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‘“Every part is disposed to unite with the whole, that it may
thereby escape from its own incompleteness.”’—Leonardo Da Vinct.

I. INTRODUCTION

Investigations carried out during the past fif-
teen years have revealed that the red blood cell
is a valuable tool for microbiologic studies. In
1941, Hirst (1) as well as McClelland and Hare
(2) independently described viral hemagglutina-
tion, when these authors observed clumping of
erythrocytes in the presence of influenza virus.
This hemagglutination is specifically inhibited by
homologous viral antiserum. Since that time
numerous other viruses have been found to pos-
sess hemagglutinating properties. The viral
hemagglutination test has been used extensively

both for identification and titration of hemagglu-
tinating viruses and for detection and titration
of the corresponding antibodies. Also, this reac-
tion has been studied intensively as a model of
virus infection of the host cell, including the
mechanism of virus attachment and the identity
of cell receptors. Viral hemagglutination is dis-
cussed in modern textbooks of bacteriology,
virology, and microbiology and was reviewed in
detail by Burnet (3). Therefore, this subject is not
included here, although reference will be made to
differences and similarities between viral and
bacterial hemagglutination.
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Bacteria, too, cause agglutination of erythro-
cytes. Eight types of bacterial hemagglutination
are known at this time: (1) The first type (direct
bacterial hemagglutination) was described more
than half a century ago by Kraus and Ludwig
(4), who observed clumping of erythrocytes in
the presence of staphylococci and vibrios. Al-
though the list of hemagglutinating bacteria has
been enlarged since that time, the mechanism of
this reaction remains to be elucidated. (2) A
second, fundamentally different type of bacterial
hemagglutination was reported in 1947 by Keogh,
North, and Warburton (5). These authors found
that antigen obtained from Hemophilus influen-
zae is readily adsorbed to the surface of red blood
cells and that agglutination takes place on addi-
tion of homologous bacterial antiserum. This
indirect, conditioned, or passive hemagglutina-
tion reaction and its hemolytic modification
since have been demonstrated with numerous
other bacterial antigens, and the tests have
proved to be extraordinarily sensitive for the
detection and titration of bacterial antibodies.
Generally speaking, it is the polysaccharide rather
than the protein antigens which are adsorbed by
untreated red blood cells. However, even protein
antigens can be attached to erythrocytes by
several methods, representing types 3, 4, and §
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of bacterial hemagglutination. (3) Specific hemag-
glutination follows exposure of erythrocytes to
antigen-antibody mixture. (4) In the fourth type,
the erythrocytes are pretreated with tannic acid,
exposed to protein antigen, and thus become
specifically agglutinable in the presence of
homologous protein antibodies. (5) Similarly,
antigens may be attached to the surface of
erythrocytes by chemical linkages. (6) Modifica-
tion of erythrocytes with proteins may be ac-
complished, too, through the agency of incom-
plete red blood cell antibodies, the latter serving
as Schleppers (carriers) (6). (7) Bacteria may pro-
duce hemagglutination in yet another way: they
cause changes of the erythrocytes which result
in the appearance on the surface of the cell of an
otherwise undetectable antigenic component.
Agglutination ensues upon addition of antibodies
reacting specifically with this newly exposed
antigen. (8) Finally, certain bacteria produce
changes in normal serum which result in a newly
acquired hemagglutinating capacity. Table 1
presents a summary of these eight types of
microbial hemagglutination.

Certain fundamental similarities and dif-
ferences between these types of bacterial hemag-
glutination should be pointed out. In type 1
hemagglutination is effected by a bacterial

TABLE 1
Types of microbial hemagglutination

1. Bacterium (bacterial + RBC

» HA Direct microbial

antigen) or virus
2. Bacterial or viral an- 4+ RBC
tigen

— Modified + Bacterial

hemagglutination
— HA Indirect, condi-

3. Microbial antigen 4+ RBC
and antibody
4, Microbial antigen

RBC or viral tioned, or passive
antibody microbial hemag-
glutination
> HA
+ Tannic acid — Modified <+ Microbial — HA
treated RBC RBC antibody
— HA

5. Microbial antigen -+ RBC or pre- — Modified <+ Microbial

and complexing treated RBC RBC antibody
chemical
6. Microbial antigen- 4 RBC — Modified + Homologous — HA Red cell linked an-
incomplete RBC RBC antibody tigen test
antibody complex
7. Bacterium (enzyme) + RBC — Altered + RBC — HA Thomsen-Frieden-
RBC antibody reich phenomenon
8. Bacterium + serum — Altered + RBC — HA Bacteriogenic he-
serum magglutination

RBC = red blood cells.
HA = hemagglutination.
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product and does not depend on the presence of
microbial antibodies; in fact, these antibodies in-
hibit the reaction. On the other hand, antibodies
bring forth hemagglutination in types 2 to 7.
In types 2 to 6 the antibodies are directed against
microbial and other antigens adsorbed to the
surface of the red blood cells, whereas in type 7
the hemagglutinating antibody reacts with
antigenic components of the erythrocytes them-
selves, unmasked by bacterial action. Finally,
hemagglutination of type 8 is due to bacterial
alteration of the serum, which endows the latter
with a newly acquired hemagglutinating activity.

It is the purpose of this paper to review
critically for the first time the pertinent data, so
widely distributed in the literature, on bacterial
hemagglutination and hemolysis and to point out
areas in need of future research.

II. DIRECT BACTERIAL HEMAGGLUTINATION

Hemagglutinating Bacteria and the Hemagglutina-
tion Reaction

A list of hemagglutinating bacteria together
with selected references are presented in table 2.
Perusal of this table shows that a fairly large
number of unrelated bacterial species possess
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TABLE 2
Bacteria causing direct hemagglutination
Bacteria® References

Micrococcus pyogenes var. aureus..| 4
Sarcing 8p....................... 7
Escherichia coli . ................ 7,8,9,10,11
Salmonella sp.................... 7
AD (alkalescens-dispar) Group. .| 12, 13
Vibriocomma................... 7,12
Vibrio 8pee. oo vvvvvenniinin... 4
Pseudomonas 8p................. 14
Hemophilus aegyptius... ......... 15
Hemophilus influenzae. . ......... 15, 16
Hemophilus pertussis............ 5,12,17,18
Bacillus parapertussis........... 5
Brucella bronchiseptica. ......... 5,12
Corynebacterium diphtheriae. .... 7,19
Corynebactertum pseudodiph-

theriticum..................... 19
Clostridium botulinum. . ......... 20, 21
Clostridium seplicum . ........... 22

* The present scientific names and not neces-
sarily those of the authors are used in tables 2,

3 and 4.
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this activity. Although all bacterial species have
not yet been tested, it is clear that certain species,
e. g., shigellae, do not cause hemagglutination.
Obviously, there is no relationship in the taxo-
nomic position between active and inactive bac-
teria. For example, most strains of Hemophilus
influenzae are inactive, whereas many strains
of Hemophilus aegyptius are active. Similarly, in
the family Enterobacteriaceae, some members,
such as the AD (alkalescens-dispar) group are
active, and members of the genus Shigella are
inactive. Further, even within species and sero-
groups (Escherichia coli) there are hemagglutinat-
ing and non-hemsagglutinating strains [Kauff-
mann (10)]. It should be stressed that negative
findings may be due to the selection of the donor
species of the red blood cells. It has been shown
that, with a given strain, erythrocytes from one
animal species are agglutinated, whereas those
from others are not. To illustrate: H. aegyptius
agglutinates human red blood cells readily,
chicken cells to a lesser degree, and monkey, rab-
bit, and rat cells not at all. Most strains of the
AD group are highly active with human cells,
and only a few strains agglutinate erythrocytes
from rabbit, guinea pig, and sheep. On the other
hand, certain strains of E. colt, Hemophilus per-
tussts, and Clostridium septicum agglutinate red
cells from all animal species tested, although not
necessarily to the same degree. Attention should
be called to Guyot’s (8) observation to the effect:
that erythrocytes from different individuals be-
longing to the same animal species revealed
identical reactivity with strongly, weakly, or
non-reacting strains of E. coli. The reason for the
above mentioned differences in activity of dif-
ferent bacteria toward erythrocytes from various
animal species remains to be elucidated.

At this time it seems unwise to this reviewer,
because of inadequate data, to offer generaliza-
tions on the identity of the hemagglutinating
principles and the mechanism of the direct hemag-
glutination reaction. It is stated by Dafaalla
and Soltys (22) that the hemagglutinating factor
of C. septicum cannot be separated from the bac-
terial cell. If this were so, one should expect that
bacterial cells are attached selectively to red
blood cells. So far as this reviewer is aware, this
has not been demonstrated. Indeed, with several
species separation of the hemagglutinating factors
from the bacteria has been accomplished.

Extensively studied is the hemagglutinating
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antigen of H. pertussis (17, 18, 23, 24). It is heat
labile, being destroyed at 56 C for 30 minutes.
It is inhibited by lipid components obtained from
red blood cells. It has been clearly demonstrated
that the erythrocyte receptor, which may be
identical with, or at least related to, the in-
hibitory lipid, differs from the receptor for in-
fluenza virus. H. pertussts contains another anti-
gen which is readily adsorbed on red blood cells
and does not cause direct hemagglutination (cf.
p 170). The heat lability of hemagglutinating
principles has been established also for those ob-
tained from E. cols, H. aegyptius, and C. septicum.

So far as the hemagglutinating factor of
Clostridium botulinum is concerned, it is distinct
from the toxin, as evidenced by the results of
precipitation studies, utilizing the Oudin serum-
agar technique, and by the observation that red
blood cells remove from a filtrate only the hemag-
glutinating factor but not the toxin. Lowenthal
and Lamanna (25, 26) presented evidence to the
effect that, depending upon the pH, the toxin
and hemagglutinin either form a complex or are
dissociated. The botulinal hemagglutinin is ad-
sorbed by numerous animal tissue elements other
than erythrocytes. Its uptake by red blood cells
appears to be a true adsorption reaction, because
the reaction has a negative temperature coeffi-
cient and the combination does not appear to
follow the law of simple multiple proportions.
Electrolytes are required. It is of interest to note
also that botulinal hemagglutinin is reversibly
attached to erythrocytes, and that the receptor is
different from that for influenza virus. In this
connection attention should be called to another
observation of the reversibility of bacterial
hemagglutination. Upon addition of homologous
bacterial antiserum to a red blood cell suspension
which had been agglutinated by a pseudomonas
strain the erythrocytes became disagglutinated
and the bacteria agglutinated (14).

The hemagglutinating factor obtained from
Corynebacterium diphtheriae is said to be an
antigenic lipid (19). The antigenicity of many
of the hemagglutinating principles has been
established by the observation of the specific
inhibitory effects of homologous antisera on
hemagglutination by Micrococcus pyogenes, H.
aegyptius, H. pertussis, C. diphtheriae, and C.
septicum. A notable exception appears to be E.
coli; however, before the active hemagglutinating
factor can be considered to be non-antigenic,
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confirmation of the single report (7) is required,
particularly in view of the antigenic complexicity
of this species.

Only limited information is available regard-
ing the component (receptor) of the red blood
cell which interacts with the hemagglutinating
principle. That it is not identical with the in-
fluenza virus receptor is clearly evident from the
facts that neither the receptor destroying enzyme
(RDE) nor influenza virus interfere with hemag-
glutination by H. pertussts and H. aegyptius.
The observation that certain lipids inhibit this
reaction suggests that lipid components of the
red blood cell serve as receptors.

It is obvious that much additional work needs
to be done, particularly with respect to the
characterization of many bacterial hemagglu-
tinating principles, the corresponding red blood
cell receptors, and the process of the hemaggluti-
nation reaction itself.

Related Reactions

The hemagglutinating capacity is not re-
stricted to bacteria nor are erythrocytes the
only agglutinable cells. Since the early days of
modern microbiology it has been known that
certain plant products, referred to as phytoag-
glutinins, agglutinate red blood cells. Agglutinat-
ing substances are found also in higher fungi
(27). Rickettsia orientalis, too, agglutinates cer-
tain red blood cells from individual fowl; this
reaction is specifically inhibited by homologous
antiserum (28). Reference to viral hemagglutina-
tion has been made in the introduction. Even
pleuropneumonia-like organisms (PPLO) can
cause agglutination of erythrocytes (29).

In connection with the foregoing data on bac-
terial hemagglutination it is interesting that the
agglutinability of erythrocytes from different
animal species varies characteristically with dif-
ferent plant agglutinins. For example, Land-
steiner (30) found that lentil extract was con-
siderably more active toward rabbit than pigeon
red blood cells; in contrast, bean extracts were
far moreactive toward pigeon thanrabbit erythro-
cytes. Similar observations were made with ricin
and abrin. More recently, efforts have been
made to discover seed extracts for the differentia-
tion of blood groups of man. For example, Boyd
(31), who refers to these antibody-like substances
from plants as lectins, isolated a substance which
agglutinates A and AB, but not O cells, and which
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precipitates blood group A substance. A plant
agglutinin for human erythrocytes containing
the N antigen has been described (32). Nungester
and Halsema (32a) observed that Flexner-
Jobling carcinoma cells, in contrast to erythro-
cytes, were not agglutinated by certain phytoag-
glutinins, although the latter were absorbed by
both cell suspensions.

Bacteria agglutinate cells other than erythro-
cytes. Rosenthal (9) found that E. coli causes
clumping of leukocytes, thrombocytes, spermato-
z0a, spores of molds, and pollens. More recently,
Rolle and Kalich (33) reported that the ability
or inability of E. coli strains to agglutinate
spermatozoa is related to pathogenicity or lack
of pathogenicity. However, before this conclu-
sion can be accepted, confirmatory evidence is
required.

III. INDIRECT, CONDITIONED, OR PASSIVE HEMAG-
GLUTINATION AND HEMOLYSIS

Hemagglutinating Bacteria and the Hemagglutina-
tion and Hemolysts Reactions

A large variety of bacterial species contain
antigens which are readily adsorbed by untreated
red blood cells and thereby render these modified!
erythrocytes specifically agglutinable by homolo-
gous bacterial antibodies. Table 3 gives data on
the bacterial species, the antigens involved in the
reaction, and selected references. It is likely that
other bacterial species, not yet tested, also pro-
duce erythrocyte modifying antigens.

In all but two instances, chemical analysis of
the modifying antigens has revealed that they are
polysaccharides or contain polysaccharides as
the serologically active determinant. However,
the active material of Pasteurella pestis was
tentatively considered to be a protein, although
full chemical and physical analyses were not
undertaken and no claim regarding the purity of
the antigen was made (69, 70). The more recent
observation of Chen (72) suggests that the al-
cohol-precipitated envelope antigen contains
both protein and polysaccharide. It is conceiv-
able, therefore, that the hemagglutination reac-
tion involves the latter material. Alternatively,
it is possible that the polysaccharide may have
facilitated the adsorption of the protein (S. J.

1 The term modification, as used in this review,
connotes antigenic alteration of erythrocytes by
attachment of bacterial antigens.
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Silverman, personal communication, February
10, 1956). The second apparent exception per-
tains to the flagellar antigen of Salmonella
typhosa. Since only a single experiment was
carried out, suggesting that the flagellar antigen
was adsorbed on untreated red blood cells (41),
corroborative evidence is required. However, it
ghould be kept in mind that, as will be pointed
out (p 177), Boyden and Anderson (87) demon-
strated adsorption of a tuberculo-protein to
untreated red blood cells. Further studies on the
interaction of various bacterial proteins and un-
treated erythrocytes are needed.

Unheated fresh Escherichia colt cultures fail
to modify red blood cells or do so only to a
minimal degree. Upon standing for several days
at 37 C or following heating at 100 C for 1 hour,
the cultures and their supernatants become
highly active. This result is explained by two
independent effects of heat, namely, release from
the bacterial cells of somatic antigen into solu-
tion and activation of the soluble antigen (46).
The latter effect can be shown also with purified
lipopolysaccharides. It is interesting to note,
however, that the extent of heat activation varies
with different antigen preparations. For exam-
ple, two unheated salmonella lipopolysaccharides
failed to modify red blood cells in concentration
of up to 1000 ug per ml, while another, prepared
by the identical method, was active in a concen-
tration of 6 ug per ml. Following heating, the two
former preparations were effective in a concentra-
tion of 12 ug per ml and the latter in a concentra-
tion of 1.5 ug per ml (59). The activation from a
non-modifying to a modifying antigen can be
accomplished also by treatment with sodium
hydroxide (51, 59, 88). However, it must be
pointed out that not all bacterial polysaccharides
become erythrocyte-modifying upon treatment
with sodium hydroxide (51). Furthermore, the
mode of action of both heat and sodium hydroxide
treatment remains to be determined. It is clear,
however, that these treatments do not solely
cause the appearance of an increased number of
antigen molecules, since they do not effect the
antibody neutralizing capacity of the materials
(89). Suggestive evidence indicates that these
treatments of S. typhosa O lipopolysaccharide re-
sult in liberation of a large portion of lipid and
thus remove a component which conceivably in-
terferes with the adsorption of the antigen by red
blood cells (55). This concept finds support in the
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TABLE 3
Indirect, conditioned, or passive bacterial hemagglutination
Bacteria Antigens References
Micrococcus sp. Polysaccharide 34, 35, 36
Diplococcus pneumoniae Polysaccharide (acidic polymer) 34, 36, 37, 38
Streptococcus sp. Crude, polysaccharide 34, 39
Gram-positive bacteria Crude, common antigen 40
Neisseria meningitidis Polysaccharide 34
Neisseria gonorrheae Polysaccharide 41, 41a
Escherichia coli Crude, lipopolysaccharide 42, 43, 4
Vi (crude, acidic polymer) 37, 45
Enteropathogenic E. coli Crude, lipopolysaccharide 44, 46, 47, 48, 48a
Ballerup* Crude 49
Vi (crude) 47, 50
Aerobacter aerogenes Crude, polysaccharide 43, 51, 52
Aerobacter cloacae Polysaccharide 51
Paracolobactrum sp. Crude 42, 43
Salmonella typhosa O (crude, polysaccharide, lipopolysac- 37, 38, 47, 53, b4,
charide) , 56
Vi (crude) 38, 47 50, 54, 56,
57, 68
H (protein) (?) 41
Salmonella sp. " Crude, polysaccharide, lipopolysaccharide| 42, 52, 53, 59, 60, 61
Shigella sp. Crude, polysaccharide 36, 62, 63, 64
Serratia marcescens Lipopolysaccharide 37
Proteus sp. Crude 42, 43
Lipopolysaccharide 34, 37
X, X Crude, polysaccharide 65, 66
Pseudomonas aeruginosa Crude 43
Lipopolysaccharide 37, 67
Pseudomonas 8p. Crude 43
Vibrio comma Crude 68
Pasteurella pestis Protein (?) 69, 70
Polysaccharide 71,72
Pasteurella multocida Capsular antigen 73
Pagsteurella tularensis Lipopolysaccharide, polysacchande 37,74, 75
Brucella sp. Crude 42,76, 77, 78
Llpopolysacchmde-polypeptlde 78
Malleomyces mallet Crude 79
Hemophilus influenzae Crude, polysaccharide 5, 34
Hemophilus pertussis Crude 18
Corynebacterium diphtheriae Polysaccharide 36
Mycobacterium tuberculosis Crude cf. 80
Fractions, polysaccharide 81, 82, 83
Mycobacterium paratuberculosis Crude 84
Mycobacterium phlei Crude 84
Leptospira sp. Crude 85, 86

* Now included in Escherichia freundii.

inhibitory activity of various lipids, mentioned
on page 172. It will be interesting to learn whether
the above Salmonella lipopolysaccharides, which
differ so markedly in erythrocyte modifying
capacity, contain different amounts of firmly
bound lipid. In this connection attention should

be called to the observation of Middlebrook (90)
to the effect that two polysaccharides were
present in a tuberculin fraction, one active, the
other inactive, in erythrocyte modification, and
yet both inhibiting hemagglutination specifically.

Modification of erythrocytes, demonstrable by
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subsequent agglutination in the presence of
homologous antibodies, has been accomplished
with approximately 2000 molecules of S. typhosa
antigen per red blood cell (88). This conclusion
is based on the observation that 25 X 10°
erythrocytes adsorb 100 ug of the antigen.

Until very recently, all bacterial antigens
operative in the hemagglutination test were
found to be characteristic of the species, common
to closely related species, or characteristic of
serogroups or serotypes. Rantz and associates
(40) demonstrated, by means of this technique, an
antigen that appears to be common to many
unrelated gram-positive bacteria (among others,
staphylococcus and various species of strepto-
cocei).

‘Surprisingly few studies have been reported on
the process of attachment of bacterial antigen to
untreated red blood cells. It has been shown (59,
91) with crude E. coli cultures as well as with
purified Salmonella abortus-equti and E. colt
lipopolysaccharides that electrolytes are required,
inasmuch as modification does not occur in 5
per cent glucose and 5 per cent sucrose solutions.
In contrast, these antigens become attached to
the erythrocytes in the presence of isotonic so-
dium chloride, potassium chloride, or sodium
citrate solutions. The failure of calcium chloride
solution to effect erythrocyte modification (59)
remains unexplained. Interestingly, electrolytes
are likewise required for the attachment of cer-
tain viruses to red blood cells and of bacterio-
phage to bacteria. Mention may be made of the
fact that modification takes place very rapidly
(within a few minutes) at 37 C and only to a
minimal or slight extent at 4 C. For these rea-
sons, the term “adsorption”, as used in this re-
view and many papers on the subject, does not
connote a particular mode of attachment of the
bacterial antigens.

Red blood cells from man, horse, sheep, rab-
bit, ox, and goat are equally well modified by S.
typhosa Vi antigen (57), as are erythrocytes
from man, dog, rabbit, sheep, guinea pig, rat,
and chicken by E. colt antigen (44). On the other
hand, Boyden (79) found that different amounts
of mallein were required for modification of
erythrocytes from various animal species; he
noted furthermore that ox red blood cells adsorb
the antigen without being agglutinated by
homologous antiserum. Human erythrocytes of
blood group O are more suitable for the adsorp-
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tion of Pasteurella tularense polysaccharide than
red blood cells of blood groups A and B (74). No
information is presently available to explain
these differences.

As yet little is known regarding the receptors on
the surface of the red blood cell to which bac-
terial antigens can be attached. Such specific
receptors do in fact exist. This is evident from
the findings that neither the A, B, or Rh antigens
are blocked in E. coli and P. tularense modified
erythrocytes (44, 75) nor does treatment of red
blood cells with receptor destroying enzyme (RDE)
and periodate interfere with modification by
bacterial polysaccharide (36, 75). It is conceivable
that lipid structures serve as receptors. This is
suggested by the observation that certain lipids,
such as lecithin, cephalin, lipid extract from red
blood cell stromata, and certain serum fractions
rich in lipids inhibit the attachment of certain
bacterial antigens to erythrocytes (49, 79, 92,
93, 94). A non-specific factor inhibiting the ad-
sorption of tuberculin antigen by sheep cells has
been described by Fine and associates (95). This
factor has not yet been identified. It is of interest
that it was present more frequently in patients
with various diseases than in healthy individuals.

Of particular importance is the fact that several
bacterial antigens, either simultaneously or con-
secutively, modify erythrocytes and that one
antigen apparently does not block the adsorption
of another (37, 44, 59, 60). Whether different
receptors are operative with different bacterial
antigens remains to be determined in the future.
In contrast to the foregoing observations, an
apparent interference between two S. typhosa
antigens has been demonstrated by Spaun (56).
This author found that when a standard amount
of O antigen was mixed with a relatively large
amount of Vi antigen for modification of erythro-
cytes, agglutination occurred only in the presence
of Vi antibodies; however, red blood cells became
agglutinable by either O or Vi antibodies when
smaller amounts of Vi antigen were used to-
gether with the same amount of O antigen.
Spaun’s observations have been confirmed re-
cently by Landy and Ceppellini (95a), and it is
clear therefore that there exist interfering and
non-interfering antigen combinations.

With this modification red blood cells acquire
a new serological specificity. Homologous bac-
terial antibodies cause specific agglutination. In
the presence of complement and antibodies cer-
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tain modified erythrocytes are lysed. However, it
should be noted that erythrocytes from different
sources are not equally susceptible to lysis. For
example, sheep red blood cells modified with
crude or purified E. colt antigens are readily
lysed, whereas human erythrocytes are almost
entirely resistant to lysis. This latter finding is
not due to lack of adsorption of the bacterial
antigen, since the treated red blood cells are as
readily agglutinated by homologous bacterial
antiserum as are sheep red blood cells. The ques-
tion arises as to whether lysis of modified human
red blood cells may occur in the presence of anti-
bodies and complement of human origin. This
was found not to be so (59). Similarly, Skillman
and co-workers (96) obtained lysis with sheep
cells but not with human cells in a streptococcal
hemolysis test; hemagglutination was obtained
with erythrocytes from both species. Middle-
brook (97), however, observed lysis of human red
blood cells modified by tuberculin, although
hemolysis occurred only with larger amounts of
antiserum than were required for hemagglutina-
tion. Further studies are needed with a large
variety of bacterial antigens and erythrocytes
from many animal species to determine the con-
ditions for, or refractoriness to, lysis.

Attention should be called to the failure of some
serum specimens to cause hemagglutination of
tuberculin modified erythrocytes, when a frac-
tion of the same sera showed antibody activity
(98). As yet, the interfering serum component(s)
have not been identified. A number of reactions
interfering with antibody activity have been dis-
covered and may be briefly mentioned here.
Serum albumin inhibits agglutination of red
blood cells exposed to a mixture of tuberculo-
protein and homologous antibody (87). The S.
typhosa R antibody interferes with the O antibody
in causing death of the bacterial cell (99). Also,
in vivo interference of the tuberculo-polysac-
charide antibody with the antibody present in a
newly discovered plasma fraction (IV-10) re-
sponsible for the delayed type of tuberculin
(PPD) skin sensitivity has been reported (100).
The latter findings require confirmation.

The observation of Staub (88) to the effect that
non-precipitating antibody can be demonstrated
in the 8. tyhpose hemagglutination test is of in-
terest. Whether this antibody is in fact totally
devoid of precipitating activity, remains to be
determined. Also, reference should be made to

BACTERIAL HEMAGGLUTINATION AND HEMOLYSIS

173

the observation indicating that modification and
subsequent hemagglutination may be enhanced
if papain or trypsin treated red blood cells are
used (96). Finally, attempts have been made to
increase the sensitivity of the hemagglutination
reaction by the use of anti-globulin serum
(Coombs test) (38, 54) and by replacement of
the hemolytic with the conglutination system
(38).
Related Reactions

The attachment of antigenic material, resulting
in the acquisition of a new serologic specificity,
is restricted neither to bacterial antigens nor to
erythrocytes. Modification of red blood cells and
subsequent hemagglutination in the presence of
homologous microbial antibodies has been demon-
strated with antigens obtained from rickettsiae
(101, 102), trypanosome (103), schistosome (104),
candida (105), histoplasma (106), and tricho-
monas (107).

De Gregorio (108) made the interesting ob-
servation that leukocytes, splenic, hepatic, and
renal cells adsorb salmonella antigen in wvitro
and thus become specifically agglutinable in the
presence of homologous bacterial antibodies.
Working with a polysaccharide preparation made
from tuberculin, Boyden (109) showed that
modified leukocytes and lymphocytes become
attached to modified erythrocytes upon addition
of homologous antibodies, indicating that these
white cells, too, had adsorbed the antigen.
Further studies on the possible modification of
other tissue cells are needed. Such studies may
reveal information as to which cells have re-
ceptors for one antigen or another. Since leuko-
cytes play a significant role in the generalized
Shwartzman reaction (110), the question may
be raised as to whether the bacterial antigen, re-
sponsible for this reaction, is adsorbed to white
blood cells; adsorption may lead to injury of the
leukocytes and to subsequent formation of
“fibrinoid” material. In this connection one re-
calls that particles other than cells, e. g., collo-
dion particles and ion exchange resins (111), are
capable of adsorbing various antigens and thus
become agglutinable in the presence of the cor-
responding antibodies. Also, it is interesting to
note that Adler (112) succeeded in attaching
bacterial antigens to heterologous bacteria and
rendering them susceptible to the bactericidal
activity of the antibody reacting with the ar-



174

tificially attached antigen. It has been known for
many years that bacteria may adsorb to their
surface components of the culture or suspending
media.

An interesting reaction between bacteria and
erythrocytes was described by Nelson (113)
under the name of the immune-adherence phe-
nomenon. This author observed the attachment
of spirochetes and pneumococci to red blood
cells, provided that homologous antimicrobial
antibodies and complement were present. Under
the conditions of these experiments hemagglu-
tination did not occur. Following adherence of
the microorganisms to erythrocytes enhanced
phagocytosis was observed. It may be pointed
out that Rieckenberg (114) as early as 1917 de-
scribed a similar immunologic reaction; namely,
the adherence of trypanosomes to blood plate-
lets in the presence of homologous antibody. The
relationship between these two reactions is not
entirely clear because of inadequate data in
Rieckenberg’s paper.

Since completion of this review a report on
this subject has been published by Lamanna and
Hollander (114a).

Biologic Significance

The bacterial hemagglutination and hemolysis
reactions are of interest to the bacteriologist,
virologist, immunologist, hematologist, and to
the clinician. Of particular importance is the
question whether bacterial modification also
occurs in vivo. To date, only limited information
is available. Ceppellini and De Gregorio (115)
failed to induce in vivo modification by injection
of a bacterial polysaccharide from a ballerup
strain. However, they made the interesting ob-
gervation that erythrocytes modified tn vitro
survived for 28 hours in non-immunized animals,
whereas in immunized rabbits clinical evidence of
in vivo hemolysis occurred within a few hours. In
addition, by means of the Coombs test, the reac-
tion between bacterial antibodies and modified
red blood cells was demonstrated. In a later re-
port (108) De Gregorio stated that when large
amounts (10 mg) of Vi antigen were injected
intravenously into guinea pigs, antigen became
attached to erythrocytes in vivo but not to tissue
cells. Similarly,” Boyden (109), working with a
polysaccharide fraction made from tuberculin,
showed that erythrocyte modification takes place
in vivo in guinea pigs, provided that relatively
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large amounts (10-20 mg) of antigen are
injected. Further work needs to be done to deter-
mine whether in vivo modification occurs follow-
ing injection of other antigens as well. Of par-
ticular interest will be information as to whether
adsorption of bacterial antigen to erythrocytes
and other cells occurs in natural infections of man
and animals. Skillman and co-workers (96)
claimed to have demonstrated in vivo modifica-
tion of red blood cells with streptococcal antigen
in patients with active rheumatic fever. This
important observation requires confirmation
from other laboratories. If, indeed, modification
takes place during natural infections, it is con-
ceivable that hemolysis and anemia occur with
the appearance of homologous bacterial anti-
bodies, and the question arises as to whether this
modification contributes to sludging of blood. In
this connection attention should be called to the
reports of Nungester and his associates (115a,
115b). These authors showed that pneumococcus
polysaccharide affects red blood cells, resulting in
enhanced sedimentation in vitro and altered flow
n vivo.

It is established that the somatic antigens of
enterobacteriaceae are made up of polysaccha-
ride, lipid, and protein (or a protein-like sub-
stance) (¢f. 116). It is the polysaccharide which
endows this complex with its serological specifi-
city, demonstrable by means of the hemagglutina-
tion test and other methods. This somatic
antigen also has both toxic and pyrogenic proper-
ties. Renewed interest in the pathogenesis of
fever following injection of bacterial pyrogens
has been shown (117, 118). For these reasons,
study of the interaction between these and
similar antigens and red blood cells may even-
tually throw light on the modes of action of
these materials as toxins and pyrogens. It has
been shown (89) that, to some extent, treatment
with heat, sodium hydroxide, and periodate has
different effects on toxicity, pyrogenicity, erythro-
cyte modifying capacity, and antibody neutraliz-
ing ability of these lipopolysaccharides, suggest-
ing that different reactive groupings are operative
in these activities.

Attention should be called to the properdin-
binding capacity of zymosan and certain bac-
terial polysaccharide antigens (119). Properdin,
as is well known (120), is one of the non-specific
factors contributing to resistance to infection.
To what extent, if any, various polysaccharide
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antigens combine with plasma factors, such as
properdin, and with circulating and sessile cells
in vivo during experimental and natural infection
remains to be determined.

In 1947 Keogh and associates (5) made the
significant observation that red blood cells which
had adsorbed Hemophilus influenzae antigen
became refractory to agglutination by influenza
virus and by the hemagglutinin of Hemophilus
pertussis. A detailed study of the effects of
bacterial polysaccharides on viral hemagglutina-
tion has been carried out by MacPherson and
associates (51). These authors observed that
polysaccharide antigens prepared from Aero-
bacter aerogenes and A. cloacae inhibit red blood
cell agglutination by influenza, mumps, and
Newcastle disease viruses. Furthermore, they
noticed that modified red blood cells adsorb PR 8
virus as readily as untreated erythrocytes; mumps
virus, on the other hand, was poorly adsorbed
by polysaccharide modified red blood cells.
Therefore, two mechanisms account for the in-
hibition of virus hemagglutination. In the former
instance, the increased charge on the surface of
the red blood cells inhibits clumping by, but not
adsorption of, influenza virus. In the second in-
stance, inhibition of virus adsorption readily
explains the failure of hemagglutination. The
complexity of the subject is also evident from
the fact that one particular polysaccharide anti-
gen of MacPherson et al. is adsorbed to red blood
cells, but does not inhibit virus hemagglutina-
tion.

Hemolysis of erythrocytes modified by bac-
terial antigens is of interest also to the student of
antibody-mediated hemolysis, since it shows that
anti-erythrocyte antibodies are not needed for
this reaction. This observation parallels studies
on hemolysis of chemically modified azo-erythro-
cytes in the presence of complement and anti-
bodies to the attached groups (121). Similarly,
antigenically modified bacteria are killed upon
addition of complement and of antibodies di-
rected against an artificially attached antigen
(112). These data may eventually aid in the
elucidation of the mode of action of antibody
and complement in lysis of erythrocytes and kill-
ing of bacteria.

Applications

The indirect, conditioned, or passive bacterial
hemagglutination and hemolysis tests have been
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applied to the study of many problems. It is not
the purpose of this review, nor does space permit,
to appraise critically all these applications.
Rather, a few representative examples will be
cited to indicate the potential usefulness of these
techniques.

Demonstration and titration of bacterial anti-
bodies. In many instances the hemagglutination
and hemolysis tests proved to be considerably
more sensitive than other serological methods
used for comparison, for example, the conven-
tional bacterial agglutination test. Differences in
sensitivity of these methods may be due, in part
at least, to differences in the amount of antigen
present on the surface of bacteria and of modified
red blood cells. At times, the superiority of the
hemagglutination method is of such a magnitude
as to appear qualitative rather than quantitative.
For example, Gaines and Landy (67) found anti-
bodies to Pseudomonas aeruginosa in the sera of
normal individuals exclusively by means of the
hemagglutination test. In one instance the hemag-
glutinin titer was as high as 1:960, and yet bac-
terial agglutinins could not be detected. Similar
observations have been recorded by Neter and
co-workers (122) with respect to antibodies to
enteropathogenic E. colt in the serum of healthy
adults. On the other hand, the hemagglutinin
titers in the sera of volunteers who had ingested
E. colt were from 5 to 20 times higher than the
corresponding titers of bacterial agglutinins, al-
though the same serogroup of E. coli was used
(123). An explanation of these differences must
await the results of future research. It is evident,
however, that in the search for antibodies against
bacterial polysaccharides the hemagglutination
and hemolysis tests may be used to advantage,
particularly should other methods yield negative
results. In passing, mention should be made of
the fact that preliminary absorption with un-
treated red blood cells is a necessity, when serum
specimens are tested with heterologous red blood
cells. This difficulty can be circumvented by the
use of human erythrocytes (blood group O, Rh
negative) in the examination of human serum
specimens.

The polyvalent hemagglutination and hemolysis
tests. A particularly welcome feature of the bac-
terial hemagglutination test, at least so far as
enterobacterial antigens are concerned, is the
fact that several antigens can be simultaneously
adsorbed on erythrocytes. Such a red blood cell



176

suspension thus becomes a useful tool as a poly-
valent antigen for the detection of any homolo-
gous antibody. This polyvalent hemagglutination
test has been used in the study of the antibody
response of patients with infections due to entero-
pathogenic E. coli, salmonellae, and shigellae
(59, 60, 122). Further studies on the diagnostic
potentialities of this method are indicated.

Demonstration and titration of bacterial antigens.
The hemagglutination or hemolysis inhibition
tests provide useful tools for identification
and determination of minute amounts of certain
bacterial antigens. To this end, the antigen under
investigation is first mixed with a suitable amount
of a known bacterial antiserum; then, erythro-
cytes modified by the homologous antigen are
added, and the inhibition of specific hemaggluti-
nation or hemolysis is noted. The sensitivity of
this procedure can be illustrated by the fact that
as little as 0.006 ug of Shigella dysenteriae poly-
saccharide could be measured, although no efforts
had been made to increase the sensitivity of the
method (64). Similarly, Wright and Feinberg
(75) determined P. tularense antigen in amounts
of 0.001 ug. Demonstration of microbial antigens
by means of the hemagglutination inhibition test
in specimens from patients may eventually be-
come a suitable method for early and specific diag-
nosis of certain infectious diseases. This approach
‘hasbeenusedby Warburton and co-workers (124)
for the detection of antigen in cerebrospinal fluid
from patients with H. influenzae meningitis and
by O’Connor and MacDonald (65) for the
diagnosis of scrub typhus. It is conceivable that
this method may be applicable also to the early
diagnosis of enteric infections (59).

Differentiation of bacterial antigens. The
hemagglutination and hemagglutination inhibi-
tion tests have been used with success for the
study of closely related antigens. For example,
such differences were noted among Vi antigens of
S. typhosa and a ballerup strain (50). Similarly,
two different modifying substances could be
demonstrated in tuberculin by means of hemag-
glutination and hemagglutination inhibition
tests (81).

Serologic tdentification of unstable bacterial sus-
pensions. Use of soluble bacterial antigen in the
hemagglutination reaction obtained from strains
in unstable suspension, which are unsuitable for
agglutination tests, may make possible their
identification. This approach has been fruitful
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in studies on P. pestis (69) and certain strains of
E. coli (48).

Antigenic composition of microorganisms. The
hemagglutination inhibition test has been used
successfully for the determination of the location
of bacterial antigens in bacterial cells (83), and
the hemagglutination test for the existence of
cross-reacting antigens in unrelated bacterial
species (80, 125). In view of the well known anti-
genic relationship between Mycobacterium tuber-
culosis and Mycobacterium leprae it is not surpris-
ing to find that patients with Hansen’s disease
give a positive tuberculin hemagglutination test
(126, 127).

Removal of an antigen from a mizture. If one is
dealing with a mixture of two antigens, only one
of which is adsorbable on untreated erythrocytes,
the latter may then be used for the separation of
these antigens. It appears likely that this absorp-
tion technique will lend itself for this purpose,
just as erythrocytes have been used for the
separation of botulinal hemagglutinin and toxin
(26).

Immunization with modified  erythrocytes.
Erythrocytes modified by a bacterial antigen
may be employed for immunization purposes.
Indeed, a pure Vi antiserum was produced in
rabbits by the injection of appropriately modified
rabbit erythrocytes (50). Similarly, antibodies
developed following the injection of erythrocytes
coated with E. colt (44) antigen, and P. tularense
(75) hapten. A non-immunizing hapten thus be-
comes an immunizing antigen in the rabbit (75).

Aid in determination of pathogenicity. 1t has
been suspected on epidemiological grounds that
certain serogroups of E. coli cause epidemic and
sporadic diarrhea of the newborn and young in-
fant. Feeding studies have contributed support-
ing evidence. However, in the majority of infants
antibody formation could not be demonstrated
by the conventional methods. The hemagglutina-
tion test, however, yielded positive results and
thus provided additional evidence of the patho-
genicity of these microorganisms, now referred to
as enteropathogenic E. colt (46, 48a, 59).

Clinical applications for diagnosis of infections.
Before any new serologic technique, such as the
bacterial hemagglutination and hemolysis tests,
are introduced into clinical practice, it is of ut-
most importance that a full understanding of
their usefulness and limitations be available.
Particularly, it is necessary to know whether the
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presence of antibodies or antigens thus demon-
strated is correlated with activity of the infec-
tious process. With the introduction of the Mid-
dlebrook-Dubos tuberculo-polysaccharide hemag-
glutination test, many clinicians hoped that this
method will give them the long awaited serologic
test for the specific diagnosis of active tubercu-
losis, be it mild or severe, recent or of long stand-
ing, in infants or adults. As is well known today
and emphasized by Middlebrook (80) himself
this test does not deserve widespread routine
clinical application at this time. However, sug-
gestive evidence of the potential clinical useful-
ness of a variety of bacterial hemagglutination
tests is at hand, although only adequate trials in
the field will give the final answers. For example,
it is conceivable that the hemagglutination tech-
ni¢c may provide information of diagnostic sig-
nificance with regard to infantile diarrhea due to
enteropathogenic E. coli (59), salmonellosis (60),
shigellosis (63), and other bacterial infections.
The test has been applied also to the detection
of typhoid carriers (45, 128). Recently, Skillman
and associates (96) reported that a hemagglutina-
tion test for the demonstration of streptococcal
antibodies as well as demonstration of in vivo
modification of patients’ red blood cells with
streptococcal antigen have proved to be of con-
siderable aid in ascertaining activity of rheumatic
fever. Confirmation of these results is needed,
before the conclusions can be accepted.

IV. BACTERIAL HEMAGGLUTINATION AND HEMOLY-
SIS OF ERYTHROCYTES TREATED WITH
ANTIGEN-ANTIBODY MIXTURE

Boyden and Anderson (87) made the significant
observation that exposure of untreated sheep
red blood cells to a mixture of tuberculoprotein
and homologous antibody results in hemagglu-
tination and, in the presence of complement, in
hemolysis. This reaction differs in certain essen-
tial features from the polysaccharide hemaggluti-
nation and hemolysis tests discussed in the
previous section. In the first place, the antigen is
a protein. Secondly, it becomes dissociated from
erythrocytes upon repeated washings. Thirdly,
sensitization of erythrocytes with the antigen-
antibody mixture and subsequent hemagglutina-
tion takes place readily at both 37 and 4 C.
Apparently, Middlebrook (90) also observed ag-
glutination of red blood cells exposed to a mixture
of antigen and antibody. Boyden and Anderson
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made another significant observation; namely,
that the antibody operative in this particular
hemagglutination test is inhibited by a human
serum fraction and that seemingly negative
immune sera obtained from immunized rabbits
produce hemagglutination if the albumin frac-
tion is first removed. Clearly, a new type of
hemagglutination reaction has been discovered,
warranting further research.

V. BACTERIAL HEMAGGLUTINATION OF TANNIC
ACID PRETREATED ERYTHROCYTES

On the assumption that modification of
erythrocytes by polysaccharide antigen (cf.
section III) takes place in two stages, namely,
alteration of the surface of the red blood cell fol-
lowed by attachment of the polysaccharide anti-
gen, Boyden (129) investigated a variety of sub-
stances, in order to determine whether any of
these materials produce the first effect and render
red blood cells capable of adsorbing protein
antigens. These attempts proved to be highly
successful. Certain inulin preparations were
shown to be effective, but far superior results
were obtained with tannic acid. Both materials
in higher concentration agglutinate erythrocytes.
In the procedure, which has to be carried out
with great care, erythrocytes are first treated with
tannic acid. These pretreated red blood cells are
then exposed to the protein antigen and thus ac-
quire a new serologic specificity, inasmuch as they
are specifically agglutinated in the presence of
homologous protein antibodies. In this way Boy-
den could demonstrate hemagglutination of
tuberculo-protein modified red blood cells by
tuberculin antibodies. Similarly, streptococeal
protein antibodies could be detected. Boyden
also devised a hemagglutination inhibition test
for the titration of protein antigens. Boyden’s
contribution represents a significant advance and
served as a valuable stimulus.

Table 4 summarizes data on various bacterial
protein antigens which can be adsorbed on tan-
nic acid treated erythrocytes. The homologous
antibodies can be titrated with modified erythro-
cytes, the antigens by means of the hemagglutina-
tion inhibition test.

To illustrate the sensitivity of this procedure,
the following observations are cited. Stavitsky
(130) showed that as little as 0.001 ug of diph-
theria toxoid can be measured accurately. Eryth-
rocyte modification was accomplished with 0.125
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TABLE 4
Bacterial hemagglutination of tannic acid treated erythrocytes

Bacteria

Antigen References

Streptococcus pyogenes Protein
Corynebacterium diphtheriae
Pasteurella pestis Protein
Clostridium perfringens
Clostridium tetani
Mycobacterium tuberculosis

Toxoid
Protein

Toxin, toxoid

Toxin, toxoid
Alpha toxin lecithinase

129

37, 130, 131, 132, 133
37,71, 134, 135, 136
37, 137

131

131

82, 100, 129, 138, 139

ug per ml of diphtheria toxoid (130) and with 0.3
ug per ml of purified capsular protein of Pas-
teurella pestis (136).

The sensitivity of the tannic acid hemaggluti-
nation test for the titration of bacterial protein
antibodies becomes even more apparent on com-
parison with other available methods. For exam-
ple, the hemagglutination test proved to be 20
to 50 times more sensitive for the titration of anti-
bodies to the capsular antigen of the plague
bacillus than the complement fixation test (136).

Modification of erythrocytes is inhibited by
certain cations, particularly Mn. The presence of
these and other inhibiting substances in crude
diphtheria toxoid probably accounts for the
failure to demonstrate erythrocyte modification
with some of these preparations (133). Studies
on interfering materials may eventually aid in
our understanding of the precise changes caused
by tannic acid treatment which result in the
newly acquired capacity for protein adsorption.

Tannic acid treated erythrocytes adsorb two
protein antigens (diphtheria and tetanus tox-
oids) simultaneously (131), just as untreated
erythrocytes adsorb several polysaccharide anti-
gens. Mention should be made that tannic acid
treated erythrocytes can adsorb polysaccharide
antigens as well. However, there are differences
in the temperature and time dependence of these
adsorptions. Protein is adsorbed readily at lower
temperature and at a greater speed than poly-
saccharide antigen. For these reasons Chen and
Meyer (134) use a temperature of 37 C for 1
hour for polysaccharide adsorption and room
temperature for a maximum of 15 minutes for
protein adsorption.

The tannic acid hemagglutination test lends
itself readily to the study of many bacteriologic,
gerologic, and immunologic reactions. Non-
flocculating antitoxin has been detected (131).
The method has been applied with success to the

study of the role of the protein antigen of the
plague bacillus in immunity and to the diagnosis
of this infection (134). Several protein antigens
have been detected in the tubercle bacillus (139),
and information has been gained on the location
of various antigenic components on the surface
and in the depth of the bacterial cell (83).
Finally, attention should be called to the observa-
tion of Hinz and Pillemer (140) that lysis of tan-
nic acid treated cells, noted by several investiga-
tors, is mediated by the properdin system.

VI. BACTERIAL HEMAGGLUTINATION BY ANTIBODIES
AGAINST CHEMICALLY ATTACHED PROTEIN
ANTIGENS

In addition to the aforementioned tannic acid
hemagglutination test, protein antigens may be
attached to erythrocytes also by chemical link-
ages. Such a method, devised by Pressman,
Campbell, and Pauling (140a), was used by Sta-
vitsky and Arquilla (141). The method employs
bis-diazotized benzidine as the protein-conjugat-
ing material. The authors showed that, in addi-
tion to several non-bacterial proteins, diphtheria
toxoid can thus be attached to erythrocytes; the
latter become agglutinated in the presence of
homologous diphtheria antitoxin. It is feasible
to use the method also as a hemolysis test, pro-
vided that complement is added to the system.
Titration of the antigens is possible by the use of
the hemagglutination or hemolysis inhibition
procedures. Cole and Farrell (142) succeeded in
attaching to formalinized erythrocytes tuber-
culin PPD via tetrazotized benzidine.

VII. RED CELL LINKED ANTIGEN HEMAGGLUTINA-
TION TEST

Coombs and his associates have made an im-

portant contribution by devising a new approach

for attachment of antigens to red blood cells.

They have shown that non-bacterial protein
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antigens may be chemically coupled to incomplete
Rh (143), ox red cell (144) and Forssman (6)
antibodies. These erythrocyte antibodies by
themselves do not cause hemagglutination. They
serve as Schleppers (carriers) for the protein.
Erythrocytes treated with such an antigen-
antibody complex then become agglutinable in
the presence of homologous antibodies to the
artificially attached antigen. Reference to these
methods is made, because it seems plausible to
this reviewer that this ingenious approach of
Coombs and associates may lend itself to the
study of bacterial protein antigens as well.

VIII. BACTERIAL PANAGGLUTINATION

The Thomsen-Friedenreich Hemagglutination Phe-
nomenon and its Biologic Significance

In 1927, Thomsen (145) observed the apparent
change of blood group of a blood specimen, inas-
much as the erythrocytes were agglutinated
in the presence of any normal human serum. The
study of this accidentally made observation re-
vealed that it was due to a propagating agent,
affecting all human erythrocytes, and rendering
them panagglutinable. The agglutination reac-
tion was due to an apparent change of a latent
red blood cell receptor, referred to as L (latent)
receptor and its reactivity with a third blood
group agglutinin. An extensive investigation of
the Thomsen hemagglutination phenomenon
was carried out by Friedenreich (146), and the
results were published in monograph form (in
English) in 1930. Reading this treatise a quarter
of a century later, this reviewer is impressed with
the excellence of Friedenreich’s experimental
studies and his interpretation of the results.
This hemagglutination reaction is frequently and
justifiably referred to as Thomsen-Friedenreich
hemagglutination phenomenon.

The following facts have emerged from these
fundamental studies.

1. The transformation of the red blood cell is
due to enzymatic activity of certain bacteria and
uncovers a substrate on the surface of the eryth-
rocyte. This altered substrate, referred to as T
receptor or T antigen, has the ability to react
with the corresponding T antibody. (The ab-
breviation T was introduced by Friedenreich in
recognition of Thomsen’s discovery.)

2. T agglutinins are present in normal human
sera, although conspicuously absent in cord
blood and blood from young infants.
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3. The bacterial enzyme does not by itself
cause agglutination of red blood cells. The en-
zyme is heat labile and filterable.

4. The T antibody is not a bacterial agglutinin,
in as much as it does not cause agglutination of
the very cultures which produce a transformation
of red blood cells.

5. The active principle of the bacterial culture
is rapidly fixed by red blood cells and, as its ac-
tivity progresses, eluted in an unaltered state
from the bacterial cell.

6. Transformed red blood cells no longer
adsorb the transforming principle.

7. The T agglutinin reacts optimally at 15~
20 C.

8. The T agglutinin differs from the normally
occurring cold agglutinins, as evidenced by the
results of absorption studies.

9. Bacterial transformation can be accom-
plished with red blood cells from animal species
other than man. With guinea pig erythrocytes
hemolysis can be demonstrated in addition to
hemagglutination, provided that T antibodies
and complement are present.

10. The panagglutinating activity has been
demonstrated in two strains of diphtheroids, in
several strains of vibrios, and one strain of a
luminescent cocco-bacillus.

11. One of the active bacteria also has the
capacity of destroying the T antigen by means of
the “receptor destroying principle”.

12. This hemagglutination reaction may lead
to erroneous results in blood grouping. Trans-
fusion into guinea pigs of altered erythrocytes
leads to shock associated with hemolysis. (The
similarity of this reaction to paroxysmal hemo-
globinuria is mentioned.)

All basic observations of Thomsen and of
Friedenreich have been amply confirmed during
the ensuing 25 years. Friedenreich’s concept re-
garding the mode of action of transforming bac-
teria has certain striking resemblances to the
action of influenza virus on erythrocytes, as
elucidated by Hirst (1) in 1941. In both instances,
the evidence strongly suggests that adsorption of
the microbial enzyme or the virus on the red blood
cells represents the first step of microbe-erythro-
cyte interaction; that a specific chemical com-
pound on the surface of the red blood cell serves
as receptor; that enzymatic change of the recep-
tor takes place; that elution of the microbial
enzyme or virus follows this enzymatic modifica-
tion of the red blood cell receptor; and that the
altered erythrocyte no longer adsorbs the enzyme
or virus.
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It should be mentioned that various bacteria
cause somewhat different changes on erythro-
cytes. Micrococcus pyogenes var. aureus unmasks
an antigen different from the T receptor (147).
It is noteworthy also that periodate treated eryth-
rocytes are agglutinated by a panagglutinin
other than the T antibody (147).

Important studies have been carried out with
the enzyme of the cholera vibrio, usually referred
to as RDE (receptor destroying enzyme) (148).
The following changes are effected by this en-
zyme in addition to panagglutinability.

1. Inagglutinability of red blood cells by in-
fluenza virus due to lack of virus adsorption.

2. Increased agglutinability in the presence of
“incomplete” Rh antibodies, provided that the
red blood cells contain the Rh antigen.

3. Altered immunogenic characteristics of the
erythrocytes.

Among other panagglutinating bacteria are
Clostridium perfringens, Vibrio proteus, and
Diplococcus pneumoniae (149, 150). A partially
purified enzyme preparation obtained from C.
perfringens type B showed identical or, at least,
similar activities on erythrocytes as the cholera
vibrio enzyme. According to Chu (149), many
other bacterial species cause panagglutinability
without some of the other changes associated
with RDE action. It should be emphasized that
some bacteria produce panagglutinability with-
out viral inagglutinability, and others produce
viral inagglutinability without panagglutinabil-
ity.

It is remarkable that influenza virus causes
almost identical changes on the red blood cell as
RDE, presumably because it contains a similar
enzyme. Furthermore, it has been shown that
certain of these changes can be effected by other
well known enzymes (trypsin, ficin, papain) and
by periodate.

So far as the biologic significance and applica-
tions of this hemagglutination reaction are con-
cerned, it is obvious that contamination of a
blood specimen with panagglutinating bacteria
leads to erroneous results in blood grouping. This
is because such cells are agglutinated by blood
grouping serum, even if the corresponding blood
group antigens (A, B, etc.) are not present on the
surface of the red blood cells. Study of the ac-
tivity of bacterial enzymes causing panagglutina-
bility have revealed important informaton on
the chemical identity of the receptors serving for
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the attachment of influenza and other viruses
and on the antigenic makeup of the erythrocyte.
Enzyme (trypsin) treatment of red blood cells is
now used routinely for the detection of “incom-
plete’’ Rh antibodies.

Recently, it was shown by Stewart, Petenyi,
and Rose (151) that erythrocytes after treatment
with influenza virus have a greatly shortened
survival time and that the panagglutinin may be
responsible for their rapid destruction. That
bacterial infections can cause an abrupt decrease
in the titer of T agglutinins has been shown to
occur in experimental anthrax infection (152).
Friedenreich’s observation that transfusion of
altered erythrocytes causes tn vivo hemolysis has
not attracted the attention it deserves of stu-
dents of “auto-immune” (auto-antibody) hemol-
ysis and other disease states with a similar
pathogenesis. So far as the clinical significance
of the bacterial and viral panagglutination reac-
tions is concerned, the following questions
present themselves: (1) Are natural bacterial and
viral infections associated with enzymatic
changes of red blood cells? (2) If so, are these
enzymatically altered cells agglutinated or lysed
by panagglutinins or specific immune bodies
acting on unmasked antigenic components and
do they engender auto-antibodies? It is con-
ceivable that these or similar events account for
certain manifestations (enhanced erythrophago-
cytosis, hemolytic anemia, sludging of blood) of
various disease processes. These reactions,
related to the Thomsen-Friedenreich phe-
nomenon, cannot be discussed here in detail,
however provocative the data and their impli-
cations are.

IX. BACTERIOGENIC HEMAGGLUTINATION

Another type of bacterial hemagglutination,
which is closely related to the Thomsen-Frieden-
reich reaction, was discovered by Davidsohn and
Toharsky (153, 154) and was described as
bacteriogenic hemagglutination. These authors
observed that a special bacterial strain belonging
to the genus Corynebacterium produced changes
in human plasma and serum which endow these
materials with panagglutinating capacity. Of
importance is that even cord serum, which does
not contain T antibody, can be rendered ag-
glutinating by the microorganism. The strain
was named Corynebacterium H in honor of
Hektoen. The active principle can be separated
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from the bacterial culture by filtration. Among a
large number of other bacterial strains tested,
only a strain of Pseudomonas aeruginosa was
found to be active. The filtrate also alters red
blood cells themselves, rendering them panag-
glutinable. By means of absorption studies it was
shown that the antigen-antibody system in-
volved in bacteriogenic hemagglutination is
different from that of the Thomsen-Friedenreich
reaction and entirely independent of blood
groups. In conformity with the nomenclature of
the Thomsen-Friedenreich reaction (T antigen
and T antibody), Davidsohn and Toharsky gave
their antigen-antibody system the designation
of H. The identity of the agglutinating principle
appearing in plasma and serum remains to be
established, and no claim has been made as to
whether it is an antibody in the strict sense of
the word. It has been shown by Spielmann (155)
that certain bacteria render human serum
specimens containing ‘“incomplete’” Rh anti-
bodies capable of causing Rh hemagglutination.
From a practical point of view it is obvious that
contamination of blood grouping serum with a
strain causing bacteriogenic hemagglutination
renders this reagent unsuitable. No information
is at hand as to the possible i vivo occurrence of
transformation of plasma and bacteriogenic
hemagglutination.

X. NOMENCLATURE

It is only natural that, with the rapid develop-
ment in a new field, such as bacterial hemag-
glutination and hemolysis, a number of terms
are being introduced, some of them being
synonyms. In a recent editorial (156) the present
author has pointed out that a logical, generally
acceptable nomenclature should be devised.
Such a task should not be undertaken by a
reviewer of the subject, and recommendations,
therefore, will not be offered here. Rather, some
of the terms used (but not necessarily coined)
by investigators in this field are herewith pre-
sented with some comments.

1. Bacterial products or components which,
without participation of antibodies, cause ag-
glutination of red blood cells are referred to as
“hemagglutinins” (4). It should be kept in mind
that this term is used also for antibodies acting
on antigenic components of red blood cells as
well as for antibodies causing agglutination of
modified erythrocytes. Antibodies against the
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bacterial product responsible for bacterial hemag-
glutination have been called “antihemagglu-
tinins” (4).

2. Agglutination of red blood cells resulting
from the action of bacteria or bacterial products
has been referred to as “direct bacterial hemag-
glutination” (46) in order to differentiate this
reaction from that requiring bacterial antibodies
(“indirect bacterial hemagglutination’’).

3. Antigens which become attached to un-
treated red blood cells have been referred to as
“erythrocyte modifying antigen” (94), “hemo-
sensitin” (81), “erythrocyte sensitizing sub-
stance’’ (ESS) (85), and “erythrocyte coating
antigen” (35). The term “erythrocyte sensitiza-
tion” has been used also for the reaction between
erythrocytes and antibodies (complete and
incomplete) directed against the former’s com-
ponents. The term “coating” must not imply
coverage of the entire surface, since the attached
antigens leave certain surface antigens un-
covered.

4. Antibodies causing agglutination of modi-
fied erythrocytes have been called ‘“hemag-
glutinins” (43).

5. The following terms have been used with
regard to hemagglutination or hemolysis of
modified erythrocytes: “hemagglutination”, “pas-
sive hemagglutination” (38), “conditioned hemag-
glutination” (103), “indirect hemagglutination”
(46), ‘“‘antigen-coated red cell technic” (6),
“polysaccharide specific hemagglutination” (134),
“Keogh antigen adsorption test” (69), “Keogh
method” (83), and “polysaccharide lysis test”
(41). The term “indirect bacterial hemagglutina-
tion” was coined to differentiate it from that due
to direct bacterial action in the absence of anti-
body (46).

6. The hemagglutination method, employing
tannic acid treated erythrocytes, is referred to
as ‘“Boyden method” (83), “protein-specific
hemagglutination test” (134), and “hemag-
glutination test”. It may be pointed out that the
term “protein-specific hemagglutination test”
may be misleading, since tannic acid treated
erythrocytes also adsorb polysaccharides.

XI. SUMMARY AND OUTLOOK

Perusal of the numerous papers dealing directly
or indirectly with bacterial hemagglutination
and hemolysis clearly reveals that striking ad-
vances have been made, particularly during the
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last decade. Many related reactions are of
interest to bacteriologists, virologists, hematolo-
gists, and immunologists alike. It is also obvious,
as mentioned during the foregoing discussion,
that numerous problems await elucidation by
competent and interested workers. It is note-
worthy that far more is known regarding indirect
than direct bacterial hemagglutination, whereas
the reverse is true regarding viral hemaggluti-
nation. The study of the interaction of bacteria
and their antigens with red blood cells has
yielded valuable information on the antigenic
compogition of various microorganisms and of
erythrocytes, and the hemagglutination and
hemolysis reactions have been useful as tools for
the detection and titration of numerous bacterial
antigens and antibodies. If some years from now
another review be written on bacterial hemag-
glutination and hemolysis, it can be confidently
expected that many of the gaps in our knowledge,
now so clearly apparent, will have been filled.
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