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* A B S T R A CT IgG with antibacterial antibody opsonic
activity was isolated from rabbit antisera produced by
intravenous hyperimmunization with several test strains
of pneumococci, Group A P-hemolytic streptococci,
Staphylococcus aureus, Proteus mirabilis, Pseudomonas
aeruginosa, and Escherichia coli. Antibody-enzyme con-
jugates were prepared, using diethylmalonimidate to
couple glucose oxidase to IgG antibacterial antibody
preparations. Opsonic human IgG obtained from serum
of patients with subacute bacterial endocarditis was
also conjugated to glucose oxidase. Antibody-enzyme
conjugates retained combining specificity for test bac-
teria as demonstrated by indirect immunofluorescence.
In vitro test for bactericidal activity of antibody-enzyme
conjugates utilized potassium iodide, lactoperoxidase,
and glucose as cofactors. Under these conditions glu-
cose oxidase conjugated to antibody generates hydro-
gen peroxide, and lactoperoxidase enzyme catalyzes
the reduction of hydrogen peroxide with simultaneous
oxidation of I- and halogenation and killing of test
bacteria. Potent in vitro bactericidal activity of this sys-
tem was repeatedly demonstrated for antibody-enzyme
conjugates against pneumococci, streptococci, S. aureus,
P. mirabilis, and E. coli. However, no bactericidal
effect was demonstrable with antibody-enzyme conju-
gates and two test strains of P. aeruginosa. Bactericidal
activity of antibody-enzyme conjugates appeared to
parallel original opsonic potency of unconjugated IgG
preparations. Antibody-enzyme conjugates at concentra-
tions as low as 0.01 mg/ml were capable of intense bac-
tericidal activity producing substantial drops in surviving
bacterial counts within 30-60 min after initiation of as-
say. These in vitro bactericidal systems indicate that the
concept of antibacterial antibody-enzyme conjugates may
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possibly be adaptable as a mechanism for treatment of
patients with leukocyte dysfunction or fulminant bac-
teremia.

INTRODUCTION
Certain peroxidases have been shown to exhibit potent
antimicrobial activity when combined with hydrogen
peroxide and an oxidizable cofactor such as iodide, bro-
mide, chloride, or thiocyanate ions (1-4). The neutro-
phil peroxidase, myeloperoxidase (MPO) ,' has been
shown to possess bactericidal (1-3, 5, 6), fungicidal
(7, 8), virucidal (9), and spermicidal (10) activity.

The purpose of this study was to construct a specific
in vitro bactericidal system utilizing a peroxide-gen-
erating enzyme chemically linked to antibacterial anti-
body. In this way, it was hoped that antibacterial anti-
body specificity could be directly coupled to the potent
bactericidal system involved with hydrogen peroxide gen-
eration. Isolated rabbit IgG antibodies produced against
the different organisms to be tested were conjugated to
glucose oxidase, an enzyme capable of generating hy-
drogen peroxide in the presence of glucose. Antibody-
enzyme conjugate and test organism were incubated and
washed and an MPO substitute (lactoperoxidase or
horseradish peroxidase), potassium iodide, and glucose
were added. This mixture was incubated and sampled for
bacterial viability according to a modification (11) of
the in vitro phagocytosis test of Maale (12). Two bac-
terial strains recovered from a patient with subacute
bacterial endocarditis (SBE) were tested in the same

'Abbreviations used in this paper: BBS, balanced salt
solution; DEM, diethylmalonimidate; HPO, horseradish
peroxidase; LPO, lactoperoxidase; MPO, myeloperoxidase;
PBS, phosphate-buffered saline; SBE, subacute bacterial
endocarditis.
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manner with an antibody-enzyme conjugate prepared
from the patients' own immune IgG fraction.

The results reported here indicate that a bacterial spe-
cies may be specifically killed in vitro by a system postu-
lated to operate in the normal leukocyte in vivo. This
system may have important clinical implications for
those patients with a qualitative or quantitative leukocyte
defect. It is conceivable that the concept of specific anti-
body-enzyme conjugates may eventually provide a prac-
tical approach applicable to a number of therapeutically
difficult infections of man.

METHODS
Bacteria. Six bacterial species were used as test organ-

isms in this study: P. mirabilis, P. aeruginosa, E. coli,
D. pneumoniae, Group A streptococcus and S. aureus. The
strains of P. mirabilis and P. aeruginosa were isolated from
three osteomyelitis patients previously studied: GIL (pro-
teus), LAH and STA (pseudomonas) (13). The strain of
E. coli (STO) was isolated from a patient with septicemia.
The strain of D. pneumoniae (QUI) was obtained from
R. C. Williams, J. H. Dossett, and P. G. Quie, and the
Cowan I strain of S. aureus was that previously studied in
this laboratory (13). The M-33 strain of p-hemolytic strep-
tococcus Group A (MOR) was obtained from Dr. E. T.
Mortimer. Two additional strains of S. aureus (ELL-W and
ELL-Y) were simultaneously isolated from blood cultures
of a heroin addict with active SBE. The selection of these
six bacterial species, P. mirabilis, P. aeruginosa, E. coli, D.
pneumoniae, Group A j-hemolytic streptococcus, and S.
aureus was based on the following considerations: (a) By
virtue of their virulence and/or drug resistance these or-
ganisms often cause life-threatening infections in debilitated
patients. It therefore appeared important to demonstrate
effective bactericidal activity by antibody-enzyme conjugates
against representative strains of these organisms. (b) The
relationship of bacterial hydrogen peroxide and catalase
production to the susceptibility of these organisms to intra-
cellular killing by leukocytes from patients with chronic
granulomatous disease has been shown to be significant (14).
It was considered desirable to test both catalase- and non-
catalase-producing organisms to see if the catalase pro-
ducers, S. aureus, P. mirabilis, P. aeruginosa, and E. coli,
fared better than the noncatalase producers, pneumococcus
and Group A streptococcus, when challenged by the anti-
body-enzyme conjugate test system. (c) The test organisms
had previously been extensively studied in this laboratory
and were known to grow well (13, 15) in the modified
phagocytosis test system (11, 12), which employs colony
counting to enumerate surviving bacteria. (d) The corre-
sponding antibodies prepared in rabbits had previously been
shown not to be intrinsically bactericidal in phagocytosis
test systems while demonstrating effective bacterial ag-
glutinating and opsonic activity (13, 15).

Bacteria to be studied were maintained on appropriate
agar slants. 24 h before testing, sterile 25-by-150 screw top
tubes with either Penassay broth (Difco Laboratories, De-
troit, Mich.) for staphylococcus, Group A streptococcus,
proteus, pseudomonas, and E. coli or tryptose phosphate
broth (Difco) for pneumococcus were inoculated from
these agar slants and incubated at 370C. At testing time
these same culture tubes were centrifuged, the supernatant
discarded, and the pellet washed once with 10 ml of sterile

phosphate-buffered saline (PBS), pH 7.4, at 550 g for 10
min. The bacterial pellet was then resuspended with PBS
to an optical density of 0.60-0.70 at 620 nm in a Coleman
Junior II Spectrophotometer (Coleman Instruments Div.,
Perkin-Elmer Corp., Maywood, Ill.). Bacterial suspensions
were diluted with 0.1% gel Hanks's balanced salt solution
(BSS), prepared without glucose according to the Na-
tional Institutes of Health modification (i.e., without Mg-
Cl2). The dilution was appropriate for each organism such
that baseline colony counts were in a suitable range, i.e.,
200-500 colonies per plate. All tests for bactericidal activity
were performed in duplicate and variability of duplicate
tests was never more than 5%. Reproducibility of individual
test data was excellent when the same test was performed on
different days. Representative data shown in figures were
obtained in individual experiments where duplicate plates
were used and mean numbers of surviving bacteria shown.

Antisera. Rabbits were injected with 1 ml of 2 X 106 to
4 X 100 heat-killed bacterial suspension intravenously three
times weekly and then bled after 3-8 wk of immunization.
IgG was obtained from rabbit and human sera using DEAE
columns and a 0.015 M phosphate buffer, pH 6.4 (13). Im-
munoelectrophoresis against antiwhole rabbit serum and
various antirabbit Ig antisera confirmed that isolated rabbit
IgG immunoglobulins contained only IgG.

Conjugation. The rabbit IgG fractions were dialyzed
overnight against 1,000 ml of distilled water at 4VC, ly-
ophilized, and stored at 0'C until needed for conjugation.
The chemical conjugation procedure of enzyme to antibody
was adopted as a modification of the method of Dutton,
Adams, and Singer (16) and was performed in a glass
tube placed on top of a magnetic stirring plate and clamped
to a ring stand. For each 1 ml of lyophilized IgG containing
antibacterial antibody added to the test tube, 2 mg of
glucose oxidase, 20 Al of a 0.2 M sodium borate solution
(pH 9.3), and 10 Al of a freshly prepared solution of 5 mg
of DEMin 0.3 ml of 0.2 M sodium borate (pH 9.3) were
added. This mixture was stirred continuously for 30 min at
room temperature with a magnetic stirring rod. 10 Al of a
newly prepared solution of 5 mg of DEM in 0.3 ml of
0.2 M sodium borate (pH 9.3) was added twice more fol-
lowed by 30-min periods of continuous mixing at room
temperature. 30 ,ul of a 1 M NaH2PO4 solution was added,
lowering the mixture pH from 9.3 to 6.5, and the mixture
was immediately placed in an ice bath. 58 ,l of a 100%
saturated (NH4)2S04 solution (stored at 4°C) was added
and the mixture allowed to remain in ice for 30 min. The
precipitated conjugate of antibody and glucose oxidase was
then centrifuged at 4°C in a Sorvall RC2-B refrigerated
centrifuge (Ivan Sorvall, Inc., Newtown, Conn.) at 755 g
for 30 min. The supernatant was discarded and the precipi-
tate washed three times with 1 ml aliquots of a 42% satu-
rated (NH4) 2SO4 solution. Previous experiments using these
methods have shown that unconjugated and self-coupled
glucose oxidase is soluble in 42% (NH4)2SO4. The conju-
gate was dissolved in PBS (pH 7.4) and dialyzed against
500 ml of distilled water for 60 min. The solution was then
dialyzed at 4°C against 500 ml of PBS (pH 7.4) for 24 h
with three to five changes.

The antibody-glucose oxidase conjugate was further di-
luted with PBS (pH 7.4) to yield final concentrations
close to 1 mg/ml. The glucose oxidase-antibody conjugate
concentrations and their specificities are shown in Table I.
Conjugates were assayed for glucose oxidase activity by
the method of Keston and Brandt (17) and contained an
average of 1 active glucose oxidase molecule per 10 anti-
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TABLE I

Summary of Specificities and Protein Concentrations of Antibody-Enzyme Conjugates

Opsonic titer*
Final protein of isolated IgG

Antibody-enzyme Source of concentration preparation before
conjugate antibody Specificity before dilution conjugation

mg/mi

Anti-QUI Rabbit Pneumococcus, QUI strain 1.27 1:200
Anti-Cowan I Rabbit S. aureus, Cowan I strain 1.40 1:150
Anti-MOR Rabbit Group A f3-hemolytic streptococcus M-33 1.10 1:200

strain MOR
Anti-GIL Rabbit P. mirabilis, GIL strain 1.46 1:20
Anti-LAH Rabbit P. aeruginosa, LAH strain 1.06 1:10
Anti-STA Rabbit P. aeruginosa, STA strain 1.06 1:10
Anti-STO Rabbit E. coli, STOstrain 1.03 1:100
Anti-ELL Human S. aureus, yellow and white strains 1.13 1:10

* Opsonic titer refers to last dilution of isolated IgG preparations starting at 1.0 mg/ml- which was capable of
producing a one-log drop in surviving organisms during in vitro phagocytosis testing using bacteria, normal
human polymorphonuclear cells, and dilutions of IgG containing antibody to test bacteria.

body molecules. The yield of IgG-enzyme conjugate from
lyophilized IgG was 75-95% of starting material. Because
of the absorbency of glucose oxidase at or near 400 nm
where antibody solutions are largely transparent, it was pos-
sible to estimate the amount of total enzyme protein in
the conjugates. On this basis, typical conjugates contained
about 25% (by weight) of glucose oxidase, suggesting a
loss of as much as 60% of the overall enzyme activity
during conjugation.

Clear evidence that antibacterial IgG-enzyme conjugate -

preparations repeatedly utilized in this study actually re-
tained antibody activity against the various bacteria was
sought, using tests of agglutinating, complement fixing, pre-
cipitating activity, and direct combination with bacteria by
indirect immunofluorescence. In most instances very little
or weak direct agglutinating activity was recorded in these
preparations of IgG and this type of reactivity was either
lost or diminished in the DEM-treated antibody-enzyme
conjugate (Table II). In like manner, complement fixing as

well as precipitating activity of these same IgG prepara-
tions was lost or markedly reduced after conjugation. How-
ever, the IgG-enzyme conjugates could be clearly shown
to combine with test bacterial species by indirect immuno-
fluorescence. Immunofluorescence controls using bacteria and
goat antirabbit IgG without conjugate or antibacterial IgG
were negative. These data are summarized in Table II.

Test system. A modification (11) of the in vitro phago-
cytosis test of Maaloe (12) was employed which substituted
antibody-enzyme conjugates and essential activating cofac-
tors for leukocytes. Falcon no. 2003 disposable plastic tubes
(Falcon Plastics, Div. of B-D Laboratories, Inc., Los An-
geles, Calif.) were utilized for reagent mixing. The reagents
employed were lactoperoxidase (LPO) or horseradish per-
oxidase (HPO) from Sigma Chemical Co., St. Louis, Mo.,
or HPOfrom Nutritional Biochemicals Corporation, Cleve-
land, Ohio, (10 mg/ml), potassium iodide solution (1.4 X
10' M), glucose (14 mg/ml), and conjugated or unconju-
gated IgG (Table I). The bacteria, conjugated antibody, and

TABLE I I
Antibody Activity of Rabbit Antibacterial IgG before and after Conjugation to Glucose Oxidase

Antibacterial binding
Agglutination Complement fix. Precipitation by immunofluorescence

Organism tested Unconj. Conj. Unconj. Conj. Unconj. Conj. Unconj. Conj.

Pneumococcus QUI 0* 0 1:16 0 0 0 4+ 4+
1:200 1:100

S. aureus Cowan I 1:4 0 1:8 0 0 0 4+ 4+
1:400 1:100

P.aeruginosaSTA 1:4 0 1:4 0 + 0 4+ 4+
1:100 1:50

P. mirabilis GIL 1:31 1:16 1:32 1:2 + i4 4+ 4+
1:50 1:25

* Reciprocal titer.
41 denotes absent direct precipitation, but distinct inhibition of precipitation in agar gel.
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FIGURE 1 (A) Diethylmalonimidate (DEM) is used to
conjugate the H202-generating enzyme, glucose oxidase, to
the antibacterial antibody. (B) During incubation the anti-
bacterial antibody-enzyme conjugate fixes to the bacteria. E
denotes the presumed position of the glucose oxidase en-
zyme. (C) In the presence of glucose, hydrogen peroxide is
generated. (D) The peroxidase enzyme catalyzes the re-
duction of H202 and the simultaneous oxidation of I-,
halogenating the bacterium and killing it.

unconjugated antibody were diluted with 0.1%o gel Hanks's
BSS prepared according to the NIH modification (i.e., with-
out MgCl2) and without glucose or NaHCO&.

0.1 ml of the conjugated or unconjugated antibody diluted
with 0.1% gel Hanks's BSS were added, followed by 0.1 ml
of the appropriately diluted bacterial suspension, and the
volume raised to 1.0 ml with gel Hanks's BSS. These mix-
tures were incubated at 370C for 60 min with constant
tumbling at 10 rpm on a Fisher Roto-Rack (Fisher Scien-
tific Company, Pittsburgh, Pa.). The tubes were then cen-
trifuged at 550 g for 10 min, the supernatant discarded, and
the pellets washed with 1 ml aliquots of gel Hanks's BSS
at 550 g for 10 min. The remaining reagents, LPO or HPO,
a peroxidase source, potassium iodide as a halide source,
and glucose, the substrate for glucose-oxidase, were added
(0.1 ml of each) and the total volume of each tube raised
to 1.0 ml with 0.1%o gel Hanks's BSS. Final concentrations
of LPO or HPO were varied in individual experiments
from 1 to 1000 ,ug. Effective killing was often recorded
using as little as 1-10 /Ag of LPO. Controls also included
glucose oxidase unconjugated to antibacterial antibody. The
entire bactericidal effector system is diagrammed in Fig. 1.
The tubes were rotated end-over-end by hand to insure
adequate mixing and were immediately sampled. They were
then returned to the incubator and tumbled in the Roto-
Rack continuously while being sampled at 30, 60, and 120
min. Sampling was performed with a 0.001 ml calibrated
platinum loop diluting in 1.0 ml of distilled water. 0.001 ml
of this 1: 1000 mixture was then placed on standard sterile
disposable plastic 100-by-15-mm petri dishes and appropriate
agar poured after each sampling. The plates were incubated
at 370C for 24 h and the colonies counted on a Quebec dark-
field colony counter.

RESULTS
Studies with rabbit antibody
Diplococcus pneumoniae. The success of the bacteri-

cidal system under study appeared to be dependent upon
the presence of effective antibacterial (opsonic) activity
in the rabbit antisera as assayed in the in vitro phago-
cytosis test (11, 12). Excellent opsonic activity (two-
log reduction in colony counts) was noted for the iso-
lated IgG antibody against test pneumococcus strain

10

\ Qua~~+CON 1 25

a \*OI\\
\ \

CDl

LL

QUI> CON I510

> HPO. G. I\ \

0o 30560 120
TIME (MINUTES)

FIGURE 2 Bacterial activity demonstrable when QUI strain
of pneumococcus was incubated with anti-QUI conjugate
diluted 1:50 or 1: 100, LPO or HPO, potassium iodide, and
glucose. Representative controls using high concentrations
of antibody, conjugated and unconjugated, do not exhibit
intrinsic bactericidal activity, thus QUI + CON 1: 25 repre-
sents test organism QUI plus antibody-enzyme conjugate
in a 1: 25 dilution; also QUI + AB 1: 25 indicates uncon-
jugated antibody diluted 1: 25 plus test bacteria. QUI repre-
sents colony counts of bacteria alone. No killing occurred
with these controls or with LPO, iodide, or glucose, alone
or in combination. In addition, unconjugated glucose oxidase
not linked to IgG antibody did not produce killing. Bacteri-
cidal activity was observed only when a complete system of
organism, antibody-enzyme conjugate, LPO or HPO, glu-
cose (G), and iodide (I) was present.
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TABLE I I I
Representative Experimental Results and Colony Counts Obtained for All Controls as well as the Complete

Test System Utilizing QUI Pneumococcus and Rabbit Antibody-Glucose Oxidase Enzyme Conjugate

Enzyme-IgG Antibody*
conjugate* alone LPO* HPO* KI* Glucose 0 mint 30 mint 60 mint 120 min4

- - - - - - 450 255. 280 225
1:25 - - - - - 225 490 300 170
1:100 - - - - 240 200 230 220

1:25 - - - - 350 340 175 210
1:100 - - - - 175 180 200 145

1:25 - - - + -350 330 355 140
1:100 + - - + 375 200 380 510
1:100 - + - + - 180 175 230 170
- - + - + + 300 255 580 380

1:100 + - + + 260 200 250 240
1:100 + - + + 120 75 60 7
1:25 - - + + + 185 80 5 0
1:50 - + + + 275 115 10 1
1:100 - - + + + 120 80 0 0

* The left-hand columns show the reagent combinations and the dilutions employed.
1 The right-hand four columns show number of surviving bacteria X 4.5 X 107, at 0, 30, 60, and 120
min of sampling in bactericidal assay. Bacterial colony counts were performed in duplicate and mean
of colony counts is shown here.

QUI. It was therefore not surprising that the pneumo-
coccus was one of the organisms most effectively killed
by the antibacterial antibody conjugated to glucose oxi-
dase. Combination of glucose oxidase-antibody conju-
gate, LPO or HPO, potasium iodide, and glucose was
markedly bactericidal for the test bacteria. The conju-
gate appeared to be rapidly bactericidal in dilutions of
1: 25, 1: 50, or 1: 100 and whether combined with either
LPO or HPOas a peroxidase source. Representative re-
sults are shown in Fig. 2 and Table III. For the QUI
pneumococcus 0.1 ml of a 1: 100 dilution of conjugated
IgG delivered only 1.27 X 10' mg of total antibody-en-
zyme conjugate. It must be emphasized that antibac-
terial antibodies used in these experiments were con-
stituted from IgG obtained from hyperimmunized rab-
bits and that specific antibodies were not further puri-
fied by any attempts at elution from immunoabsorbents.
Thus specific antibacterial antibody probably constituted
a minority of the IgG molecules in such preparations.

The experiments employing HPOwere performed a
full 3 wk after the studies with LPO and without a de-
crease in bactericidal activity. These latter experi-
ments indicated the apparent stability of the antibody-
enzyme conjugate.

An incomplete conjugate system, individual reagents,
or incomplete combinations failed significantly to de-
press colony counts. This was true of the conjugated or
unconjugated antibody alone in as small a dilution as
1: 25. Thus the antibody, conjugated or unconjugated to
enzyme, was not intrinsically bactericidal and could not

be implicated to be responsible for bactericidal activity.
Each and every component of the system was necessary
and killing did not occur if any single component was
absent (Table III). In addition, use of glucose oxidase
unconjugated to antibody in concentrations from 0.001
to 1.0 mg/ml did not produce significant killing.

Perhaps the single most important control was the com-
bination of antibody-enzyme conjugate and glucose with-
out potassium iodide or a peroxidase. Glucose oxidase
in high concentrations in the presence of glucose will
generate hydrogen peroxide and gluconic acid. Gluconic
acid will lower the pH sufficiently to kill the bacteria by
a nonspecific or acidifying effect. The problem of local
pH change in the test bacterial microenvironment was
circumvented in gur study by incubating only the organ-
ism and its conjugated antibody followed by careful
washing to remove all excess IgG not attached to the
bacteria. Since the control combination of glucose oxi-
dase-antibody conjugate and glucose and glucose oxidase
not conjugated to antibody did not exhibit bactericidal
activity, the bactericidal effect observed with the com-
plete system could be interpreted to be a specific conse-
quence of the conjugated antibody system.

Staphylococcus aureus. A Cowan I strain of S. aureus
was studied. This strain is an excellent producer of pro-
tein A (18) and is a highly virulent strain of S. aureus.
Furthermore, this organism is a catalase producer
whereas pneumococcus is not (14). Isolated IgG from
immune rabbit antisera to Cowan I demonstrated excel-
lent opsonic activity (two-log reduction in colony
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counts) using the in vitro phagocytosis test system and
normal human leukocytes (11, 12). No intrinsic killing
by IgG preparations of antibacterial antibody alone with-
out leukocytes was recorded.

The first peroxidase employed against Cowan I was
LPO obtained from Sigma Chemical Company, the same
peroxidase successfully used against the test strain of
pneumococcus. A 1: 100 dilution of the antibody-enzyme
conjugate and with the addition of LPO, potassium
iodide, and glucose, demonstrated bactericidal activity.
The killing effect was not as great as with the test strain
of pneumococcus but was definite and reproducible (Fig.
3). Again, a complete system, antibody-enzyme conju-
gate, LPO, potassium iodide, and glucose, was necessary
for effective killing. No bactericidal activity was noted
with antibody-enzyme conjugate alone.

loc
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In substituting HPOfor LPO in the S. aureus study,
an HPO preparation obtained from Nutritional Bio-
chemicals Corporation was employed. After several
experiments it became apparent that this HPO prepa-
ration was not effective with conjugate dilutions of
1: 50 or 1: 100. That the antibody-enzyme conjugate had
retained its activity was indicated by the effective killing
it demonstrated when LPO was resubstituted with a con-
jugate dilution of 1: 100. The reason for the discrepant
behavior of the two different peroxidase preparations
is not clear but may represent different effective levels of
enzyme activity.

P-hemolytic Group A streptococcus. Antibacterial
antibody activity of isolated IgG preparations prepared
against the M-33 strain MORof P-hemolytic Group A
streptococcus showed intense opsonic activity in the
conventional Maaloe phagocytosis test (11, 12) using
phagocytosing leukocytes. Such assays repeatedly
showed rapid two-log drops in surviving bacteria estab-
lishing that the antibacterial rabbit IgG preparations
were effective opsonins. When antibody-enzyme con-
jugates were used in a complete system without leuko-
cytes, i.e. conjugate, LPO, glucose, and potassium io-
dide, rapid killing occurred. Dilutions of antibody-en-
zyme conjugate at 1: 10, 1: 50, and 1: 100 showed rapid
bactericidal activity and diminution of colony counts
amounting to two-log drops within the first 30 min of
the assay. The 1: 100 dilution of antibody-enzyme con-
jugate contained 0.01 mg/ml of protein. Slight bacteri-
cidal activity was detectable in some experiments using
conjugates at 0.001 mg/ml but no marked diminution
in colony counts was recorded. Next to the results ob-
tained with pneumococci, the bactericidal activity ob-
served with antibody-enzyme conjugates directed against
i3-hemolytic streptococci was the most potent. Again a
complete system employing all reactants was necessary.

Proteus mirabilis. Numerous experiments were per-
formed in studying the test strain of P. mirabilis (GIL).
Considerable difficulty in obtaining reproducible bac-
terial growth hampered precise colony enumeration.
In some experiments colony swarming occurred. How-
ever, in several experiments where consistent growth
was obtained, distinct bactericidal activity could be docu-
mented using the complete system of antibody-glucose
oxidase conjugate diluted 1: 5 and 1: 50 along with the
essential cofactors. The most distinct bactericidal effect
was recorded at 1: 5 dilutions of the conjugate (Fig.
4 a) and, in parallel with this when tested in the modi-
fied in vitro phagocytosis test system using leukocytes
(11, 12), the original unconjugated rabbit IgG antibody
demonstrated only a one-log reduction in colony counts.
This opsonic activity was not as potent as that which
had been present in rabbit antibacterial antibodies against
the QUI strain of pneumococcus, the M-33 strain of
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FIGURE 4a Bactericidal activity recorded with antibody-
enzyme conjugate against test strain of P. mirabilis GIL
1.46 mg/ml after dilution to 1:5 and 1: 50. Upper curve
(GIL) shows colony counts of bacteria alone. No killing
was noted with bacteria plus conjugate 1:5 (GIL+CON
1:5) nor with bacteria plus conjugate plus glucose (GIL
+ CON1: 5 + G). In addition LPO alone or in incomplete
systems (curves not shown) produced no killing. Distinct
bactericidal activity (lower curve GIL + CON 1: 5 + G+
I + LPO) was noted with the complete system. Some
diminution of this bactericidal activity was recorded using
a higher dilution (1: 50) of the conjugate. Concentrations
of LPO used in this experiment were 10 ,ug/ml, and for
potassium iodide, 10 ,g/ml.

Group A streptococcus, or the Cowan I strain of S.
aureus studied above.

Pseudomonas aeruginosa. Two P. aeruginosa organ-
isms isolated from osteomyelitis patients (LAH and
STA) (13) were studied in numerous experiments.
Conjugates were tested for bactericidal activity against
the corresponding organism as well as against the or-
ganism isolated from the other patients.

Rabbit IgG isolated from antisera against both STA
and LAH strains exhibited moderate opsonic activity in
the modified phagocytosis test system (11, 12) with only
a one-log reduction in colony counts. This antibody-

enzyme conjugate system did not demonstrate bacteri-
cidal activity. This was evident utilizing HPOor LPO
and the conjugate in a 1: 5, 1:10, 1: 50, or 1: 100 dilu-
tion and represented the only instance where bactericidal
activity of antibody-enzyme complex was not demon-
strable. Effective killing by antibody enzyme conjugates
appeared to depend on strong antibacterial opsonic anti-
body as a participating member of the complex, but other
factors possibly related to these two test strains were
also involved.

Escherichia coli. Using a potent opsonic rabbit anti-
bacterial IgG preparation which consistently produced a
two-log drop in conventional phagocytosis, the bacterici-
dal activity of antibody-enzyme conjugates was repeat-
edly demonstrated using conjugates at 1: 10 dilution.
These experiments constituted additional examples of
effective bactericidal activity of antibody-enzyme conju-
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FIGURE 4 b Distinct bactericidal activity is shown in this
experiment with test strain of E. coli (STO) plus a 1: 10
dilution of antibody-enzyme conjugate and essential co-
factors (STO + CON 1: 10 + G+ I + LPO). No killing
was recorded, however, using a 1: 100 dilution of antibody-
enzyme conjugate.
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FIGURE 5 The immune IgG fraction of a patient (ELL)
with subacute bacterial endocarditis (SBE), simultaneously
infected with yellow and white strains of S. aureus, was
conjugated to glucose oxidase. Curve on left shows the
yellow strain of S. aureus incubated with HPO, potassium
iodide, glucose, and a 1:25, 1:50, and 1: 100 dilution of the
IgG-enzyme conjugate. The curve on the right shows the
white strain of S. aureus incubated with HPO, potassium
iodide, glucose, and a 1: 25, 1: 50, and 1: 100 dilution of the
IgG-enzyme conjugate. No bactericidal activity was evident
at a dilution of 1: 100 with either organism. A two- to three-
fold reduction in colony counts was evident at a 1: 50 dilu-
tion. At a 1:25 dilution a 10-fold or a one-log reduction
was noted indicating distinct bactericidal activity.

gates demonstrated with test strains of gram-negative
bacteria (Fig. 4 b) However, as in the case of the test
strain of proteus a low dilution (1: 10) of conjugate
was necessary to insure killing.

It should be emphasized that several bacterial species

possessing catalase(Cowan I strain of S. aureus and the
STO strain of E. coli) were effectively killed in our test
system so that bacterial catalase activity could not be
used to predict resistance to the in vitro bactericidal
activity of antibody-enzyme conjugates.

Studies with human antibody (SBE patient
infected with two strains of S. aureus)

Previous work has demonstrated that the constant or

intermittent bacteremia of SBE is often associated with
the production of potent heat stable IgG opsonins (19-
22). For this reason an SBE patient (ELL) whose or-

ganisms and serum were available was selected for study.
Two S. aureus strains, yellow and white, were simul-
taneously isolated. The patient's own immune IgG frac-

tion was used in the preparation of an antibody-enzyme
conjugate.

In a dilution of 1:25 the antibody-enzyme conjugate
(4.5 X 10-' mg) combined with HPO, effectively killed
both organisms. The bactericidal effect was not evident
until 120 min, no bactericidal activity being demon-
strable at 0, 30, or 60 min (Fig. 5). These results are
similar to those obtained with the Cowan I strain of
S. aureus and totally different from the definite early
downward slope of bactericidal activity seen with the test
strain of pneumococcus (Fig. 2). A 1: 50 dilution of the
conjugated antibody demonstrated a downward trend but
not so far as to register a one-log reduction in colony
counts. The conjugate diluted 1: 100 produced no notice-
able effect (Fig. 5).

A second conjugate was prepared using IgG from a
different patient with acute staphylococcal endocarditis.
In parallel with the studies using rabbit opsonins, the
bactericidal activity of this conjugate, though weakly
effective, was not as strong as that recorded for the ELL
conjugates above. In this latter instance the intrinsic
opsonic activity of the unconjugated IgG from the pa-
tient with acute bacterial endocarditis was considerably
weaker than that associated with SBE.

Specificity of bactericidal effect
The specificity of the bactericidal systems under study

appeared to be mediated by the presence of antibody di-
rected against the test organism. Conjugation of glucose
oxidase to IgG, its incubation with bacteria to allow
antibody fixation, and subsequent washing to discard non-

specific conjugated IgG made the presence of the hydro-
gen peroxide-generating system dependent upon an ade-
quate opsonic or antibody-combining system.

In the experiments reported above, the most effective
conjugate preparations were the antipneumococcus, anti-
streptococcal, and anti-E. coli conjugates which were

rapidly bactericidal in high dilutions in the presence of
iodide and LPO. Bactericidal activity was specific for
the test organism against which the antibacterial anti-
body was directed, since no killing was observed when
antibody-enzyme conjugates were tested with other non-

cross-reactive bacteria. Thus, antibody-enzyme conju-
gate prepared against S. aureus did not kill P. mirabilis
or pneumococcal test strains.

DISCUSSION

The in vitro experiments documented here indicate that
either rabbit or human antibacterial IgG antibody conju-

gated to the enzyme glucose oxidase via DEMis a potent
combination of the homing biologic specificity of anti-
body and an enzymatically genera'ted peroxide-dependent
bactericidal system.
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Repeated experiments demonstrated that strong anti-
bacterial combining (opsonic) activity was required
for effective antibody-enzyme conjugate bactericidal ac-
tivity. Indeed the effectiveness of the bactericidal ac-
tivity of the complete system appeared to correlate with
original opsonic aactivity. The addition of peroxidase
(LPO or- HPO), and oxidable cofactor (iodide ions in
our experiments) and glucose as substrate for glucose
oxidase, was necessary.

The components of the peroxidase-H20- halide sys-
tem successfully employed against bacteria in vitro in
these studies appear to be present in the leukocyte (23).
MPO, localized in the azurophil or primary granule
(24-27), has been estimated to constitute greater than
5% of the dry weight of the human neutrophil (28) and
its release into the phagocytic vacuole has been demon-
strated with the electron microscope (8, 29). It is be-
lieved that the necessary H202 is generated by the neu-
trophil during the respiratory burst (30-33) or supplied
by certain bacterial species, such as the pneumococcus or
streptococcus in the course of their metabolism (34, 35).
Since serum iodine is predominantly hormonal, iodide
released from the thyroid hormones thyroxine and tri-
iodothyronine may be the active cofactor in vivo (23).
Indeed, iodide can be replaced by these hormones in a
cell-free system (3). Chloride may also act as an im-
portant halide cofactor in vivo. The lethal effect of the
peroxidase-H202-halide system may result partly from
the direct halogenation of certain bacterial proteins (23).
Lastly, the optimal PH for this system is acid (3, 6), as
is the intravacuolar pH (36, 37).

The requirement for several cofactors beside the anti-
bacterial antibody-enzyme conjugate may temporarily
hinder the clinical application of this general approach.
However, recent studies with antibody-glucose oxidase
conjugates attached to tumor cells indicate that selective
iodination can be obtained in vitro and in vivo (38, 39).

One theoretical objection to the general approach of
coupling enzyme to active antibody is that the extremely
reactive coupling reagent DEMmay couple enzyme to
portions of antibody molecules close to or obscuring the
combining site. Preliminary data have indicated that
prior combination of antibody with its antigen before en-
zyme coupling will protect the antibody-combining site.
Thereafter antigen-antibody complexes can be dissoci-
ated and enzyme-coupled antibody effectively utilized.
In our hands specific testing of antibacterial antibody
activity of antibody-enzyme conjugates has shown some
loss, particularly of antibacterial antibody complement-
fixing or -precipitating activity after enzyme conjuga-
tion; however, clear evidence for preservation of com-
bining reactivity of antibody-enzyme conjugates was ob-
tained by immunofluorescence.

If conjugation of helper or effector molecules to anti-
body proves to be a useful biologic manipulation, it is
conceivable that basic functions of antibody molecules
may eventually be altered or partially tailored to fit par-
ticular situations or needs. This would, of course, de-
pend on choosing coupling reagents with limited or fo-
cused specificity and also on a more precise knowledge of
specific immunoglobulin primary sequence data at or near
areas of biologic importance, such as the opsonic site or
the area involved in complement fixation or cytotoxicity.
Antibody-enzyme conjugates with clear in vitro and
in vivo bactericidal activity may conceivably be of prac-
tical help in clinical situations where fulminant bactere-
mia or depression of leukocyte-host reactivity produces
an unfavorable outcome.
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