by cthrr disruption of thr viral cnvelopr were nonhemo- 
Iytic (Sokol et nl., 1964). With respect to the cell surfwc, i t  is clear 
that  the same receptors are requircd for hrmolysis as for hemagglutina- 
tion, since the virus must attach in order to hemolyze. This was originally 
shown for rnrimps virus (L Chu and Morgan, 1950) and has since been 
demonstrated for Scnd:ti virus (Sokol :tnd NcwatEi, 1962) . Accordingly, 
:intibody to  purified virus receptor Rubstance prevents tjhc agglutination 
as well as the lysis of human group 0 erythrocytes by Sendai virus. 
The  lwnnlytic property is invcrscly proportional to the capacity of a 
given strain to  elute from tlic red crll surface, as has been demonstrated 
with NDV ISagik and Levine, 19571. These obscrvations suggested that 
the dcgree of contact,, i.e., the rcsultant of particle size and its “avidity” 
for cell receptors, might be of critical importance. Electron microscopic 
e.tarnination of crythrocyt,e ghosts lysed by Scndwi virus gave n clue 
ELS to the nature of this contact,. Concentrated Sendai virus, when ad- 
sorbed to erythrocytes at 4OC, caused invaginatiom in the plasma mcm- 
hrane Aftcr elevation of the tcmperaturr to 37”C, the plasma membrane 
t)ecnine fuscd with viral ciivc~lopc. Ccll lysis followccl and was accom- 
panied by rapid and total loss of hrmoglobin to the extracellular space 
and depletion of membrane NANA. Concomitantly, rupture of the virions 
occurreti, with relcasc of nuclcounpsid (Howe and hforgan, 1969) . Tt 
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appeared that thc viral particles joining erythrocytes in the initial agglu- 
tination reaction were torn apart as a result of the sheering forces en- 
gendered by rapid cell iysis a t  37°C. More recently, it was shown that 
fusion of human erythrocytes occurred if cells agglutinated by virus 
a t  4OC were packed by light centrifugation and the undisturbed pellet 
then brought to 37°C. Largc, stable polymembranes, retaining appreci- 
able amounts of hemoglobin, were thus formed in which no viral envelope 
components were recognized on morphological grounds. However, free 
nucleocapsid filaments were seen in the cytoplasm of fused erythrocytes. 
By freeze-etching techniques, i t  was demonstrated that  smooth, plaque- 
like areas had formed, through obliteration or redistribution of normally 
well-ordered and numerous intramembranous particles (Bachi and Howe, 
unpublished). This rearrangement of intramembranous particles as a 
result of viral action was reminiscent of the regrouping which was 
effected by proteolytic enzymes, and which constituted the basis for 
proposing that sialoglycoprotein receptors exposed at the cell surf ace 
are associated with the intramembranous particles (Marchesi et al., 
1971). 

Hemagglutinin as  well as hemoly sin are trypsin sensitive, suggesting 
that peptide residues on the viral envelope are involved (Neurath, 1963, 
1 9 6 4 ~ ;  Fontanges e t  al., 1964). I n  addition, the hemolytic property of 
Sendai virus may be host dependent for its expression, since virus grown 
in mouse lung cell cultures was nonhemolytic whereas the same virus 
from chick embryos was strongly hemolytic (Ishida and Homma, 1960; 
Matsumoto and Maeno, 1962). 

I n  sum, i t  appears that  with Sendai virus, as probably also with the 
other paramyxoviruses, red cell lysis is a complex interaction between 
intact virion, or its larger subunits, and the cell surface. Those factors 
which are known to be operative are the requirement for firm adsorption 
of hemagglutinin to  sialoprotein cell receptors, readily effected at 4OC, 
and a sufficient area of contact between intact virion or larger envelope 
fragments and the cell receptor sites. Temperature and p H  dependence 
suggest that  some form of enzymatic activity is involved in effecting 
the initial breach in the integrity of the cell membrane. This results 
either in lysis of individual cells or, if virus-coated cells remain in close 
apposition to one another, in fusion and relatively restricted loss of 
hemoglobin. In  the latter instance, i t  must be assumed that the increased 
permeability of the membrane is transient, its duration and extent limit- 
ing the egress of hcmoglobin. Except for porcine kidney cells (Hosaka, 
1970) the chicken embryo is the only susceptible host which yields hemo- 
lytic virus. The possibility has been considered that host-derived lyso- 
soma1 enzymes or other factors (Neurath, 1963, 1964b), such as lysoleci- 
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thin (Rebel et al., 1962), adsorbed or otherwise attached to the virus 
in 02’0, may somehow contribute to its hemolytic activity. Definitive 
confirmation of this possibility is lacking. Jikewise, the relationship of 
a “hernolysin” reported to be present in normal chorioallantoic membrane 
to the liernolytic action of Sendai virus is not clear (Neurath, 1964a). 

The hemadsorption phenomenon is accounted for by viral antigen (s) , 
particularly hcInagglutinin, present on thc surface of infected cells hcforc 
and during the release of virions by budding from the membrane. As 
shown by electron microscopic studies using ferritin-labeled antibody, 
maturation and relertse of paramyxovirus particles was accompariicd 
by the nccumulation of rihonuclcoprotcin strands under segments of the 
membrane which had been altered to display antigenic specificity identi- 
cal to that  of the viral envelope (Howe e t  al., 1967). Similarly, viral 
antigeris replaced normal cell membrane antigens in the course of in- 
fluenza virus infection (Duc-Nguyen ef nl., 1966). The presence of viral 
hemagglutinin a t  altcrcd membrane sites was demonstrated by electron 
microscopic examination of mumps virus heinadsorption which took place 
at  the surface of infected cells even before the maturation and release 
of virions (Duc-Nguyen, 1968). The prcscnce of neuraminidase has also 
been deirionstrated in monolayers as early as 6 hours after infection 
with influenza virus and before release of progeny virus. Viral enzyme 
activity was associated with membranes as well as with cell sap releascd 
by freeaing tirid thawing (Kendal und Apostolov, 1970). 

C. Pseutloinyxovir uws 
The pseudomyxovirus group cv~nprises the agents of mcaslcs (rubeola) , 

canine distemper, arid rindcrpest (the nicdipest group) (lmagawa, 1968) , 
and, with some reservations, respiratory syncytial (RS) virus. This group 
resembles the large pararnyxoviruses morphologically and in certain bio- 
logical properties. The complete virion, approximately the same size 
as the paramyxoviruses, contains RNA in helical symmetry. It is en- 
veloped and has the projcctions characteristic of myxoviruses. The en- 
velope, being ethcr sensitive, is thcreby assumed to  have essential lipid. 
The differcrices from the parnmyxoviruses, however, are as striking and 
consistent as are the resemblances arid concern important properties of 
the envelope. None of the pseudomyxoviruscs possess neuraminidase, 
and measles is the only one which hemagglutinates. The extensive litera- 
ture on the biology of measles virus has been well reviewed (Waterson, 
1965). 

The lieinagglutinin of measles is a property of the viral envelope. 
LLSoIuble,” noninfective hemagglutinating particles in cultures of measles 
virus are now recognizcd as being subunits, or fragments of envelope 
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which accumulate in cultures as cytopathology progresses. These have 
been referred to  as “large hemagglutinin,” infective and noninfective 
hemagglutinin, and small hemagglutinin, respectively (E.  C. J. Norrby 
e t  al., 1964). The large hemagglutinin has been characterized as either 
intact infective virus or virions which have undergone partial disorgani- 
zation and hence are no longer infective, but retain the physical proper- 
ties of the particle. The small hemagglutinin, being noninfective, has 
no RNP core and varies in density over a relatively wide range. A 
certain proportion of the small hemagglutinins are seen as high density 
particles with a characteristic rosette appearance. Treatment of virus 
with Tween 80 and ether (E. Norrhy, 1962; Funahashi and Kitawaki, 
1963) results in the conversion of most of the hemagglutinin to this 
latter form, a t  the same time substantially increasing the hemagglutinin 
titer of the preparation. Ether by itself disrupts the viral envelope with 
consequent reduction in hemagglutinin titer. The function of the Tween 
is to protect the smaller protein subunits from denaturation and hence 
to  preserve their activity. Tween 80-ether-treated hemagglutinin is more 
sensitive to inhibition by antibody and thercfore constitutes an improve- 
ment over crude culture fluids as a reagent for use in hemagglutination- 
inhibition tests. Treatment of virus with sodium deoxycholate (SDS) 
results in the disintegration of viral particles and allows better separation 
of nucleocapsid from the small rosette hemagglutinin than is achieved 
with Tween 80-ether treatment. For this reason, SDS would appear to  
be a satisfactory reagent for the separation of nonhemagglutinating, 
complement-fixing antigens (nucleocapsid) from envelope constituents 
(Norrby, 1966). A small hemagglutinin has also been described which 
was found to  have a lower buoyant density than the others. This low 
density particle, lacking RNA, was capable of hemolysis and of causing 
an early CPE. The latter was in all probability the same phenomenon 
as the early, rapid fusion produced by the application of high titers 
of measles virus to cell monolayers (Cascardo and Karzon, 1965). The 
character of the cytopathology and of the viral progeny resulting from 
the infection of monolayers with measles virus has been found to vary 
with the multiplicity of infection. Virus passaged as undiluted culture 
fluid caused the formation of incomplete virus consisting of antigen with 
high hemagglutinating and hemolytic titers and relatively low infectiv- 
i ty;  whereas virus passaged a t  high dilution resulted in production of 
virus with almost no hemagglutinin or hemolytic activity, but with high 
infectivity. (E. Norrby e t  al., 1970). 

The hemagglutinins discussed above, all referable to  the virion or 
subunits directly derived from it, adsorb readily to erythrocytes in the 
presence of minimal concentrations of monovalent or polyvalent cations, 
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and none can be made to elute. It was found that the addition of salts 
such as ammonium sulfate to measles virus pools enhanced the hemag- 
glutinating titer (Schluederberg, 1968). The degree of enhancement was 
dependent on the relutivc concentrations of particles which showed in- 
creased hcmagglutinatiun titcrs in high salt concentration and those 
which did not. Moreover, sonication of such preparations altered this 
ratio toward higher titers. Evidence suggested that the chttnge was rcfcr- 
able to the physical disintegration of viral cnvelopc. Sonicated measles 
virus, in the prescnce of ammonium sulfate, was also more sensitive 
to inhibition by antibody than untreated virus. A class of particles with 
an average sedirncntatiori coeficient of 22 5, and smaller than any of 
the hemagglutinins previously described, was demonstrated in extracts 
of cells infected with measles virus (Schlucdcrberg and Nakamura, 1967). 
These particles in contrast to the “normal” hemagglutinin, including 
those cnhanccablc by hypertonic salt, were strictly dependent on the 
presence of polyvalent anions for both adsorption to and agglutination 
of erythrocytes. Their agglutinating activity was greater a t  pH 7.8 than 
at  pH 5.6, and increased with elevation of temperature from 4°C to 
37OC. Moreovcr, this salt-dependent agglutinin (SDA), after adsorption 
Lo erythrocytes in hypertonic solution, could be eluted into isotonic sa- 
line. Antigenic ttrialysis revealed clearly $he relation of SDA ti0 measles 
infection, and the data suggested that  the particle might represent a 
virus-specific envelope precursor, or envelope comporierits not included 
in released viral progeny. 

Trypsin inactivates the hernagglutinin, suggesting that  protein is in- 
volved in the interaction with erythrocytes. The same virus-coded pro- 
teins a t  the surfacc of infected cells may be held to arcount for hemad- 
sorption, which can kc demonstrated in nionolayers infected with measles 
virus. In  limited electron microscopic observations of this phenomenon 
(Baker ef al., 1965), erythrocytes were found to be in closely contoured 
fit with infcctecl cells and their mirrovilli, but iiitact viral particles were 
rarely recognized. Moreover, there were none of the morphological 
changes characteristic of cells infected with paramyxoviruses, in which 
segments of cell membrane were converted to  an antigenic specificity 
idelltical with that of the viral crivclopc (Howe et al., 1967). These 
findings suggest that the mechanism of measles virus hemadsorption, 
and hence of hemagglutination by free viral components, differs perhaps 
significantly from that of the paramyxoviruses. 

Concordant with this last supposition, evidence has been prcsented 
to suggest that  the erythrocyte receptor also differs from that  for ortho- 
myxoviruses. Treatment of erythrocytes with formalin inactivated recep- 
tors for measles virus, leaving intact those for influenza virus (Peries 
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and Chany, 1962). Neuraminidase, whether myxoviral or bacterial, failed 
to inactivate measles virus receptors. It is of some interest in this connec- 
tion that purified VRS prepared from rhesus erythrocytes by the phenol 
method did not inhibit measles hemagglutination (Howe, unpublished 
results). In  one study rhesus erythrocytes treated with Vibrio cholerae 
neuraminidase displayed a 4- to 16-fold enhancement in agglutinability 
by measles virus and by certain adenmiruses (q.v.) . Chymotrypsin, 
on the other hand, reduced or abolished the capacity of rhesus erythro- 
cytes to be agglutinated by these viruses (Tischer, 1967). Taken together 
these facts suggest that  the receptor activity is associated primarily 
with the protein of the erythrocyte surface rather than with carbohydrate 
residues. Animal sera contain nonspecific measles hemagglutinin inhibi- 
tors, which are probably lipoprotein and can be removed by adsorption 
with kaolin or by treatment of the serum with heparin-MnCl, (Feldman, 
1968). 

The hemolytic activity of measles virus is clearly related not only 
to the viral envelope, but also to the size of the hemagglutinating parti- 
cle. Presumably the same erythrocyte receptors are involved, since at- 
tachment by hemagglutinin is required for hemolysis, and the conditions 
of pH and temperature parallel those for hemagglutination. While infec- 
tivity is not a prerequisite for hemolysis, i t  is clear now that the size 
of the hemagglutinating particle is critical. Thus, intact virion, large 
noninfective hemagglutinin, and the small hemagglutinin of low density 
are all hemolytic; all three are also capable of rapid cell fusion (Water- 
son, 1965). Hemagglutinating units of smaller size are nonhemolytic, 
as is also the hemagglutinin derived by Tween 80-ether extraction of 
virus. There would thus seem to be a parallel, in the relation between 
particle size and hemolytic activity, with the hemolytic action of Sendai 
and Newcastle disease viruses. A further parallel is suggested by results 
of studies on thc inactivation of measles virus hemagglutinin and hemo- 
lysin (Neurath and Norrby, 1965) by compounds reacting specifically 
with protein. The results were similar to  those reported with Sendai 
virus hemagglutinin and hemolysin (Neurath, 1 9 6 4 ~ ) ~  pointing to the 
aromatic amino acids as having a critical role in the mediation of these 
activities by peptides of the viral envelope. As with the paramyxoviruses, 
the exact mechanism of measles virus hemolysis remains to  be elucidated. 

D. Adenoviruses 

Adenoviruses are divisible into a t  least three major groups depending 
on their capacity to agglutinate the erythrocytes of several mammalian 
species (Rosen, 1960a). This signal discovery not only afforded an addi- 
tional basis for classification, but also pointed to important biological 
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differences between the several groups. Some of tlicsc differences are 
now explainable in part by the rcccnt elucidation of the structure and 
function of sdenovirsl cttpsid components originally recognized by their 
antigenic specificities (Pereira, 1960; Yereira and Figucircdo, 1962). Ref- 
erence to the summary tahlc (Table 111) will show that division into 
tlicsc groups is based on “complete” or “partial” agglutination of rhcsus, 
rat, or human erythrocytes. Each group can be subdivided further ac- 
cording to the reactivity with erythrocytes of additional species (mouse, 
guinea pig, and grivet) (Wadell, 1970). Various morphological subunits 
associated with hemagglutinating and otlicr properties of thc3 viral capsid 
have been identified arid form the basis for the nomenclaturc which 
is now widely accepted (Ginsbcrg ct al., 19661. In  the original designa- 
tion, “complete” hemagglutination referrcd to a smooth, uniform pattern 
produced under appropriate conditions by a given strain. I n  group 3, 
the “partial” pattern produced by the direct action of the virus prepara- 
tion is seen RS a button in the midst of agglutinated cells. This pattern 
can be rendered “complete,” that is uniform, by the addition of hctero- 
typic antibody (Ruben, 1960a; Pereira and Figueircdo, 1962). Other 
strains, showing little or no hcmagglutination, could be made to aggluti- 
nate by the same proccdurc. Both “complete” and “partial” forins of ag- 
glutination are inhibited by type-specific antibody. The principal mediator 
of hcmagglutination is thc fiber antigen on tlie intact virion as well as on 
the various subunits recoverable as “soluble” hemagglutinins in fractions 
of infected cells. From tlie functional standpoint, thcsc subunits may 
be either complete (bi- or multivalent) or incomplete (monovalent) hem- 
agglutinins. The complete hcmagglutinins me the intact virion and sev- 
eral structural forms of soluble hemagglutinin, nanicly the dodecon (12 
pentons with intact fibers) and clirncrs of either pentons or fibers. Single 
pentons or fibers are incomplete hernagglutinins which, although mono- 
valent, are capable of adsorbing to thc crythrocytc surface. This was 
shown by the capacity of fiber antigen to inhibit agglutination of rat  
or human cells by purified virions (Wadell, 1969). The incomplete hem- 
agglutinins arc rendered bivalent through combination with heterospecific 
antibody. The latter is directed either to the vertex capsomere of pentons, 
or to an antigen in the proximal portion of the fiber (Wig. 4). The 
antigenic corriplexity of the fiber antigen increases with length, from 
one serotype to another. It is perhaps significant that ,  in general, fiber 
antigens of group 3 viruses are the longest, and are the most amenable 
to interaction with heterotypic antibody in the formation of complete 
agglutinin (E. Norrby, 1969a). It also appears that  the several classes 
of capsid subunits are produced in greatest abundance in cells infected 
with group 3 viruses. The action of so-called “reccptor modifying factor” 
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FIG. 4. Schematic representation of adenovirus hemagglutinins (HAS). Complete 
hemagglutinins : the intact virion, aggregates of complcte (vertex) capsomeres, 
dodecons ; dimerized pentons (vrrtcx) ctlpsomerrs with fibers; dimcrized fibers. In- 
complete hemagglutinins : Monomeric pcntons or fibers. Incomplete (monomeric) 
hemagglutinins on separate cells joincd by heterotypic antibodies to penton base 
or to  fiber. Redrawn from E. Norrby (1969a) by permission of the author and the 
pub lishcr . 

originally found in cell cultures of group 3 viruses (Kasel et al., 1961; 
Kasel and Huber, 1964) can probably now be explained as competitive 
inhibition of the complete rat  and human 0 cell agglutinins by fiber 
antigens elaborated by group 2 or group 3 viruses (Wadell, 1969). Type 
4 viruses produce only the dodecon as a soluble hemagglutinin. 

The evidence indicates that  the distal knob on the adenovirus fiber 
is responsible for interaction of the virion or the soluble hemagglutinins 
with erythrocytes. The fiber knob is also the locus of attachment of 
hemagglutinin-inhibiting antibody. Nonterminal arginine residues on the 
viral capsid, presumably at this location on the fiber, and glutamic or 
aspartic carboxylic acid groups on the red cell membrane protein are 
required for the reversible interaction of adenovirus type 7 and erythro- 
cytes (Neurath et al., 1970). It is of some interest that  treatment of 
human 0 cells with RDE from I’ibrio cholerae as well as with influenza 
A2 virus reduced considerably thc capacity of the cells to be agglutinated 
by type 9 adenoviruses. Likewise adenovirus 9 adsorbed to normal human 
0 e;ythro:ytes could be eluted with RDE. Apparently type 9 is unique 
among the adenoviruses thus far studied for this characteristic which 
suggests that the corresponding receptors differ from those for other 
types (Wadell, 1969). 

Adenoviruses classified in group 2 give complete agglutination of ra t  
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erythrocytes. Certain group 2 viruses, however, also agglutinate rhesus 
cells. Further investigation of several of these (types 9, 13, 15) showed 
that a portion of the inonkcy cell hemagglutinin w ~ t s  associated with 
the virion and, for types 9 arid 15, could riot be separated from thc 
respcctive agglutinins for rat  cells. On the other hand, the soluble rat 
cell agglutinins of types 9 and 15 were separahle from one another on 
the basis of buoyant density and their dif'fcring affinitics for monkey 
cells (Table 11) (Wigand and Stohr, 1965). In addition, monkey cell 
agglutinins were more resistant than were rat  cell agglutinins to trypsin 
followed by lrclttirig to 5 6 O C ,  a furthcr indication of the diversity in physi- 
cal and/or chemical configuration of the hemagglutinins. This diversity 
is reflected also in varying affinities for type-specific antibody. 

Human and animal sera contain nonspecific inhibitors of hemaggluti- 
nation occasionally in titer sufficient to interfere with detection of specific 
antibody (Rosen, 1960a; Schmidt et  al., 1966). These nonspecific inhibi- 
tors may be rcinoved by adsorption to kaolin or inactivated with Pseudo- 
moms filtrate (Schmidt et  nl., 1 9 6 4 ~ ) .  The latter treatment was thought 
t o  remove less antibody tlian kaolin, a particularly important considera- 
tion with scra containing low antibody titers. Thc same result may be 
achieved by adsorption with heparin-MnC1, (Mann et al., 1967). What 
appears to be a different type of inhibitor for adenovirus type 5 was 
found in the a-1-globulin fraction of serum and, while also adsorbable 
to kaolin, had thc charactcristics of mucopolysaccharide with a molecular 
weight between that of orosorriucoid (44,000) and albumin (69,000). 
Electron microscopic evidence suggested that,  in flocculating whole viral 

TABLE I1 
SUBDIVISION OF GROUP 2 ADI"NOVIRUHW 

Viral 
Soluble 

HA 
HA 

RBC (serotype) High density Low density 

- Monkey 9 +  + 
13,15+ + 

Rat 9 +  + b  + 
1.5 + +* 
13-" + 

- 
- 
- 

-~ 

a Data from Wigmd and Stohr (1965). 
* Soluble HA (typcs 9, 15) solely for rat cells obtainable by absorption with monkey 

5 Type 13 HA (viral and soluble) solely for monkey cells obtainable by absorption 
cells, 

with rat cells. 



VIRUS-ERYTHROCYTE INTERACTIONS 29 

particles with purified inhibitor, the latter attached directly to  the hem- 
agglutinating sites on the virion (Shortridge and Biddle, 1968). 

Suggestive evidence as to the chemical nature of adenovirus hemagglu- 
tinin receptors has come from a direct analysis of rhesus erythrocyte 
ghosts (Neurath et al., 1969). It was shown that  phenol, n-butanol, 
and potassium periodate treatment of membranes rendered them incapa- 
ble of inhibitory activity against adenovirus type 7 whereas RDE had 
no effect, although eliminating receptors for influenza virus. Inactivation 
of adenovirus 7 receptors was effected by treatment with trypsin, chymo- 
trypsin, papain, pronase, and ficin. These findings were taken as evidence 
for the proteinaceous nature of the receptors which were considered not 
to involve glycoproteins. 

E.  Arboviruses 

Since the original description of hemagglutination with Japanese B 
encephalitis virus (Sabin and Buescher, 1950), this property has been 
found to  be associated with many, but not all of the more than 200 
arboviruses now recognized. Certain arboviruses of groups A and B, 
in cell culture, are detectable by hemadsorption (Buckley, 1959). Hem- 
agglutination and hemagglutination inhibition form the basis for the 
grouping of these viruses (Casals and Brown, 1954; Clarke and Casals, 
1958), in the assay for which goose cells are used in preference to  newly 
hatched chick cells. Methods used to prepare hemagglutinating antigens 
have been refined in recent years although they are still based on rela- 
tively empirical observations. The source of antigen is most often suck- 
ling mouse brain or, as in group C strains, mouse sera (Ardoin et al., 
1969; Casals and Whitman, 1961). The basic procedure involves the 
extraction of homogenized infected brain tissue with acetone in the pres- 
ence of sucrose, the function of the latter being to protect the virus 
from the action of acetone. Acetone presumably separates viral particles 
from normal brain lipids which interfere with the attachment of hemag- 
glutinin to erythrocytes. Aqueous extracts of brain tissue usually have 
lower hemagglutination titers due to the presence of these lipids. A recent 
study (Pedreira et al., 1969), endeavoring to compare the utility of 
several preparative methods, demonstrated that  simple genetron extrac- 
tion of suckling mouse brain yielded antigens comparable to those de- 
rived by sucrose-acetone extraction. The hemagglutinating titer of group 
C viruses is enhanced by sonification and in certain instances by trypsin 
treatment (Ardoin et al., 1969). Final antigen preparations, though par- 
tially inactivated, still retain a substantial measure of infectivity and 
hence must be handled with due precautions. 

The conditions under which hemagglutination with arboviruses is per- 
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formed are critical. Thus, for most of the group A viruses the optimal 
ternperature is 37OC, the optimal pH 6.4; the corresponding values for 
meinbers of group B are 6 2 2 ° C  and pH 7 (Casals and Brown, 1954). 
Spontaneous elution by certain group A viruses may be shown to occur 
outside the pII range optiirial fur lie~nug~ltit~inatiori (Salmincn, 1960) . 
With elution, there is no detectable alteration of the erythrocyte surface 
since erythrocytes from which virus has eluted are fully capable of ab- 
sorbing more virus of the same or othrr types, RDE treatment of red 
cells fails to  affect their aggliitinability by certain arboviruses (Eastern 
and Western equine encephalomyelitis) (Karabstsos, 1963) thus indicat- 
ing thitt receptors do not involvc NANA. A difference in the character 
and/or disposition of group A and B receptors was suggested by the 
finding that trypsin, chymotrypsin, and papain iriactivatcd group B vi- 
ruses and not, group A viruses with respect to both hemagglutinin and 
infectivity. The evidence indicated that the hemagglutinin of group 13 
virus includes a protein on the viral capsid (Cheng, 1958). 

A numher of investigations have been directed toward establishing 
some analogy between lipids or lipoproteins on the one hand and, on 
the other, the lLreceptor” substance present on the erythrocyte surface. 
Thus, serum lipoproteins can be shown to havc an inhibitory effect on 
srbovirus hemagglutination and their removal by absorption to kaolin 
or other means is often necessary in order to  discover the presence of 
antibody (Clarke and Casals, 1958). A fraction extiactahle from ox 
brain and rich in phosI.’liotitlglinofiitol has also been shown to bind hcm- 
agglutinating urboviruses preferentially and thus to inhibit hcmaggluti- 
nation (Frisch-Niggemeyer, 1967). This led to the inference that  the 
receptors on the erythrocytes werc or included lipid. Suggestive evidence 
has also becn sdrluccd from the direct assessriierit of hemagglutination 
inhibition by human red cell phospholipid fractions with Felected arbovi- 
ruses of groups A and B (Porterfield and Rowe, 1960). The B viruses 
were inhibited by lipoproteins from either serum o r  erythrocytes; the 
single group A virus tested was not. A more recent attcrn1,t to cxploir 
the chemical nature of erythrocyte receptors for rcprcscntative group 
A, B, and D viruses involved the assay, in hemagglutination inhibition 
tests, of crude goose red cell stromata which had been extracted with 
syucous ether. The inhibitory material, as finally uscd, contained no 
detectable sialic acid, only traces of hexose, but substantial phospholipid 
and protein (Nicoli, 1965). 

The evidence suggesting the similarity of these various lipid inhibitors 
to the actual receptor sites on erythrocytrs is undermined by several 
considerations. Phosphotidylinositol is not present in the red cell mem- 
brane; the anionic character of erythrocyte surface can be ascribed 
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wholly to terminally bound NANA. An extensive study undertaken with 
mixtures of standard lipids showed that suitable steric arrangements 
were necessary in aqueous solution for interaction with arboviruses to 
take place (Gorman, 1970). This admits a t  leabt of the possibility of 
lipid-lipid interactions but does not justify the assumption that cell 
receptors are lipid or even that they require lecithin or cholesterol for 
interaction with viral hemagglutinin. The chemical nature of receptors 
for arboviruses thus remains obscure, although the most attractive pos- 
sibility still remains that hemagglutination is a protein-protein interac- 
tion between viral capsid and membrane. The involvement of membrane 
polysaccharide is uncertain. 

F .  Reoviruses 

The reoviruses, originally designated ECHO 10 viruses, were separated 
as a group on the basis of their larger size and their characteristic cyto- 
pathic effect, which differed from that of the enteroviruses. Reoviruses 
are found in many species besides man; but all, regardless of species, 
can be separated into three distinct serotypes based on hemagglutination 
inhibition reactions (Rosen, 1960b). Human erythrocytes are aggluti- 
nated by all three. Type 3, however, also reacts with bovine erythrocytes 
to somewhat higher titer. The agglutinin is neither strictly pH nor tem- 
perature dependent, taking place equally well a t  4OC, 23OC, and in the 
pH range 6 to 8. Elution is variable and nonenzymatic in nature. The 
human erythrocyte receptors for reovirus are unaffected by Vibrio chol- 
erae neuraminidase. However, bovine erythroc5 te receptors for tyFe 3 
are inactivated by this enzyme (Eggers et al., 1962; Gomatos and Tamm, 
1962) suggesting that there may be a difference between receptors for 
type 3 and those for types 1 and 2 which is related to  the presence 
of NANA residues, Trypsin reduces agglutinability of human 0 erythro- 
cytes by all three types (Lerner e t  al., 1963). Since human erythrocytes 
bearing the determinants of blood group A (i.e., cells of groups A or 
AB) are more reactive with all three serotypes than are cells of group 
0 or B (Brubaker et  al., 19641, blood group substances may be impli- 
cated in the reovirus receptor. However, it appears that the main reactive 
site on the red cell is a protein sensitive to trypsin and chymotrypsin 
but insensitive to certain carbohydrate-splitting enzymes and to boro- 
hydride (Lerner and Miranda, 1968). This would minimize the role of 
polysaccharide components. 

The demonstrated sensitivity to trypsin and chymotrypsin indicated 
that an essential peptide linkage with aromatic amino acids is involved 
in the receptor activity. On the other hand, preincubation of type 2 
reoviruses with sodium borohydride, as well as with carbohydrases (par- 



32 C. HOWE AND L. T. LEE 

ticularly beta glucosaminidase) substantially reduced their agglutinating 
potency. These findings suggested that polysaccharicie residues on the 
virion might be essential t o  the hemagglutinating action. N-Acetylglucos- 
amine has been reported to be inhibitory for agglutination of human 
0 cells by all three types of reovirus (Gelb and Lerner, 1965). The 
inhibition was proved bo be due to attachment of the sugar to the vi- 
rion rather than to combination with the surface of the erythrocyte. 
This was interpreted to suggest that  N-acetylglucosamine on the red 
cell surface might be involved in the union with capsid glycoprotein. 
However, no oligosaccharide residues have as yet been definitively recog- 
nized as forming a part of the reoviral capsid. 

Hemagglutination is a property of both complete and incomplete, or 
coreless particles (Papadirnitriou, 1966), for which -SH groups on the 
virion are essential. This conclusion was based on the finding that treat- 
ment of virus (types 2 and 3) with p-choloromercuribensoate (PCMB) 
inactivated hemagglutinin and infectivity, the former being reactivable 
with thiol compounds, e.g., reduced glutathione (GSH) (Gomatos and 
Tamm, 1962). The removal of the cttpsid layer by proteolytic enzymes 
resulted in an increase in infectivity of all three typcs of reovirus. Hem- 
agglutinating activity was retained by the ensyme-treated virus. Electron 
microscopic examination of thcse capsidless particles revealed the pres- 
ence of spikelike components which protruded from the subcapsid layer 
and were thought to  contain the hemagglutinin (Spendlove e t  al., 1970). 
The exact nature of the bond between viral hemagglutinin and receptor 
on the erythrocytes remains unidentified, however. All that  can be said 
is that -SH groups on the virion arc nccebsary for the reaction and 
that one kind of receptor for type 3 may be glycoprotein. For the other 
two types, receptors are protein without essential -SH groups since 
pretreatment of crythrocytc with PCMB has no effect on hcmagglutina- 
tion with these viruses. 

Nonspecific hemagglutination inhibitors show some characteristics 
which parallel those of erythrocyte receptors. Thus type 3 reovirus was 
found to bind to  ovomucin or to inhibitors present iri various animal 
sera, all of which were inactivated by RDE (Gomatos and Tamm, 1962). 
Likewise a salivary muciri was shown to have the same binding properties 
(Lerner e t  al., 1966s) arid to be inactivated by RDE. These findings 
further substantiated the affinity of reoviruses for glycoproteins but, 
except by analogy, gave relatively little direct information regarding 
the chemical nature of the erythrocyte receptor groupings. Nonspecific 
serum inhibitors of reovirus herriagglutination could be absorbed by 
treatment of the serum with kaolin or with rivanol (Styk et  al., 1968). 
These two reagents, however, removed substantial amounts of immuno- 
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globulin as well. Treatment of antisera with heparin-MnC1, resulted 
in only negligible loss of antibody while removing most of the nonspecific 
inhibitors. Inhibitory activity for the 3 serotypes was found in the p-lipo- 
protein fraction in addition to the mucoprotein inhibitor for type 3 
(Mann et  al., 1967). This was consistent with the previous finding that 
nonspecific inhibition could be inactivated by phospholipase C (Schmidt 
et al., 1964c) as well by lecithinase and proteases (Schmidt et al., 1964b). 

G .  Enteroviruses 

Among the picornaviruses i t  is predominantly the ECHO group and 
Coxsackie B3 virus which have been shown to hemagglutinate human 
0 erythrocytes (Goldfield et al., 1957). While hemagglutination appears 
to be a common property of many serotypes, all the strains of a given 
type may not hemagglutinate. However, with those strains that do hem- 
agglutinate, the reaction can be inhibited with type-specific antibody. 
The optimum pH varies from strain to strain, as does also the optimum 
temperature. Indeed, on the basis of the latter variation, it is possible 
to group certain serotypes depending on their maximal activity a t  4OC 
or 37oC with adult or newborn human erythrocytes (Kern and Rosen, 
1964). To this extent, temperature dependence is evident with some 
strains. Some, but not all, of the ECHO viruses elute from the erythro- 
cyte surface. Those which elute leave the red cell surface still capable 
of adsorbing fresh virus. The reaction can be considered, on this basis, 
to be nonenzymatic in nature (Podoplekin, 1964). In  dissecting the hem- 
agglutination reaction, some inferences may be made as to the nature 
of the responsible viral and cell receptor components, respectively. The 
hemagglutinating property resides in the capsid protein, since both com- 
plete and incomplete viral particles are antigenically identical and hem- 
agglutinate, as shown with ECHO virus type 12. The incomplete particle, 
however, was found to be less stable to heat and ether treatment, from 
which finding the importance of the RNA core in maintaining icosohedral 
stability was inferred. Fragments of coreless particles, however, were 
without detectable hemagglutinating activity, suggesting a lower size 
limit for the manifestation of hemagglutination (Halperen et al., 1964). 
While the thermal lability of different ECHO virus hemagglutinins 
varied in degree, i t  was shown in each case to parallel closely the inacti- 
vation of infectivity. The patterns of cationic stabilization for both hem- 
agglutinin and infectivity were identical for those strains tested (Podop- 
lekin and Ivanova, 1966). Moreover, the rate a t  which infectivity was 
inactivated was more rapid for whole virus than for the corresponding 
soluble RNA. These observations substantiated the hypothesis that sta- 
bilization by mono- and divalent cations involved primarily the capsid. 
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Further evidence as to thc chemical nature of the viral component 
responsiblc for the hemagglutination reaction hss been derived from 
studying the cff ects of various specific carbohydrases and proteases which 
reduce or eliminate the hemagglutinin. Complementary evidence was 
adduced by showing that several aldoses were capable of binding to  
thc crythrocytc surface, thereby rendcring the cells inagglutinable by 
ECHO viruses. The saccharides did not attach to viral particles. A rela- 
tion was apparent between the nuinher of carbon atoms in the aldose 
chains and their inhibitory potency (Lerner et al., 1966b3. The results 
suggested that hemagglut'nation mtiy br effected by oligosaccliaride res- 
idues in the viral capsid (Lerner e t  al., 1965). As with the reoviruses, 
however, the validity of these explanations must await the direct drmon- 
stration of oligosaccharides in the viral capsid. 

The role of -SH groups in the capsid has also been examined. Certain 
sulfhydryl reagents, notably PCMB, blocked the hemagglutinating activ- 
ity of a nurnbcr cf eriteroviruses (ECHO 7, 11, 12, 19.and Coxsackie 
B3) for human 0 cells. This effect was reversible by thiol compounds 
(Philipson and Choppin, 1960). With alkylating agents (q., iodo- 
:wctainide) inactivation of viral hemagglutination was greater at pH 
9 than at pH 5. It sccmed likely these reactions were taking place with 
dissociated mercaptides rather than with undissociated -813 groups. 
Since i t  is known that dissociation increases with pEI, this would explain 
the parallel increase in inactivation with iodoacetamide. The inactivation 
with iodoacctamide, in contrast to PCMB, was irreversible; however, 
both retigents could be shown by blocking experiments to act at the 
same site on the viral particle. In  contrast, thc saine sulfhydryl and 
alkylating reagents had 110 effect on the erythrocyte surface with respect 
to agglutinability by enteroviruses. Trcatrrient with chymotrypsin or 
papain resulted in loss of agglutinahility by ECHO viruses ( Imner  and 
Miranda, 1968; Philipson, 1959). In addition, chymotrypsin altered both 
erythrocytes and crythrocytc rnembrancs in such a manner that no virus 
was adsorbed, indicating further that adsorption and hemagglutinating 
activities involved the same protein (s) of thc erythrocyte membrane. 
Receptors for ECHO 7, 11 ,  and 19 arid for Coxsackie B3 viruses mwe 
identical with one another (Philipson and Bengtsson, 1962). 

Study of thc dynamics of virus-erythrocyte rcceptor interaction re- 
vealed two stages in the attachment of cnteroviruses to cells or mem- 
branes. The first was adsorption, which for nonrluting enterovirupes 
(ECHO 7 and Coxsackie B3) W:L~ 1 rlatively intiependcnt of temperature. 
These noneluting viruses could be dissociated from erythrocytes by 
chyrriotrypsin a t  37OC. This wtis followed in time by a second stage, 
characterized by resistance to chymotrypsin. Other strains could be 



VIRUS-ERYTHROCYTE INTERACTIONS 35 

shown to adsorb a t  4OC and elute spontaneously a t  37OC. The time 
required for elution in the latter instance was the same as that  required 
for the noneluting viruses to become resistant to dissociation from their 
receptors by chymotrypsin, i.e., attain the second stage. The p H  optimum 
for adsorption to membranes was 5.5. Resistance of the receptor-virus 
complex to dissociation by chymotrypsin increased with pH above neu- 
trality, and was maximal a t  pH 9, the pH optimum of chymotrypsin 
being 7.8. There were some parallels in this erythrocyte-virus system 
with the first stages of infection of a susceptible host cell, to which 
virus attached reversibly a t  first, with time showing a progressive resis- 
tance to dissociation from the receptor complex with chymotrypsin. This 
resistance was temperature dependent ( Philipson and Bengtsson, 1962). 
Heat lability and temperature dependence indicated that  this second 
stage might be an enzyme-mediated reaction, with both host cells and 
erythrocytes. 

Attempts have been made to characterize the chemical nature of the 
erythrocyte receptor material and to determine the mechanism of interac- 
tion with enteroviruses (Philipson e t  al., 1964). Crude membranes, 
prepared by freeze-thaw hemolysis, were treated with n-butanol in the 
presence of 2.5 M CaC1,. Soluble inhibitory material was found in the 
aqueous portion of the mixture. This soluble material could be purified 
further by passage through Sephadex G-200. After removal of lipoprotein 
by precipitation with heparin and MnCl?, the inhibitory material, eluting 
with the vo'd volume, was assumed to have a molecular weight greater 
than 200,000. Analysis showed the presence of 60% protein, 31% lipid, 
and 9% carbohydrate. The major portion of the latter appeared to be 
bound to glycolipid. However, after lipid extraction of the soluble inhibi- 
tor, approximately 0.1% protein-bound NANA was found. A deoxynu- 
cleotide was also found in the receptor material. Double-stranded DNA 
was subsequently identified in hemoglobin-free membranes prepared from 
red cells which had been separated from leukocytes before lysis. Although 
the leukocytes were thereby excluded as a contaminating source, it was 
still possible that DNA from some other source was merely occluded 
to the erythrocytes ( Philipson and Zetterqvist, 1964). I n  accord with 
the findings with whole membranes, the soluble inhibitor inactivated 
enteroviruses capable of agglutinating (ECHO 7, Coxsackie B3),  but 
not those incapable (ECHO 9, poliovirus l fo f  agglutinating human 0 
cells. Similarly, hemagglu tination inhibitory activity was destroyed by 
treating the red cell fraction with papain and chymotrypsin, but not 
with trypsin, venom phosphodiesterase, periodate, or sonication. It is 
of interest that the inhibitory activity of the soluble material was 1000 
times greater against hemagglutinating enteroviruses than against in- 
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fluenza or Sendai viruses. This was consistent with its low content of 
NANA, and suggested that  the receptor activity for enteroviruses de- 
pendcd on peptides other than those involved in glycosidic linkage with 
oligosaccharide residues. However, the overall purity of this soluble in- 
hibitory material was difficult to assess. Previous experience with similar 
fractions suggests that  several antigenically distinct proteins are in- 
volved, only one of which is glycoprotein (Table I ) .  The macromolecular 
nature of the complex, moreover, can be ascribed to the tendency of 
these erythrocyte materials to aggregate spontaneously, especially in 
aqueous media of high ionic strength. 

Some evidence has been presented to indicate that soluble “purified” 
erythrocyte receptor, after irreversible binding by ECHO 7 virus, caused 
the release of infective viral RNA. A significant amount of ribonuclease 
appeared to be prescnt in the receptor preparation and could be inhibited 
by dextran sulfate. While i t  was readily shown that  the labeled RNA 
released was infective, the mechanism of release from the virus-inhibitor 
complex remained obscure, although an  enzymatic process was proposed 
(Philipson and Lind, 1964). The reaction of hemagglutinating enterovi- 
ruses with rcd blood cell components thus has some analogy with the 
first stages of enteroviral penetration into and eclipse by host cells. 
The red blood cell model, however, does not shed any particular light 
on the biochemical sequences involved, other than indicating that  eclipse 
may be membrane mediated. 

There is some degree of parallel between the rcceptor material on 
red blood cells, thought to  be lipoprotein, and inhibitory substances 
demonstrahle in fluids from both normal and infected cell cultures 
(Schmidt e t  al., 1 9 6 4 ~ ) .  The latter inhibitors, because of their susceptibil- 
ity to chymotrypsin (not to  trypsiii) , papain, and organic solvents, were 
thought to be lipoprotein in nature. The heat-stable nonspecific hemag- 
glutination inhibitors present in many normal animal sera (Schmidt 
et at., 1964b) may also be lipoprotein or phospholipid protein complexes, 
since they are inactivated by combinations of chymotrypsin and phos- 
pholipase C, or by filtrates of a psychrophilic pseudcmonad (Schmidt 
et nE., 1964~) .  It would appear, insofar as both the tissue culture and 
serum inhibitors of enteroviral hemagglutination are concerned, that  no 
polysaccharide constituents are involved, since neither inhibitor is 
affected by RDE or periodate oxidation. The general resemblance be- 
tween soluble inhibitors and erythrocyte receptors for hemagglutinating 
enteroviruses thus holds. It is on this basis also that enteroviral receptors 
may be said to differ from those for myxoviruses, the latter being highly 
dependent on certain oligosaccharide and peptide portions of mucopoly- 
saccharides a t  the cell surface. In  sum, the evidence suggests that  (1) 
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-SH groups on the virion, but not on the erythrocyte surface, are essen- 
tial for hemagglutination to occur. Attachment is thus not simply the 
establishment of S-S bonds between virus and cells, (2) Reagents affect- 
ing sugars, such as glycosidases, KIO,, and alkaline borohydride can 
inactivate viral hemagglutinin; comparable treatment of red cells does 
not interfere with the reaction. These facts suggest that oligosaccharide 
residues in the capsid may be the effectors of hemagglutinin; the presence 
of saccharides in the virion remains to be demonstrated. (3) The recep- 
tors on erythrocytes as well a5 on susceptible host cells are protein and/or 
possibly lipoprotein. The evidence suggests that polysaccharides of the 
membrane are not involved. The role of lipids is obscure. The character 
and behavior of nonspecific tissue culture and serum hemagglutinating 
inhibitors parallels to some extent those of the receptor material on 
erythrocytes insofar as this has been characterized. 

H .  Miscellaneous Hemagglutinating Viruses 

1. Rubella Virtu 
In order to detect hemagglutinin in cell cultures infected with rubella 

virus, nonspecific inhibitors must be removed from the sera used in the 
maintenance medium (Stewart et al., 1967; Furukawa et al., 1967). 
This is accomplished by prior adsorption of the sera with kaolin (Clarke 
and Casals, 1958) or by precipitation with heparin-MnC1, (Mann e t  
al., 1967). Alternatively, infected cultures can be maintained in serum- 
free medium. Since the virus tends to remain cell associated, infected 
cells can be concentrated and hemagglutinin derived by disintegrating 
the cells. Various methods have been combined to enhance the hemagglu- 
tinin titer of rubella virus preparations. Virus dissociable from inhibitor 
with Versene is subsequently treated with Tween 80-ether (Furukawa 
et al., 1967). These procedures result usually in loss of infectivity and, 
by analogy with measles virus, the fragmentation of hemagglutinin into 
smaller subunits. 

The critical conditions necessary for hemagglutination by rubella are 
comparable to those for arboviruses. The diluent must include dextran 
or gelatin as well as divalent cations and the final pH after addition 
of erythrocytes must be 6.0 to 6.2 (Stewart et al., 1967; Schmidt e t  
al., 1968). Hemagglutination takes place best a t  4OC with avian erythro- 
cytes, particularly those of the goose, newly hatched chickens or pigeons. 
Erythrocytes of mammalian species are nonreactive. Rubella virus ad- 
sorbed to  erythrocytes does not elute spontaneously and at  the pH of 
maximum agglutination is not capable of elution by RDE, myxoviruses 
or trypsin (Furukawa et al., 1967). However, the addition of Versene 
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or elevation of the pH to 8.6 a t  37OC cause elution of the virus. Erythro- 
cyte receptors remain unaltered. The nonspecific hemagglutination in- 
hibitor present in human and animal sera is thought to be p-lipoprotein, 
since it is inactivated by phospholipase C, is relatively heat stable and, 
as already noted, can be precipitated by heparin-MnC1, (Dold and 
Northrop, 1968) as well as by antibody to p-lipoprotein (E. Norrby, 
1969b). Therc is evidence to suggest that the serum p-lipoprotcin inhibi- 
tor may bear some analogy to erythrocyte reccptors, particularly those 
on newly hatched chick cells which are morc readily agglutinated than 
adult cells. Elcctron microscopic studies (Taylor-Dickinson et  al., 1969) 
showed the presence of “lanthanum staining material” as heavy elec- 
tron-dense coating present on erythrocytes from newly hatched chicks. 
Thc same material was present in only scanty amounts on adult erythro- 
cytes. Treatment of thc former with phospholipase C not only stripped 
the cells of most of this material but rendered them inagglutinable by 
virus. No further evidence was forthcoming as to the chemical character 
of this material although it was suggested it might he lipoprotein acting 
as the receptor for viral hemagglutinin. 

2. Coronaviruses 

Members of this newly dcfined group of respiratory agents have in 
common a morphologicul resemblance to the viruses of avian infectious 
bronchitis (IBV-like agents) and mouse hepatitis. The name is descrip- 
tive of the electron microscopic appearance of the viral envelope which 
is endowed with regularly arrayed club-shaped rods. These peripheral 
subunits are larger and more widely spaced than are the spikes on the 
envelope of myxoviruses. Their precisc function is unknown. Initially, 
coronaviruses were not found to agglutinate erythrocytes. However, 
treatment with trypsin or ether was found to render certain strains of 
IBV capable of hemagglutination (Corbo and Cunningham, 1969 ; Riswal 
e t  al., 1966). More recently, two human strains have been adapted to 
growth in suckling mouse brain. Concomitant with this changc in host 
species, virus-specific agglutinins wcre found to  be associated with prep- 
arations of brain antigens of high infectivity (Kaye and Dowdle, 1969). 
Agglutinating activity was grcatest with rat, mouse, and chicken erythro- 
cytes a t  room tcmperature or a t  37OC. Hemagglutination was inhibited 
by specific antibocly and was unaffected by neuraminidase treatment 
of erythrocytes. Receptors were therefore considered to be different from 
those for myxoviruses. Disruption of viral particles with detergent and 
ether destroyed the hemagglutinating activity. Nonspecific serum inhibi- 
tors of roronavirus hemagglutination apparently do not occur. 
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3. Rhabdoviruses 

Hemagglutination of goose erythrocytes by rabies virus has recently 
been reported. Hemagglutinating activity associated with tissue culture 
grown rabies virus (Kuwert e t  al., 1968; Halonen e t  al., 1968; Murphy 
e t  al., 1968) depended on the integrity of the capsid protein. Agglutina- 
tion was apparently greater with artificially released intracellular virus 
than with extracellular, i.e., spontaneously released, virus. No noninfec- 
tive “soluble hemagglutinin” was found in cell cultures. Moreover, the 
hemagglutinin was sensitive to lipid solvents and to -SH reactive com- 
pounds. Maximum hemagglutination occurred a t  4OC and a t  a pH below 
6.8. Adsorbed virus eluted a t  37OC without effecting any evident altera- 
tion of receptors. Treatment of erythrocytes with periodate or RDE 
had no effect on agglutinability of the cells by rabies virus. Proteolytic 
enzymes, lipid solvents, P-propiolactone and -SH reactive compounds 
inactivated the hemagglutinin. Because of the latter effect, i t  was inferred 
that -SH groups were involved in viral attachment to  erythrocyte recep- 
tors. The nature of the latter, however, remains obscure. 

High titers of virion-associated agglutinins for goose erythrocytes were 
obtained in suspension cultures of BHKPl cells infected with vesicular 
stomatitis virus (VSV) maintained in serum-free medium or containing 
BSA. In contrast to rabies, VSV hemagglutination, effected at 4°C and 
pH 5.8, was stable a t  higher temperatures (Arstila e t  al., 1969). VSV 
also agglutinated erythrocytes of mammalian species, but to lower titer 
than avian erythrocytes. Disruption of the virion with detergents or 
ether destroyed hemagglutinating activity, indicating that,  as with rabies 
virus, the intact capsid was required. Hemagglutinins with similar general 
properties, but exhibiting sharp strain specificity with respect to antibody 
inhibition, have also been described for Coca1 and Kern Canyon viruses 
(Halonen e t  al., 1968). 

4. Oncogenic Viruses 

Polyoma virus agglutinates erythrocytes of various species, both mam- 
malian and avian, although consistently higher titers are obtained with 
guinea pig erythrocytes (Hartley e t  al., 1959). Agglutination takes place 
over a wide range of pH, but most efficiently a t  4OC a t  a pH between 
7 and 8, and is neutralized by specific antibody. Erythrocytes exposed 
to RDE, or to  various influenza viruses, are rendered inagglutinable 
by polyoma. Polyoma virus itself, however, although it  elutes a t  37OC, 
effects no alteration of erythrocyte receptors (Fogel and Sachs, 1959). 
These findings, along with the inhibition of polyoma hemagglutinin by 
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TABLE I11 

Conditions for HA 

group strains, types apecies PH Temp. 
Major virus Subgroups, Erythr?cyte, 

Myxoviruses A, B, C HA, H A D  fowl, 7.2-4 Adsorb, 4OC; 
(influenza variou8 clute, 37°C 
viruses) mammalian 

HAD: g.p. 

Parrtmyxo- 
viruses 

NDV, mumps, HA, HAD fowl, 
pnra- various 
influenza mammalian 
1-t5 TIL: mammalian 

Pseudomyxo- Measlcs only HA,  HL, HAI); 
viruses primate only 

Adenoviruses Group 
(human) I 

I1 
111 

SDA 

Monkey 
(“complete”) 

Bat (“complete”) 
Rat, human 

(“partial”) 
(mouse, g.p.) 

Arboviruses Grou A B, IIA: goose, (shirk 
C, !+Bh hatchling, 

rooster 
HAD: (Groups 

A, B): goose 

Reoviruses Human Bovinc 
Human 1 + 

2 + 
3 f + 

Avian No HA 

Enteroviruses ECHO, Human 0 
Coxsackie (adult, fetal) 
B8 

- 
- 

5.8-6.2 Adsorb, 4°C; 
HA: 4°C 
(fowl) ; 
37°C (g.p.) 

7.2 (5-10) 37°C 

7 . 8  37°C 
(High polyvalent anion con- 

centration required) 

7-8 200, 37°C 

Criticdly 37°C (A); 4”, 
narrow 22°C (B); 
range 4°C (TBE) 

6-8 

Variable 
(7-8) 

4°C = 23°C 
37°C 

Various 
depen- 
encies, 
37°C 

-~ ~~ 

4 Ahbreviations: H A ,  hemagglutinin or hemagglutination, HAD hemadsorption; 
rereptor substance; .g.p., guinea pig; HDA, salt-deprndent HA; ?BE, tick-borne 
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SUMMARY OF HEMAGQLUTINATINQ VIRUSES“ 

Erythrocyte receptor 
Elution 

effected by Alteration Chemistry 

Viral and bac- NANA Sialoglyco- 
terial N-ase released by protein 

virus, tryp- (VRS) 
sin (sialo- 
peptide) 

Nonspecific 
Viral HA site inhibitors 

Envelope spikes a (Francis) ; 
many sialo- 
proteins. p 
(Chu) serum 
(At strains). 
y (horse 
y u m )  (A, +” strains) 

Viral and bac- NANA Sialoglyco- Envelope spikes Ovine a1 glyco- 
terial N-ase released by protein and subunits protein 

virus, tryp- (VRS), (NDV) 
sin (sialo- HA = HL 
peptide) 

None by virus, None by virus, ? Protein Envelope and (HA for primate 
RDE, or influenza, or subunits (non- RBC in 
proteases bacterial infective) human sera) 

Into isotonic N-ase; tryp- derived by 
saline sin and Tween-ether 

formalin treatment; 
inactivate SDA-protein 

None None. RDE ? Protein Capsid and bi- Serum, ? p lipo- 
inactivates or multivalent protein 
type 9 rat subunits 
receptors (“soluble” 

HA); + 
heterotypic 
antibody in 
Group I11 

Nonenz matic, None ? Protein Capsid ? protein Brain and other 
outsidk “soluble” lipids; serum 
optimum subunits lipoproteins 
p H  ranges 
(6.2-8) 

Slight, non- None by virus. Protein Capsid protein Serum, p lipo- 
enzymatic RDE inacti- ? glyco- ? essential-SH; protein; ?? 

vates type 3 protein ? oligosac- gly copro teins 
receptors (type 3) charides (serum, 

saliva) 

Some at 37°C 
(not ECHO 
7, Coxsackie 
B 8) 

None by virus Protein or Capsid protein; Serum, ? lipo- 
RDE or lipopro- ? oligosaccha- proteins; 
myxo- tein rides; Cationic infected cell 
viruses; stabilization culture fluids 
trypsin, to heat 
formalin 
inactivate 
ECHO 
receptors 

HL, hemolysis; NANA, N-acetylneuraminic acid; N-ase, neuraminidase; VRS, virus 
encephalitis; RBC, erythrocyte; RDE, receptor-destroying enzyme ( V .  cholorae). 

(Continued) 
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TABLE rrr 
Conditions for HA 

Major virus Subgroups, Erythrocyte, 
group straina, typcs species PTI Temp. 

Rubella HA: .avian 7 . 3  4”, 2BpC 
igcon, goose, (Veronal, dextrsn, gelatin, 

Liick hatchling) 
(human- required) 
No HA) 

BAD: ? similar to 
arboviruses 

serum or other colloid 

Coronaviruses (“IBV Rat, mouse, 7 . 2  Rooin temp., 
(IBV-like) M 11-like”) chicken, human, 37”C, 4OC 

vcrvet 

Rhabdoviruscs Rabies G O O S C  6 . 2  4°C vs v Gooae (chick 5 . 8  4°C 
hatchling) 

Kmyon) saline) 
(Cocal, Kern (Bovinc albumin borate 

Polyoma 

H-viruscs 

g.p. (avian, 7-8 
irittmmttlian) 

13-1, HT, H-3, g.p., hamster 7 . 2  
ItV, IIR (variable with 

4°C 

6°C 

Mouse leukemia 
virusw 

other specks) 

R.auscher, g.p. 
Gross 

6 . 4  4°C 
(N-ase and phospholipase 

treatment of virus 
required) 

ovornucin (Hartley ef d., 1959) and by an RDE-sensitivc glycoprotein 
inhibitor in bovinc wrum (Borecky e t  nl., 1962), provide cvidencc that 
the erythrocyte receptor for polyoina hemagglutinin may be included 
in thc virus reccptor substanre described in connection with myxoviruscs. 
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f Continued) 

Erythrocyte receptor 
Elution 

effected by Alteration Chemistry 

None by virus, None by RDE, ? Lipo- 
EDTA, or paramyxo- protein, 
change in pH viruses, ?? RNA 
to 8.6 trypsin 

Nonenzymatic, None by RDE Unknown 
change to 
37°C 

Nonenzymatic, None by virus Unknown 
change to or RUE 
toom temp. 

Nonenzymatic By RUE, 

viruses 
a t  37°C influenza 

? ? 

Glyco- 
proteins 

Unknown 

Viral Ha site 

Virion and sub- 
units derived 
by Tween- 
ether; ? pro- 
tein-lipid- 
ItNA 

Suckling mouse 
brain adapted; 
destroyed by 
trypsin, 
Tween-80- 
ether 

Intact virion 
(capsid) ; in- 
activated by 
proteases, sol- 
vents, -SH 
compounds; 
propagate in 
serum-free 
medium 

Intact virion 

Intact virion 

Nonspecific 
inhibitors 

Virus-serum 
complex 
(CaZ+, Mgz+ 
dependent) , 
dissociable 
with EDTA 

Nonenzymatic None by N-ase Unknown HA in virion ? 
blocked by 
glycopro tein, 
phospholipid 

Normal human, 
burro, goat 
sera (R); 
normal rabbit 
sera (VSV) 

Ovomucin, 
bovine serum 
glycoprotein, 
normal tissue, 
and tumor 
extracts 

Human and 
horse 
placenta1 
glycoprotein 
(phosphatase) 
inhibits H-1, 
HB 

Recent information on the structure of this material (VRS) may allow 
further elucidation of the interaction of polyoma and erythrocytes. 

The small RNA viruses, called H viruses, have been found to  aggluti- 
nate a wide variety of mammalian red cells. The pattern among the 
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different species was quite characteristic for each of 5 virus strains tested. 
H-1 virus had the widest range, and i t  alone agglutinated gerbil and 
goose cells. None of these viruses reacted with chicken erythrocytes 
(Toolan, 1967). A heat-stable glycoprotein inhibitor was found in horse 
and human placental fluids which was not a component of normal serum 
(Usategui-Gomez et al., 1968). The inhibitor in human fluid was active 
against H-1 and HB viruses and was subsequently shown to possess 
alkaline phosphatase activity (Usategui-Gomez et al., 1969). Inhibitory 
activity of the host placental material was destroyed by sialidase, meta- 
periodate, and papain, but not trypsin or chymotrypsin. These findings 
suggested by analogy that  receptors on erythrocytes might be glycopro- 
tein in nature. 

The morphological resemblance of RNA leukemia viruses of mice to 
myxoviruses has prompted an unsuccessful search for licmagglutination 
by these agents. Recently, however, i t  has bcen shown that treatment 
of mouse leukemia viruscs (SchSfer and SzBnt6, 1969) with neuramini- 
dase and phospholipase C uncovered n hemagglutinin for guinea pig 
erythrocytes which was associated with the viral particle, and was neu- 
tralized by type-specific antiviral antibody. The masking of hemaggluti- 
nin in the untreated viral particle was nscribcd to the presence of glyco- 
protein and phospholipid components acquired by the virion from thc 
host cell membrane during the process of maturation and release. The 
receptors on erythrocytes, unlike those for myxoviruses, were resistant 
to neuraminidase. Thcre was no evidence for an enzyme-nicdiated mcch- 
anism to explain the elution of virus. 

V. SUMMARY 

The agglutination of erythrocytes by direct action of viral particles 
was first described in connection with myxoviruses. This led directly 
to  the discovery of viral ncuraminidase, a property unique to  myxovi- 
ruses and paramyxoviruses. Thc discovery of hernagglutination by vi- 
ruses of other taxonomic groups has since added new dimensions to  the 
study of these agents and antibodies to them. In this review, we have 
attempted to  summarize the current knowledge of these reactions as 
i t  applies to the virion and its subunits and to the erythrocyte membrane. 
The latter has been the subject of recent intensive investigation, not a 
small portion of which originated in connection with the analysis of 
rnyxoviral hemagglutination and hemolysis. Considerable insight has thus 
been gained into the structure and cornpositon of the erythrocyte mem- 
brane through the use of viral receptor activity and blood group antigens 
as biological surface markers. While the most precise information avail- 
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able to date regarding viral receptors concerns those for myxoviruses, 
the rapidly expanding knowledge of membrane structure and function 
should allow the elucidation of othcr viral receptors as well. Much has 
already been learned through a study of receptor analogs derived from 
nonerythrocyte sources. Table I11 (pp. 40-43) summarizes the principal 
features characterizing hemagglutination by various members of the prin- 
cipal taxonomic groups of viruses. 
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