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studied by polyacrvlamide gel electrophoresis. Similar peptide band patterns
were seen in all strains of Bacteroides fraailis subspecies fragilis studied,
but this pattern was distinct from the pattern found in the outer membranes

of other subspecies. The carbohydrates and the protein comnonents were both
associated with subspecies-specific immunoprecipitins. We progose that this
antigenic complex represents the outer membrance of B. fraqilis in its native
state and that the immunologically important antige;é of this organism are
associated witn this complex. A large molecular weight capsular polysaccharide
has been isolated from strains of Bacteroides fracilis fragilis. By means of
electron microscopy and staining with ruthenium red, the thick polysaccharide
capsule has also been visulalized. With use of a radioactive antigen binding
assav, antibody to this capsularpolvsaccharide has been demonstrated in anti-
sera prepared in rabbits to each of eight strains of B. fragilis fraailis.
Antibody of similar specificity was not found in antisera prepared to Bactoroir~
des melaninocenicus, to strains of B. fragilis vulcatus, B. fragilis distasoniJ

and to only one of two strains of B. fragilis thetaiotaomicron. The radiocactive
antigen binding assay is a sensitive test for the detecticn of antibody to
capsular polysaccharide. This polysaccharide antigen may form the basis of a
serogrouning system for Bacteroides fracilis.

Bacterial lipopolysacchrides were extracted from Bacteroides fraailis
subspecies fragilis. These lipopolysaccharides were found to lack 2-keto-3-
desoxyoctonate and heptose, sugars which make up part of the inner core of most
bacterial endotoxins. Over 98% of the lipid portion of this material could
easily be removed with chloroform-methanol and alcohol, a finding which indi-
cates a loose associatior between the polysaccharide and lipid moieties. The
lipopolysaccharides caused gelation of the Limulus lysate at a concentration
significantly higher than that for the endotoxin of Salmonella typhi. None
of these extracts were found to be .ethal in 10-day old chick embryos at doses
of 200 ug per egg, wherease the endotoxin of Neisseria meningitidis was lethal
at 1.2 ug per egg. The local Scwartzman reaction could not be induced at
levels of up to 1,000 ug per rabbit, whereas a (control) endotoxin of Cee
Salmonella typhi induced this phenomenon at 3 ug per rabbit. Intact oxygen-
killed B. fragilis failed to provoke the local Scwartzman reaction at doses
of 2,500 ug. These results indicate that B. fragilis has a lipopolysaccharide
different from that of most gram-negative bacteria. BAlthough it retains some
of the chemical and biologic properties of classical endotoxin, it seems to
lack others. This observation may have significant slinical implications.
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Annual Revort

Resume of Accomnlishments in the Past Year
(since the last Annual Reprort)

Bacteroides fragilis - Since the revort of last year we have made much
progress in our studies of two imnortant determinants of this orcauisn,
the capsular polysaccharide and the endotoxin. The description of each
of these investigations ©ollows in the next two sections.

I. Capsule
A. Chemical and mornholoagic identification

Studies in our laboratory have shown that B. fragilis, an anaerobic,
non-notile, gram-necative rod, has a cell wall structure similar to that
of most aerobic gram~negative bacteria (1). In our investications of the
outer cecll wall membrane complex of B. fragilis, the membrane was Zound to
contain an important protein component which was shared bv all studied
strains of subswvecies fragilis; similarly sized oroteins were not Zound in
renresentative strains of other subspecies. The outer cell wall membrane
contained two major antigenic fractions which were senarable by means of
the disaagrecgation of one of these comnonents with chromatograpav in an
endotoxin denolymerizing buffer. T 'is disaggrecated antigenic fraction
has been shown to be a liporolysaccnaride and to be immunochemically and
hiologicallv identical to the endotoxin of B. fragilis fragilis, as extracted
hv the classical nhenol~-water techniague (2). The other antigenic fraction,
eluted at the void volume of the column, had equal quantities of protein and
carbonvdrate. Both thce void volume fraction and the endotoxin fraction had
five sugars as demonstrated by paper chromatogranhy. Four of these Zfive
sucars were sharced bv both major antigenic fractions. Chemical analysis of
carbohydrates in both fractions revealed hexose, hexosamine, and methvl pen-
tose in different molar ratios.

Previous immunologic studies had shown that the void volume material,
when tested in immunodiffusion slides acainst antiserum vrewared to subsnecies
fragilis, produced two immunoprecivitin lines. Trypsin treatment of this
void volume material eliminated one of these immunobrecipitins.

Further characterization of the void wvolume carbohvdrate by electron
microscopy and immunochemistry have demonstrated that this material is a
cavsular polysaccharide.

1. Electron microscopvy of strain 23745. Bacteroides fracilis ss.
fragilis. This strain was grown in a 50 ml volume of a modified thiogly-
collate broth. Suspensions of whole bacteria were ovrefixed by the addition
0f 2.5% gluteraldehyde in 0.1 M Na cacodylate buffer to the broth; the final
concentration of fixative was adjusted to 0.5%. CaCl, was added until a
final concentration of 0.05% was achieved. After Dre%ixation for 2 h at
4 C, the suspensions were again centrifuged at 12,000 g. The resulting

o




vellets were fixed for 2 h at 4 C in the buflfered 2.5% oluteraldehvde,
washed brieflv with buffer, and “ixed aaoain for 69 min in acucons 1% 0504.
The vellets were then exvosed to 0.5% uranyl acetate in lichdaelis
buffer (vH 5,.0) for 2 h at 24 C. One~nm blocks of the vellets were tLhen
dehydrated in araded alcolols and embedded in Tpon 812 according to Luft
(3). Thin sections were stained with lead citrate and examnined with a Jem
100 B electron microscone (Jarman Flectron Ontics Laboratorv, Tolkvo, Janan).

Polysaccharide cansules are not seen with routine staining techniques.

So that bacterial cawsules can be visualized, special stailns such as rutienium

red are necessary. Sammles bprewvared for staining with ruthenium red were
treated in the exact manner described above, excent that ruthenium red was
added at a concentration of 700 narts per million to both the vrefixation
and fixation stoewvs (4).

The cell envelore structure and mornholocv of B. fracilis were investi-
gated by electron nicrosconv. In ficure 1, untreated cells are seen after
36 h 0of growth in modified thioalvcollate broth. These oroanisms exaibited
a tyonical multinle laver cell envelope consisting of two trilaminar membranes
and an electron dense nentidoglvcan. Cvtoplasmic membrane, ver:idoglvcan,
and " - outer membrane are easily identified. The locacion of these
lavers was similar to the lccation of the same lavers in aerobic gram-nega-
tive bacteria. |
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1
.

Tiagure 1: FElectron microcraph of Bacteroides fracilis fraqgilis stained b
standard technicques (X 120,000). ON=outer membrane; Po=veptidoglvcan; CM=
cytonlasmic membrane.

e g s

!

eanti




Organisms stained with rathenium red are seen in Zicure 2. A thicl:

cansule external to the outer merbrane can he readily observed.  Because
a

S oA

of its staining with rathenium red, this oavsule can be identified

volvsaccharide.  This darkly staining cansule is 1.5 to 2 times thicker
than the cell wall dtsel”,  All orgqanisms arown under these culrure condi-

tions consisrently exhibhit this Teature.
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Fioure 2. Hlectron microgravh of Bacteroides fraailis fracilis stained by

means of ruthoeniwn red so that volysaccharide cansule (can) is visualized
( 120,700) . OMrouter membranc; PG=peptidoalycan; Cli=cvtorlasmic membrane.

2. Irmunochemical characterization
a. Initial fractionation of outer membrane

Outer membrancs were vrovared from strain 23745 (3. fraci
arown (i conditions identical to those nreviously described (4).
worve intrinaically labeled with 2.5 mCi (H}) alucose ver 1,200 ml

The onter membrane rariTication procedure is detailed elscewaeroe

Cladean
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The outer membrane was separated into two antigenic fractions with a technique
oreviously described (1) by means of chromatogravhy on a Sephadex G-100

column (Pharmacia, Uppsala, Sweden) equilibrated in an endotoxin disaggregating
buffer. The void volume material (peak I) was found to contain equal quanti-
ties of protein and carbohydrate.

b. Radiocactive antigen binding assay (RABA)

The procedure was similar to that dexcribed by Farr (5)
as modified by Brandt (G). All sera tested were heat inactivated at 56 C
for 30 min. Seventy misroliters of undiluted serum, 125 41 of 0.1 ! 33§,
pH 8.45, and 5 pyl of (17) labeled nolysaccharide anticen were mixed in a
glass test tube. The reaction mixture was incubated overnight, 16-~13 1,
at 4 C. After incubation, an equal volume (200 ul) of saturated
armonium sulfate (SAS) was added to precipitate the globulins, and the
susvension was thoroughly mixed. The mixture was incubated for an addi=~
tional 30 min, centrifuced for 30 min at 2,100 rpm at 24 C in a Universal
Model UV International Centrifuge (International Equivoment, Boston, Mass.)
The precivitate was washed once with 1 ml 50% SAS. After washing, the sus-
nension was adgain centrifuged and the precipitate was air dried for 1 h
and dissolved in 1 ml Protosol {New England Nuclear). The solubilized
nellet was then washed into a scintillation vial with 10 ml Liquefluo:
(New Tngland Muclear) in toluene 4.2% V:V. The samples were counted the
next day in a Beckman LS-230 liquid scintillation counter (Beckman Instru-
ments, Silver Soring, ™d).

A control for each experiment with radiocactive antigen consisted of
70 ul normal rabbit serum and 130 ul BBS. After overnight incubation at 4 C,
the control was fractionated with SAS as described abcve. After solubilizing
the ovellet in 1 ml Protosol, radiolabeled polysaccharide antigen added and
the mixture was washed into a counting vial with 10 ml scintillation £fluid.

The percentage of antigen bound for each taost serum was computed from
the equation:

* .
s antigen bound = test serum (cpm) bacl.around (cpm) X 100

antigen control (cpm) - background (cpm)

*
cpm = counts per min.

3. Initial experiments with the protein-polvsaccharide comnlex
as antigen

The molecular size of the nrotein-polysaccharide comnlex
(Peak 1) was estimated to be)7.5 X 106 daltons because the fraction eluted
in the void volume of the Serharose 4B column (fia. 3).
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Pigure 3. Clution profile of H3 labeled polvsaccharide (-~-~-) and protein-

polvsaccharide (—————) on Sepharose 4B, Void=elution volume of blue dex-
tran; CP'=counts ver min. of 100-sarple.

In nrior erperiments (1) the complex was tested acainst antiserum to viable

B. fragilis fragilis (prevared in rabbits); irmunodiffusion slides wroduced
two immunovrecipitins, indicating the immunoloaical reactivitv of the comvlex.
Proof of this reactivity led to our develovment of the RABA for the detection
of antibody to the antigen comnlex. This antigen was soluble in 50% SAS,

a concentration at which serum globulins »nrecipitate. The nrotein-nolvsac-
charide complex, at increasing concentrations {(indicated at u« nrotein,

€iq. 4) was tested in the RABA with hyverimmune rabbit antiserum »revared

to strain 23745, B. fraqilis fraqgilis.
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Figure 4. Percentage of antigen (protein-ovolvsaccharide) bound bv rabbit
antisera at various concentrations of antigen nrotein. (d-g-f-m3)=irmune
rabbit antiserum prepared to strain 23745 B. fracilis fracilis; (0-0-0)=
normal rabbit serum; (9-8-6)=normal rabbit serum absorbed with strain 23745
B. fraqilis fragilis.

This antiserum bound nearly all of the antigen added, even at high concentra-
tions of antigen vprotein. However, at all antigen dilutions, there was a
hich vercentage of anticen bound bv the normal rabbit serum as well. £ the
mechanism involved were specific antigen-antibody interaction, incubation

of antigen with normal serum would have shown a decrease in nercent antigen
cound over the midrange in this figure (30% - 80%). However, the rercent
binding at various antigen concentrations was relatively constant, indicating
nons»ecific binding. After extensive absorntion o7 the normal rabbit serum
witlr live homologous orcanisms, tlhere was no abparent change in nercentaqe




binding. “e assunmed, therefore, that the interaction between the anticen
and the qlobulins in the serum was non-snecific.

4. Purification of the nolvsaccharide cansule

Assuminag that the non-snecific bindinc was rore liliely the
result of antigen vrotein-serum »rotein interaction than anticen »olvsaccha-
ride-serum vrotein interaction, we rcmoved the wrotein from the peak I anti-
gen by means of trywsinization.

Peak I was dissolved in Tris-HCl buffer, =il 7.6, and when annronriate,
1 mg tryosin (Worthinaton Chemicals, rreehold, i.J.) wer ml o7 anticen was
added. The solution was incubated overnicht at 37 C. The next dav, an
eaual amount of trvpsin was added and the solution was incubated for an
additional 3-4 h. The volvsaccharide cansular anticen was then nurified on
a 2.6- x 80-cm Senharose 4B (Pharmacia) column ecuilibrated in Tris-liCl
buifer, ol 7.6. Tour-ml fractions were collected and 100\ of each fraction
was counted for radiocactivity with use of a scintillation fluid containing
4 g/1 Omnifluor (New England Nuclear, Boston, Mass.) in a solution comnosed
o% toluene and ethvlene clycol monomethyl ether (60:490, V:V). The colurn
effluent was monitored at 230 nm by means of a UJ/ monitor (Pharmacia) in
tangent with the column. Degraded protein and tryosin showed absorpntion in
fractions 93-111 (372-444 ml effluent).

Tractions 25-52 (100-208 ml effluent) were combined, concentration to
10 m1 on a P!M-30 ultrafiltration membrane (Amicon Corn., Lexinaton, “ass.)
and nrecinitated with “our volumes 0f cold absolute alcohol. The vellet
was dissolved in water, lyorhilized and the drv weidht was determined. Fifty
percent of the drv weight was accountable as hexose, as determined bv the
method of Roe (7) and less than 1% vrotein (8). The lvonhilized vellet was
dissolved in borate buffered saline (BBS) »H 8.4 and the sneciiic activity
was 2141 com/ug.

Demonstrated in fiqure 3 is the elution profile of the veak I antigen
before trypmsin treatment and the oure nolysaccharide after treatment. The
polvsaccharide nortion has a molecular size of 302,000 daltons. Chemically,
this antigen was commosed of anproximately 50% hexose, 25% hexosamine, and
5% methyl ventose. By means of vaner chromatocranhv, we have identified
sialic acid as the remaining constituent.

5. RABA with polysaccharide

The RABA was renceated (fig. 5) with the same antisera used in
the initial exneriment. %With use of the nolvsaccharide anticen at various
concentrations (indicated bv ug hexose), marked differences were found between
binding of anticen bv unabsorbed normal rabbit serum and binding bv the immune
rabbit seriwm.




100 r \
—0

80 -

% ANTIGEN BOUND
o
o
T

40 -
20 |- U/a\\\\b____————<}
-0
\ | L 1 { 1 1
| 2 3 4 5 6 7 8
©9 HEXOSE

Figure 5. Percentaace antiaen (polysaccharide) bound at various concentrations
0f anticen hexose by immune rabbkit antiserum (0-0-0) »repared to strain
23745, B. fraailis fracilis, and by normal rakbit serum (&-843.

Selection of antigen concentration.

Tor a determination of the relation between antigen concentration and
antibodv binding, the polysaccharide antigen was titrated against the sera
of several individuals with varvina quantities of natural antibodv to this
antigen. The sera of 20 laboratory volunteers were screened at an antigen
concentration of 1.75 ug hexose in the RABA to identify individuals with various
antibodv levels. From this groun, four individuals with midrange binding
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were identified. “The sera of these four individuals were titrated against
antigen in concentrations decreasing to a level of 0.35 ug nexose. Predic-
table increases in binding are seen (fiqure 6) as anticen concentration is
decreased. Also indicated here is the immune rabbit serum with its very

hich degree of bindina. TFor further testing, a hexose concentration of

0.7 ua was thouaht to revresent a reasonable midrance anticen concentration
hecause of the linear relation between antiaen binding and antigen concentra-
tion between 30% and 70% binding.
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Figure 6. Percentage antigen (vwolysaccharide) bound at various concentra-
tions of antigen hexose by various sera: (O-3-0-Q)=immune rabbit antiserum
prepared to strain 23745, B. fracilis fraqilis; D-&-A)=serum A-34 from N
human volunteer; € -C-<>)=serum A-13 ‘rom human volunteer; (0-0-0)=serum A~20 j

from human volunteer; (@-&-@)=serum A-39 €from nhuman volunteer.
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6. Occurrence of antibodv to the cansular nolvsaccharide in anti-
sera to other strains of Racteroides.

Antisera were nrenared to viable orcanisms of various subswnecies
of B. fragilis and to one strain of B. melaninogenicus. Preimmunization and
rostimmunization sera were tested acainst the (H3)-labeled nolvsaccharide
antigen isolated from strain 23745 in the RABA. As can be seen in table 1,
these immunizing organisms were obtained from various sources at wide geo-
qranvhic locales. The vreirmunization sera all had verv low levels oif bhinding
in this assav svstem. In all eicht strains ol subswvecies fracilis, sianifi-
cant increases in the nercentage of binding were seen with immune sera over
preirmune sera. The nercent of anticen bound varied between immunizina
strains indicatina sicnificant degrees of antigenic similaritv, perhans ecither
in comrosition or auantity of antigen present on the irmunizine organism.
Neither of the antisera to subspecies vulaatus showed a change in binding
with the irmune sera. However, the antiserum to one of two strains of sub-
snecies thetaiotadnicrn showed a sicnificant change in binding. Antisera
to sincle strains o B. fragilis distasonis and to B. melaninocenicus showed
no rise in titer.

All antisera were tested in dunlicate for a standard deviation of 1.7%
binding.

Tablc |1

Radiocactive 2ntigen Binding Assav Analysis o Rabbit Antisera to
B. fragilis using Strain 23745 Peak 1 Tolysaccharide as Antigen

Strain no. Subsnecies Source Prebleed Hvuperimmune
23745 fracilis ATCC 10.3% 91.3%
2429 fragilis Yadsworth-VA Hoswn. 14.7% 82.5%
1262 fracilis Teomnle U. 16.0% 22.7%
536 B, melaninogenicus Wadsworth-VA 15.1% 13.3%
2242 vulgatus Wadsworth-VA 10.2% 12.3%
2244 fraoilis Wadswor th-VA 6.0% 29.9%
2442 fraqgilis Wadsworth-vAa 11.1% 67.4%
8503 distasonis ATCC 12.2% 15.4%
3432 vulgatus ATCC 16.2% 16.6%
122¢0 thetaiotaomicron ATCC 16.1% 42.0%
26877 fragilis Boston City Hosp. 12.5% 63.4%
26783 fragilis Boston City Hosp. 12.5% 29.3%
383190 fragilis Boston City Hosp. 13.1% 65.0%

This data would indicate that strains of Bacteroides fragilis fragilis have

a nolysaccharide antigen which is shared by all strains tested of that
subspecies. The assoclation of this antigen with the outer membrane (1),
its large molecular size, and the demonstration by electron microscovv of
encapsulation would all indicate that the antigen described is a capsular
polysaccharide.
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With the RABA, we have found antibodyv to this capsular antigen in anti-
sera prenared in rabbits to viable organisms of other strains of B. fragilis
fragilis. Similar antibodv was not found in antisera vrenared to B. melanino-
genicus, to strains of B. fraailis subspecies vulgatus, distasonis, and to only
one of two strains of subspecies of thetaiotaomicron. Within subsnecies
fraagilis, antisera to several strains showed variance in the amount of binding
o€ the cavpsular nolysaccharide of strain 23745 with immune sera. Althouch
this variance mavy be due to antigenic heterogeneity, it may also be due to
quantitative amounts of antiagen wnresent on the bacterial surface. Danielsson,
et al. (9) have dermonstrated some antigenic variance between strains of B.
fraagilis fraqilis, suggesting the vossibilitv of more than one serotyne
within this subsvecies. ‘hereas our data do not comnletely refute the possi-
bility of more than one serogroun within the subsvecies fragilis, our methodoloav
is more specific than that of the other report, in that the antigen we used
was completely defined. The greater sensitivityv of RABA for detecting anti-
bodv is evidenced in our prior inabkilitv to detect antibody to subspecies
thetaiotaomicron strain 12290 when the Ouchterlonvy irmmunodiffusion analysis
was used on the antisera.

With many bacteria, serogrouning is based on cansular oolysaccharide
antigens. Serogrouping has led to much valuable enidemiologic information
reagarding bacterial diseases. It would certainlv seem that this caosular
volysaccharide forms the basis of a serogrouning system within B. fragilis.
However, these serogroups would incompletely conform to classification by
subspecies, as was demonstrated by the Induction of antibody to the
thetaiotaomicron strain (12290). It is remarkable that not only is there
great similaritv among the nolysaccharide cavsules in strains of B. fragilis
fragilis, but also there exists notably similar protein anticens associated
with outer membranes of different strains (1). Similarity of outer membrane
proteins within a bicchemical group is in itself rather unusual. This obser-
vation and the finding of similar polysaccharides within this group are
together, extraordinary.

Rowley (10) has suggested that verhaps the thickness of the cansule of
a bacterium is a major factor in its virulence. Studies of Strentococcus
nneumoniae have indicated that virulence varies with the quantitative amount
of polysaccharide synthesized by different strains of the same type; these
data show that one of the factors concerned with the mouse virulence of these
strains is probably the genetic apparatus that controls the amount of poly-
saccharide produced (11). It is apparent from these studies that B. fragilis
has a rather thick cansular polysaccharide associated with its outer membrane.
With certain organisms, narticularly §. pneumoniae, it has been found that
although the specific cansular volysaccharide is nontoxic in the isolated
state, it contributes to the virulence of the vneumococcus by acting as an
anti-phagocytic agent. 1In a paper by Casciato, et al. (12), strains of
B. fragilis fragilis were shown to be relatively resistant to serum bacteri-
cidal activity. Muschel (13) has indicated that the oresence of a capsular
nolysaccharide may account for the resistance of an organism to the bacteri-
cidal activity of the comnlement-antibody svstem. The existence of a cansule
in this bacterium may be a factor in its apparent virulence.

B. Further electron microgranhic studies to determine the extent of
encapsulation of strains of Bacteroides fragilis

Fifteen strains of B. fraagilis have been studied by electron micro-
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scooy for cansules by staining with ruthenium red as described in Section A.
These strains renresent the various subsnecies of B. fraqgilis and were iso-
lated from various clinical sites.

Table 2
Strain Subsnecies Isolated from Cansule
23745 fragilis nleural fluid ++
2429 fragilis blood ++
26733 fragilis wound +
8503 distasonis feces -
39675 distasonis peritoneal pus -
49256 distasonis blood -
530 distasonis +/-
12290 thetaiotaomicron wound ~
73996 thetaiotaomicron wound ~
40575 thetaiotaomicron blood ~
8482 vulgatus feces + (20%) - (89%)
29969 vulgatus vlacenta -
2242 vuloatus osteomyelitis

lea drainace -

Incapsulation has been found in a’'l strains of subsvecies fragilis
studied. The EM data would indicate taat few strains of other subspecies
are encapsulated, aven when isolated from blood cultures.

Using an indirect fluorescent antibody (IFA) test, which employs broth
grown orcganisms, antisera nremared in rabbits to the capsular polvsaccharide
of B. fraqilis fracilis and fluorescein conjugated goat anti-rabbit globulin,
we have found that all of the strains of B. fragilis fragilis studied so far
have smecific fluorescence with the anti-capsular serum, whereas none of
the strains of the other subsvecies fluoresce. Thais has onlv been done on
a limited number of strains (18 to date) but offers oromise for a voractical
reans of identifying B. fragilis fragilis in a clinical laboratory.

C. Virulence of encapsulated strains

In order to begin to ascribe this cavsule a role as a virulence fac-
tor, we felt it important to know the frequencv of isolations of the various
subspecies from clinical swecimens. Over a one and one half year neriod,
we have been collecting all isolates of B. fragilis at Boston City Hospital,
as well as serum, when available, of patients from whom this orcanism has
been isolated. There are no similar published series on the frequency of
isolation of the various subspecies of this organism (Table 3). 2as can be
seen, subsvecies fragilis was the most common isolate from blood, wound, or
meritoneal infections. This must be considered in licht of the fact that
subspecies distasonis and vuloatus are the most common isolates from normal
flora. We feel that this is highly suggestive of greater mnathogenicity of
this subspecies.
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To further test this hyvothesis, we have been collaborating with
Drs. John Bartlett and Andrew Onderdonk in an exverimental animal model
of intraahdominal sensis and »eritonitis.

Table 3

Frequency o7 Isolation of Subswecies of Bacteroides fraagilis
from various Clinical Sites*

Source Subspeciers

fracilis vulgatus distasoqli TI10 Overall
wound 23 (70%) 1 (33) 3 (92) 6 (13< 53/70 (47%)
veritoneal 6 (33% 2 (13%) 5 (31%) 3 (19%) 16/70 (23%)
blood 10 (71%) 1 (7%) 2 (14%) 1 (7%) 14/70  (20%)
vlacenta 3 (43%) 4  (51%) 0 7/70  {10%)

* Patients collected from Boston Citv Hospital from Sentember
1974 to November 1975,

D. The todel

Animals. Male Wistar rats (Simonsen Laboratories, Palo Alta, Ca.) weighing
160-130 grams are used in this study.

Inoculum. It is nccessary to prepared the surgical implants to provide a
uniform inoculum of microoraanisms so that all animals receive an identical
challenge. Such an inoculum is made by pooling the large bowels of 15 meat-
fed rats in the following manner: The abdomen of each rat is aseptically
ovened. The cecum and distal large intestine are then clamped, excised, and
immediately entered into an anaerobic glovebox (14). Intestinal contents
are carefully extruded into a sterile beaker and the tissue in mascerated.
An equal volume of pre-reduced peptone-yeast-glucose broth (PYG) is added

to this material and vigorously mixed. The resultant slurry is filtered
through two Jayers of surgical gauie into a second sterile beaker in order
to remove large particulate matter and tissue. Ten percent weight/volume
sterile barium sulfate is added and the inoculum is then divided into small
aliquots (approximately 5 ml) which are placed in glass vials fitted with
rubber stoppers and screw caps. The closed vials are removed from the chamber,
immediately immersed in liquid nitrogen for four minutes and stored at -40 C
until used.

Quantitative bactcrioloay has been performed on the quick frozen
inoculum (15} bv nrenaring serial 100-fold dilutions in the anaerobic chamber
for platina on appropriate aerobic and anaerobic media. After incubation,
colonv tvoes were enumerated, isolated and identified. This analvsis revealed
a total of 22 bacterial svecies including 13 anaerobes and nine aerobes (Table 4).

In highest concentration were two species of Eubacterium which were pre-
sent at levels of 107-5/ml. These oraanisms outnumbered the most freauent
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aerobe in the inoculum bv more than two logs. The next most freauent organisms
were an anaerobic pleomorrhic Gram~negative bacillus and an anaerobic
nonsporulating Gram-positive bacillus. These organisms did not fit conven-
tional classification schemes and could not be speciated. Several Clostridia
species, Bacteroides fragilis, pentococci and Fusobacterium varium were
present in concentrations of 10°-106.1/ml. Enterococcus and E. coli were

the predominant aerobic isolates, occurring in concentrations of 10°-4 and
105-2/m1 respectively. Several other facultative isolates were also present
including Lactobacillus, Micrococcus, Corvnebacterium, Proteus, a-hemolytic
streotococcus and Moraxella.

Thus, the inoculum contains a polymicrobial £flora in which anaerobes
outnumber aerobes by a factor of 100:1., Intestinal studies in man have
shown similar bacterial populations in terms of the ratio of aerobes to
anaerobes and the major bacterial species (16).

Table 4

Bacteriology of the Inoculum

Log Log
Anaerobes cfu/ml Aerobes cfu/ml
Eubacterium tenue 7.5 Enterococcus .
Eubacteriun aerofaciens 7.5 Escherichia coli .
Pleomorphic Gram-negative Lactobacillus sp. .
rod 7.0 Micrococcus sp. .
Non-svoreforming Gram- Corvnebacterium sp.

a-hemolytic streptococcus
Proteus mirabilis

Proteus morganii
Moraxella sp.

positive rod
Clostridium perfringens
Clostridium paraputrificum
Clostridium species
Bacteroides fragilis
Peontococcus morbillorum
Peptococcus micros
Fusobacterium varium
Clostridium sartagoformum
Clostridium tyrobutyricum
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Bacteriological studies were also performed on an inoculum prepared from
grain-fed rats. In this inoculum, however, aerobes actually outnumbered
anaerobes and the major isolates were quite different from those in the

human intestine (15). Consequently, the experimental studies are performed
with the inoculum prepared from meat-fed rats. The pooled intestinal contents
from 15 such animals provide sufficient implants for aprroximately 1,200 rats.

Implantation of inocula. The frozen inoculum obtained from meat-fed rats

is thawed in the anaerobic chamber. One half ml is placed in a sterile
gelatin capsule, removed from the chamber and immediately implanted into
rats anesthetized by intraveritoneal injection of 0.15 ml of Sodium Nembutal

alim 2 38 -
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(50 mg/ml). The abdomen of each animal is shaved, cleaned twice with 1%
iodine, and a 1.5 cm anterior widline incision made through the abdomen
wall and peritoneum. The capsule is then inserted into the pelvic region
of each rat. The incision is closed with three or four interrunted 3-0
silk sutures and the animals returned to separate cages.

Anatomical studies. Deaths which occur within four hours are ascribed to
anesthesia or to surgery and these animals are eliminated from the study.
(Our previous observations indicate that this acute postoperative mortality
occurs in approximately 5% of animals). All animals are observed at eight
hour intervals throughout the test period. Rats which survive 10 days are
sacrificed at that time. Complete autopsies are performed on all animals.
This includes a careful search of the abdominal cavity for evidence of
peritonitis or abscesses. The criterion for peritonitis is a free-flowing
peritoneal exudate; for intraabdominal abscess it is a localized nurulent
collection.

Bacteriological studies. Quantitative bacteriology is performed on svecimens
obtained from the infected site of randomly selected rats immediately following
sacrifice. Specimens are obtained with a tuberculin syringe and passed
immediately into the anaerobic chamber for processing. A 0.1 ml sample of
purulent material is placed in 9.9 ml of pre-reduced VPI dilution salts for
serial 100-fold dilutions. Aliquots of 0.1 ml of each dilution are then
spread on both pre-reduced and aerobic plating media to five final dilu%ions
of .03, 1075, 10-7 and 10~-9/ml. Anaerobic media include: pre-reduced
brucella agar base containing 6% sheep's blood and 10 ug/ml menadione (BMB);
BMB containing 100 ug/ml neomycin sulfate; and laked blood agar containing

75 ug/ml kanamycin and 7.5 pg/ml vancomycin. These three media are incubated
at 37 C inside the anaerobic chamber and held for 3-5 days. The following
media are employed for aerobic and facultative isolates: blood agar plates
incubated with increased CO,; MacConkey's agar and Pfizer Selective Entero-
coccus Agar. These plates are incubated at 37 C for 24-28 hours. After
incubation, colony types are enumerated, isolated and identified. Anaerobic
isolates are identified according to the procedures outlined by the VPI
Anaerobe Laboratory Manual (17). Enterobacteriaceae and other aerobic iso-
lates are identified by established procedures (18).

E. Previous Observations with This Model
1. Natural course of infection in untreated animals (15,19)

Initial studies concermed the sequential bacteriologic and
pathologic changes which occurred after implantation of a fecal inoculum.
Variables tested were 1) the inoculum prepared from meat versus grain-fed
rat.; 2) addition of blood to the inoculum; 3} female versus male recipients
and 4) different weights of the animals. Only results with the techniques
described above under "The Model" will be summarized since these satisfied
our original goals:

a. Standardized inoculum so that all animals receive an
identical challenge
b. Infection which simulates naturally occurring disease
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in humans by both clinical and microbiological parameters
c. Reproducible results according to well defined objective
criteria

Anatomical changes have been studied in 106 male 160-180 gm Wistar
rats which received the inoculum from meat-fed rats. Three control groups
consisted of animals implanted with an autoclaved (sterile) inoculun,

BaSO, alone and BaSO, plus sterile inoculum. The animals were observed
daily and all rats which succumbed were autopsied for gross anatomical
studies. 1In order to define the natural history of this infection, sur-
viving rats were randomly sacrificed for autopsy examination at intervals
of 4-14 days (Figure 7).

Among the 106 animals which received the inoculum, seven died between
eight and 16 hours, and 21 (19.8%) were dead before 24 hours. Autopsy
of these animals revealed that the gelatin capsules began to dissolve
shortly after insertion, but even at eight hours, the inoculum was usually
still localized in the pelvis. Within 24 hours a suppurative infection
and ileus developed, and 0.2-0.5cc of peritonitis fluid had accumulated.
The fur appeared ruffled, and the animals were lethargic and cold. At 48
hours, peritoneal adhesions began to appear anteriorly and loosely attached

collections of purulent material were noted. By three days, 41 (39%) of the

animals had died, and, at 4 days, 43% (46/106) of the animals had expired.
There were no further natural deaths after this time.
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igure 7: Biphasic discase course according to
autopsy observations in 106 untreated Wistar rats
sacrificed at various intervals after implantation.

Mortality is cxpresscd ¢s cumulative percent (55).




By seven davs a well-formed abscess was usually palpated inferiorly
along the anterior abdominal wall. The surgical incision was well healed
and veritoneal fluid was seldom present. All animals sacrificed at seven
days or later had multinle localized purulent collections distributed
throughout the abdominal cavity. Abscess cavities continued to enlarge and
by two weeks contained 0.2-0.5 cc of pus (Figure 8).

. . . . . nEy -~ - M :
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after implantation.

from meat—-fed rats.

Control animals which received the sterile inoculum in gelatin capsules

showed no signs of toxicity. At 14 days the animals were sacrificed and

no pnathologic changes could be found. The barium sulfate alone or the com-
bination of BaSO, and sterile inoculum produced a similar clinical picture.

At autonsy the only findings in these animals were multiple sterile granulomas.

Bacteriological studies of infected sites were pverformed on 20 animals.
Samples were obtained at various intervals for up to two weeks following
implantation. These specimens consistently vielded a complex mixed aerobic-
anaerobic flora. There was a mean of 6.2 bacterial species/case including
3.2 aerobes and 3.0 anaerobes. Four orcanisms wcre uniformlv present and
numerically dominant: E. coli, enterococci, Bacteroides fraqilis and Fuso-
bacterium varium. Comparison of relative concentrations of these organisms
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in peritonitis exudate and abscess contents showed that the two facultative
species outranked the two anaerobes during the peritonitis stage, while

the reverse applied to the abscess stage. According to rank order analysis,
these differences are highly significant.

Blood cultures were obtained from randomly selected animals at 1-3
days, 7 days and 1% days. 2ll ten animals sampled in the acute peritonitis
stage had bacteremia, and many had polymicrobial bacteremia. Blood culture
isolates in these ten animals were E. coli (9 rats), Proteus mirabilis (20),
B. fragilis (21) and enterococci (22). At seven days bacteremia was less
frequent and at 14 days the blood cultures failed to yield any pathogens.

These experiments show that the previously defined goals for an experi-
mental model were satisfied. The fecal implant produced a predictable dis-
ease which followed a bivhasic course. Initially, there was acute, often
lethal, peritonitis. This was followed by the formation of intraabdominal
abscesses at 5-7 days in all surviving animals. The pathologic changes
and the organisms most frequently isolated from infective sites were simi-
lar to observaticns in human infections. Additionally, mortality and
abscess were well defined objective criteria to judge different stages of
the disease in future experiments.

Of particular interest were the sequential bacteriological changes which
occurred during evolution of the discase. Starting with a complex inoculum
containing at least 22 identifiable bacterial swecies, there was a simplifi-
cation of this flora at the infected site. All specimens yielded a mixture
of aerobes and anaerobes, but the relative concentrations of these two
bacterial types changed during the course of the disease. BAerobes were
predominant during initial peritonitis, a stage asscciated witn E. coli

bacteremia and high mortality. Surviving animals uniformly developed localized

intraabdominal abscesses in which the numerically dominant organisms were
anaerobes, principally B. fragilis and F. varium.

In recent studies an additional approach has been used to further
clarify the roles of specific bacteria in this experimental model. Instead
of implanting a complex fecal inoculum, a challenge of selected bacterial
strains singly and in various combinations was used. The organisms selected
for these studies were those which dominated at infected sites in the initial
studies using colonic contents: E. coli, enterococci, B. fragilis and F.
varium.

There were 11 groups of 20 animals. Initially, all four organisms
together were used, then each organism was implanted alone, and finally, we
used all possible combinations of two species. The source of bacteria for
these experiments was an intraabdominal abscess following the fecal implant.
Broth cultures of each strain were diluted to achieve a final concentration
of 1 x 108 cfu/ml. An exception was E. coli which was diluted to 5 x 107
cuf/ml. (This adjustment was necessary because preliminary experiments
showed that the higher concentrations with E. coli were universally fatal.)
The total volume of broth used in the inoculum was 0.5 ml in all animals.
Thus, the total number of bacteria in the challenge was the same in all
groups, with the exception of those receiving E. coli. In each experiment,
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the challenge was nrevared by mixing the broth culture, autoclaved colonic
contents and BaSO, for insertion into the gelatin cavsule. All surviving
animals were sacrificed at 7 days for autopsy examination.

Table 5
No.
. Group tested Mortality Abscesses in survivors

(1) All four species 20 8/20 (40%) 12/12 (100%)

(2) Single species

E. coli 20 13/20 (65%) o/ 7
Enterococci 20 0/20 0/20
B. fragilis 20 0/20 0/20
F. varium 20 0/20 0/20

(3) Dral combinations
E. coli + B.

pravzrm-pry

fragilis 20 7/19  (37%) 12/12 (100%)
E. coli + F.
varium 19 6/19 (32%) 12/13 (92%)
Enterococcus +
B. fragilis 20 0/20 19/20 (95%)
Enterococcus +
F. varium 19 0/19 17/19 (89%)
Enterococcus +
E. coli 20 5/20 (25%) 0/15
B. fragilis + .
F. varium 19 0/19 1/20 (5%)

TR e T

Results of these experiments are summarized in Table 5. The combination
of all four species reproduced the previous observations using a complex fecal
inoculum. Eight of the 20 animals expired by the 7th day, and all twelve
survivors had intraabdominal abscess. Experiments in which each species was
implanted separately showed mortality only in the group receiving E. coli,
and none of the animals receiving a single species developed intraabdominal
abscesses. These results suggested that microbial combinations were critical

for abscess formation. The dual combination experiments again showed mortality i
only in the groups which received E. coli in the inoculum. Abscesses were >
. largely restricted to experiments utilizing one facultative strain and one

anaerobe. The incidence of abscesses was 89-100% in the groups which employed
this type of combination. On the other hand, no abscesses were detected in
animals receiving E. coli plus enterococci, and only one animal developed

an abscess in those challenged with the rat isolate of B. fragilis and F.
varium,
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F. Recent Collaborative Investigations with Encapsulated Strains of
B. fraqilis

The strain of B. fragilis used in the experiments described above.
has been found by capsular staining techniques to be an uncncapsulated strain
of B. fragilis ss. other.

We next implanted the peritoneum of animals with strain 23745 ss. fragilis,
the encapsulated subspecies described previously. These data are described
in table 6. The encapsulated strain either by itself or in combination with
the enterococcus induced abscess formation, while the unencapsulated strain
(8503) only induced abscess formation in combination with the enterococcus,
and not by itself.

Table 6
Comparison of Encapsulated and Unencapsulated Strains of B. fragilis in Rat Model
# Rats Inoculum & Strain # Mortality Abscess (%) Culture
10 Entero, 5x107 0 - 80 6~B. frag. 6/6

B. frag. ss._fragilis,
23745, 5x107

10 Entero, 5x107
B. fragq. ss7 distasonis,
8503, 5x10 0 80 5 entero 3/5
10 B. frag. ss. fragilis
23745, 5x107 0 90 5 B. frag. 4/5
10 B. frag. ss. distasonis
8503, 5x107 0 20 2 B. frag. 1/2
Strain
Encapsulated alone 90 4/5 (80)
Unencapsulated alone 20 1/2 (50)
Encapsulated + entero. 80 6/6 (100)
Unencapsulated + entero. 80 0/6 (0)

Table 7 summarized the results of a number of studies which showed that
the encapsulated strains consistently caused abscess formation to a signifi-
cantly greater degree than unencapsulated strains. Furthermore, heat killed
encansulated strains were sufficient to cause abscesses, either alone or in
combination with unencapsulated strains. Killed encapsulated organisms induced
sterile abscesses, which were not found in the control animals. In contrast,
nearly all abscesses induced with }ive encavsulated strains yielded vositive
cultures.
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Table 7

Summary of Recent Data on Rat Model

Group Abscess Abscess culture for B. fragilis
B. frag. ss. frag. (3 strains)* 19/20 9/10
B. frag. ss. dist. (2 strains)? 5/20 1/5
B. frag. ss. vulgatus (1 strain)t 3/10 0
B. frag. ss. TIO (1 strain)? 2/10 0
B. frag. ss. frag. (killed)* 8/10 0
B. frag. ss. fraqg. (killed)?*
= 2
B. frag. ss. dist. (live)* 11720 0
B. frag. ss. other®™ + Strep. sanguis 9/10 0
Sterile cecal contents (no BaSO4) 0/10 0
Sterile broth (no cecal contents or
Baso,) 0/10 0
Broth culture
B. frag. ss. frag.* (no cecal
co'.tents or BaSO4) 0/1G 0
Broth culture
B. frag. ss. dist.t (no cecal
contents or BaSO4) 0/10 0

* encapsulated
+ unencapsulated

We believe that these data stronly suoport the thesis, that encapsu-
lated strains are more virulent than unencapsulated strains. Further studies
will be described in the proposal which will allow proof that the capsule
itself is the "virulence" factor.

G. Antibody Response in the Animal Model
To begin to evaluate the potential usefulness of the RABA in clinical

infection, studies were done in several of the groups of animals described
above, to detect antibody to the capsular material in experimental infection.

In Table 8, it is seen that animals fed meat or grain and observed for
one month showed no changes in antibodv levels. Animals receiving the entero-
coccus alone also showed no change in the level of circulating antibodies to
the capsule of B. fragilis ss. fragilis. However, animals receiving B. fraailis
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ss. fragilis alone or in combination with the enterococcus developed signifi-
. cant antibody rises as early as seven days after infection. Animals receiving i
killed ss. fragilis or live ss. fragilis without cecal conténts or BaSO. simi- 4
larly developed rises in antibody. Animals receiving strains of ss. distasonis,
or vulgatus showed no rises in antibody, although animals receiving another &
strain of ss. fragilis or the fecal inoculum did show increased titers. b

Table 8
Summary of Antibody Response in Rat Model to Capsule of ss. fragilis i
Day after infection Reciprocal Mean Titer
Group (n) Serum Drawn (50% binding) ﬂ
4
teat fed (5) 0,7,14,21,28 <2
Grain fed (5) 0,7,14,21,28 <2
Enterococcus (5) 0,7,14,21,28 <2
B. frag. ss. frag.* (5) 0 <2
7,14,21,28 >40
B. frag. ss. frag.* 0 <2
- ¥ (20) 7 22
Enterocczcus 14 45
21,28,42 >60
B. frag. ss. frag.*
(kllied) (10) 0 <2
. >2
B. frag. ss. dist.* 5 °
B. fraq. ss. frag. (killed)* (5) 0 <2
5 4
B. frag. ss. vulqatqgf () 0,5 <2
B. frag. ss. dist. * (8) 0,7 <2
B. frag. ss. frag.* {(no cecal 0 <2
- ey (7
contents or BaSOy) 5 24
Fecal inoculum (6) 0 <2
7 7
* encapsulated * unencapsulated

This data would indicate that the RABA is useful in detecting antibody
. to the capsular material in the experimental model; that it is sensitive and
can detect antibody as early as 5 days after implantation and also that it
is specific.

H. Antibody in Patients with B. fragilis Infection

Paired sera have been obtained from 10 patients with proven B.
fragilis infection. Siqnificant changes in antibody levels were demonstrated
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in all three vatients with subspecies fragilis infection, but in only 3

of 7 patients with infection involving other subspecies. It is of interest
that two of these three infections involved more than one subsnecies of
organisms. Organisms of subsnecies fragilis are identified by negative
sugar fermentations and necative indole reaction. It is possible thercfore
in mixed cultures to "mask" the vrescence of this subspecies by another
subsnecies fermenting an appropriate sugar or producing an indole reaction.
Also, it is possible that the capsular antiqgen is shared by strains of other
subsnecies. However, a most intriguing possibility is that mixed imfection
with subspecies other than fragilis induces antigen formation. This
possibility is also suggested by our findinag that rats infected with a
fecal inoculum, not containing organisms of ss. fragilis, developed anti-
body rises to the cavsular substance.

II. Endotoxin

Endotoxins of aerobic gram~necgative bacteria have been studied exten-
sively for many vears. MHowever, the livorolvsaccharides of anaerobic gram-
negative rods have not been subjected to a similarly intense investigation
until relatively recently.

Using agueous phenol extracts of Bacteroides frugilis fragilis, Hofstad
and XKristofferson (23) found that the lipopolysaccharides of this organism
lacked two essential sucars of classical endotoxins: 2-keto-3-desoxyoctonate
(xD0), and hepntose. Thev also found that this vreparation had relatively
weak endotoxin potency. When the lipopalysaccharide was administered in
relatively high doses (200 uqg per rabbit), however, it induced a local
Schwartzman reaction. Using a similar extraction procedure Sonnenwirth,
et al. (24) found KDO in the endotoxin of B. fragilis fracilis; endotoxin
was detected in the sera of patients with bacteremia due to B. fragilis by
means of the Limulus lysate assay, another indication of the presence of
a linorolysaccharide.

Endotoxins of gram-negative bacteria are found uniformly associated
with the outer membrane complex of antigqens. In our studies of theouter
cell wall membrane of B. fragilis, the membrane was found to contain an
imnortant nrotein compvonent which was shared by all studied strains of
subspecies fragilis, but which was not shared by representative strains of
other subspecies (1). The outer wall membrane contained two major antigenic
fractions which were separable by the disaggregation of one of these com-
ponents by chromatography on a Sephadex G-100 column (Pharmacia, Uppsala,
Sweden) in an endotoxin-disaggregating buffer. The disaggregated antigenic
fraction contained 1lipid and carbohydrate; another carbohydrate vortion
which has been shown to be a capsular nolysaccharide (25) eluted at the
void volume of the column, and contained four of the five sugars found in
the disaggregated antigenic fraction. The void dolume fraction had some
protein in addition to the carbohydrate. Each fraction had one sugar that
was not found in the other fraction. Both antigenic fractions contained
lipid. However, the disaggregation of the non-nrotein fraction in the
endotoxin-disagqgreqgatino buffer led us to assume that there existed a .more
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intimate relationshin between lipid and carbohydrate in this fraction. Both
fractions contained hexose, hexosamine, and methyl pentose in different
molar ratios. Both fractions lacked KDO and hentose, which form part of the
inner core of bacterial endotoxins.

e have now compared B. fragilis outer membrane livovolysaccharide
with livopolvsaccharide extracted from cells with agueous phenol, and find
the two vreparations to be chemically and biologically similar. Both pre-
parations lack many of the biologic characteristics of endotoxins.

Purification of the outer membrane. (1,26) Pelleted organisms were
suspended at 24 C in a buffer containing 0.05 M sodium nhosphate, 0.15 M
NaCl, and 0.01 M ethylene~-diaminetetraacetic acid (EDTA), adjusted to oH
7.4. The final volume was approximately 1/50th that of the original cul-~
ture. The susnension of organisms was incubated at 60 C for 30 min, subjected
to mild shearing by nassage through a 25-guage hypodermic needle by manual
pressure, and mixed for 10 sec in a Waring blender.

Oraanisms were pelleted from the suspension by centrifugation at
12,000 x g at 4 C for 20 min; the supernatant fluid was then centrifuged
(to pellet the membranes) at 80,000 x g at 4 C for 2 h. Both centrifugations

were repeated and the final product, a clear gel~like pellet, was stored
frozen in water.

Semaration of liponolvsaccharide from the outer membrane complex. (1)
Loosely bound lipid, when specified, was removed from the complex after pre-
cipvitation of the outer membrane from 012 N NaCl with 80% ethanol (vol/vol);
the precivita*r was washed twice with chloroform-methanol (2:1 vol/vol}.

After centrifucation at 16,000 x g at 4 C and reextraction of the vellet

with chloroform-methanol, the two supernatant fluids were pooled and dried

bv evaporation under a stream of nitrogen. The material which was insoluble
in chloroform-methanol was dried and then solubilized in 5 cc of the endotoxin-
disagarecating buffer (NabD buffer) which contained 0.05 M ¢glycine, 0.01 M
EDTA, and 0.5% sodium desoxvcholate, adjusted yo nH 9.0 with 6 N NaOH.

This material was then chromatographed on a 1.6- x 82-cm Sephadex G-100 column
equilibrated in NaD buffer, and 2-ml fractions were collected. In some
experiments, for a definition of the elution brofile of the preparations,
outer membranes were intrinsically labeled with (H”) glucose, leucine,

or acetate. Two peaks of radioactivity werce noted (1). No further disaggre-
gation was found when the buffer was prepared with 3% sodium desoxycholate.

The void volume material (peak 1, >105 daltons) was collected, pooled
and concentrated to 5 ml by means of an ultrafiltration cell with a PM-30
membrane (Amicon Corp., Lexington, Mass.). The remainder of the material
(veak 2), with an estimated molecular size of 12,000 daltons, was recovered
and treated in the same way, except that it was concentrated on a UM-2
membrane (Amicon) bhecause of the smaller size of the material. Both con-
centrates were precipitated with four volumes of cold absolute ethanol. For
removal of the remaining sodium desoxycholate, the pellet was washed twice with
80% ethanol; in some experiments the pellet was also washed twice with absolute
alcohol to remove the remaining lipid (8). In other experiments, after the
peak 2 material was collected and concentrated, the pool was resuspended in 0.05
M tris (hydroxymethyl) aminomethane (Tris) buffer, pH 7.3, and rechroma-
togravhed on a 2.5 x 90 cm Serharose 4B column equilibrated in this buffer.
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This procedure was done to demonstrate repolymerization of the peak 2
material.

Other methods of endotoxin vremaration. Endotoxin was also nrenared
bv means of a modification of the phenol/water method of Westphal (2).
Pelleted whole bacteria were suspended to make a concentration of 20mg/ml
(wet weight in water). Eleven volumes of 83% hot (68 C) phenol were added
to nine volumes of bacterial suspension and the mixture was vigorously shaken
for 5 min at 68 C. The two phases were separated in a semaratorv funnel
at 4 C for 18 h. After removal of the aquceous phase, the extraction of the
phenol phase was repmeated with nine volumes of water. The next day, the
aqueous phases were combined and the excess phenol was removed bv triple
extraction with ether. Excess ether was removed from the aqueous extract
in a separatory funnel; a stream of air was then blown across this nhase,
and it was then concentrated 10 times on a PM-30 membrane (Amicon). The
concentrate -was precipitated with four volumes of cold absolute alcohol and
centrifuged at 10,000 x g for 15 min. The ®»ellet was susnended in neutral
nhosvhate buffered saline and then double treated with DNase, RNase, and
trypsin. The clear supernatant was then chromatogravhed on a 2.5 x 90 cm
Sepharose 4B (Pharmacia' column equilibrated in 0.05 M Tris buffer (pH 7.3).
The void volume material was collected, concentrated 20 times on a P4-30
membrane, and vrecipitated from the buffer with four volumes of cold absolute
alcohol. This precipitate was suspended in water and lyophilized. The dry
material was the aqueous phenol extract.

A similar extraction procedure was done for the EDTA treated organisms
which were separated by centrifugation from the outer membrane preparation
in the supernatant. This was done bhecause electron microqrarhs of organisms
(taken after separation of the outer membranec) have shown that a majority
of bacteria still contain intact outer membranes {(1}. A similar extraction
was done on EDTA treated organisms that were not sheared. Additionally,
the phenol-chloroform~petroleum ether extraction for rough mutants was done
as described by Galanos et al. (27). Aqueous phenol extracted endotoxin from
Escherichia coli 0:127 and Salmonella tvphi 0:901 were kindly supplied by
Dr. William R. McCabe.

Analytical methods. Fatty acid ester and amide content was determined
by the procedure of Snyder and Stevens (28), as modified by Haskins (29).
Total lipid content was estimated bv the method of Bligh and Dyer (30).
2-keto-~3-deoxyoctonate content was estimated by the method of Weissbach and
Hurwitz (31) as modified by Osborne (32). Total heptose content was deter-

mined by the cysteine~H.SO, method of Osborne (32). Pavers for chromatogravhic

analysis of carbohydrates were run in a solution of ethyl acetate:pyridine:
water (120:50:40) for 10 h after hydrolysis of 200 ng of samples in 2 N HCIl
for 4 h at 100 C. Papers were develoved by means of silver nitrate and NaOH
(33).

Tests for biologic activitv. The Limulus lysate assay was kindly done
by Dr. William R. McCabe, according to the method of Levin (34).

Tests for toxicity were done on chicken embryos as described by Smith
and Thomas (35). Serial 19-fold dilutions of samole in 0.1 ml sterile 0.15 M
saline were injected into lowered choriocallantoic membrane of 10-day old
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chicken embryvos. Six to 19 eggs received injections of each concentration.
After the injection port was closed with tave, the eags were incubated in
a non-turning tray at 34 C + 0.5 C for 24 h. At this time the number of
deaths was determined and 50% lethal end points were calculated by the
method of Reed and Muench (36). Control infections of sterile saline and
of an endotoxin of group C Neisseria meningitidis were performed. This

endotoxin was nrepared by means of the NaD buffer technique (1,37).

Skin sites for testing of the dermal Shwartzman reaction were prepared
in groups of New Zealand white rabbits, 1.0 - 1.5 kg and between 2 and 4 months
old, by the intradermal injection of serial dilutions of 0.25-ml samples of
test material. The reaction was provoked 21 h later by the intravenous
injection of 0.5-ml samples. Hemorrhage or necrosis of the skin within 6
h after the provocative dose was given was recorded as a positive reaction.
The method of Reed and Muench (36) was again used to calculate 50% end-
points.

Five extraction technicues were used to compare gualitative chemical
and biological activities of the endotoxin of B. fragilis. Essentiallv no
extractable antigen was obtained from 5 g (drv weig.t) or the organisms by
means of the phenol-chloroform-petroleum ether method (27), a finding that
indicates that firmly bound lipids were not a major component of this
endotoxin.

Pap¢ r chromatograms of the hydrolyzates of the four other prevarations
(stained for sugars) are seen in fiqure 9. Material from peaks 1 and 2
resulting from the chromatogravhy of the outer membrane extract on a G-100
column have four identical sugars shared by both fractions (a-d), but each
fraction has a fifth sugar not found in the other (e and f). The aqueous
phenol extract contains sucars similar to those found in the peak 2 material
(a-e), as does the EDTA treated phenol extract which was not sheared. The
agqueous phenol extract from the EDTA- and shear-treated organisms contain
both of the extra sugars (e and f). These results substantiate that the
peak 2 material is similar to the aqueous phenol extract from this organism.
In another portion we have shown that the peak 1 material is a capsular
polysaccharide.




Figure 9. Paper chromatogram of various antigen preparations stained for
sugars. Left to right: 1) EDTA-shear-phenol extract 2) classic phenol/
water e..tract 3) EDTA-non-sheared-phenol extract 4) Peak 1 extract

5} Peak 2 extract.

Table 9 demonstrated the loose association of polysaccharide and lipid
of peaks 1 and 2. Non-lipid extracted outer membrane was solubilized in
NaD buffer, and chromatograpvhed on G-100 yielding peaks 1 and 2. Twenty-four
percent of the dry weight of peak 1 and 46% of the dry weight of peak 2 was
lipid. The intact membrane contained 1.7 uEq fatty acid ester/mg. When
the membrane was twice extracted with chloroform-methanol prior to chromato-
graphy and was then chromatographed on Sephadex G-100 in NaD buffer, 0.42
uvEq fatty acid ester/mg was found in peak 1 and 0.18 pEq fatty acid ester/mg
was found in peak 2. By further washing of both peaks with 80% and absolute
alcohol, the fatty acid ester content of peak 1 could be reduced to 0.1
uEg/ml and to 0.2 uEq/mg in peak 2.
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Table 9

Change in lipid content of outer membrane fractions after

successive washings with organic solvents.

Non-lipid Chloroform-rethancl
extracted a Chloxoform-methanol and alcohol extracted
Peak fraction (%) extracted fraction(uEa/me) fracticn (ulz/mo)”
1 24 . 0.42 0.1
2 46 0.18 0.2

a
Figures represent total lipid content (percentage of dry weight).

bFigures represent fatty acid ester content (expressed as HEgq fatty acid per
mg antigen).

So that the hypothesis that peak 2 was a disaggregated lipopolysaccharide
could be tested, this extract was rechromatographed on Sepharose 4B equilibrated

in Tris (figure 10).
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Figure 10. Elution profile of (H3) labeled peak 2 demonstrating reaggrega-
tion in absence of NaD buffer. Iden*tica. elution volume was noted with

peak 2 material after washing with chloroform-methanol or chloroform-methanol
and absolute alcohol. CPM=counts per minute of 50 A sample.

Three preparations of neak 2 were chromatographed separately; the intact
peak (no lipid extracted), the chloroform-methanol extracted peak 2; and the
chloroform-methanol and alcohol extracted peak 2 (table 9). BAll three pre-
parations eluted at the void volume of the Sephagose column, a finding

that indicates partial sizes greater than 5 x 10~ daltons. Therefore,

these oreparations all aggregated in the absence of NaD buffer, and might
again be disaggregated in NaD buffer (figure 11); this possibility was tested
by reveated chromatography on Sephadex G-100 in NaD buffer with elution at

a molecular size of 12,000 daltons.
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Figure 11. Elution profile of (H3) labeled lipopolysaccharide extracts
demonstrating disaggregation after chromatography in NaD buffer containing
G-100 column. Elution peaks of molecular size markers are indicated as:

A = aldalase {(void volume) (158,000), O = ovalbumin (45,000}, CT -
chymotrypsinogen A (25,000), CY - cytochrome C (12,700).

Column chromatography of the aqueous phenol extract demonstrates that
like the material of peak 2, the extract fully disaggregated in NaD buffer.
The EDTA-shear-phenol extract, which contains the sugars found in peaks 1
and 2, disaggregates in the NaD buffer when chromatographed into the two
fractions, a finding one would anticipate from the sugar content represented
on paper chromatography. This group of experiments demonstrates that there
is a physical-chemical difference between material in peaks 1 and 2 other
than the additional sugar we have noted. The difference seems to be related
to a greater affinity of polysaccharide for lipid in the peak 2 material,
because the lipid portion of the lipopolysaccharide is responsible for
disaqggregation in NaD buffer.

v AR ke’

—re———

ETE SRR Y

TR el e o iadite

s




We next tested our prevarations for biological endotoxicity. The
results of the Limulus lysate test are shown in table 10. There were no
significant differences among the concentrations at which non-lioid extrac-
ted peaks 1 and 2, aqueous phenol, EDTA-shear-phenol, EDTA-non-shear-phenol,
and intact outer membrane caused gelation of the lysate. There is some
suggestion that the livid extracted neaks 1 and 2 are less potent than
their non-lipid extracted duplicates. All prevarations are significantly
less votent on a concentration basis than either of the control endotoxins.

iy

B N iaie.

Table 10

po. SO0y

Results of the Limulus lvsate test

Preparations Concentration (y/xrl)a
Outer membrane 6.125
Peak 1 (non-lipid extracted) 0.03
Peak 2 (nen-lipid extracted) 0.06
Classic phenrol 0.05
Phenol-EDTA-shear 0.06
Phenol-EDTA 0.06
'Peak 1 (lipid extracted) _ 0.156
Peak 2 (lipid extracted) 0.290
Eschexichia coli 0:127 ' 0.003
Salwonella typhi 0:9201 0.903

pigures represent concentrations of individual preparations at which gelation

of the lysate occurred.




Non-lipid extracted peak 1, peak 2, outer membrane, linid component
of outer membrane, and aqueous phenol extract were all tested for their
ability to kill 10-day old chick embryos when injected into the chorio-
allantoic membrane. A control endotoxin of group C Neisseria meningitidis

prepared in a manner similar to that for the peak 2 extract was tested.
The results are shown in table 11. None of the B. fragilis preparations
showed lethality when administered in doses of up to 200 1g per eqgg.

However, the control endotoxin (group C Neisseria meningitidis), had an

LD50 of 1.2 ug per egg.

Table 11

Lethality of various preparations on 10-dav old chick embryos after
injection into the choriocallantoic membrane

Treparation LDSO (ug/eay)
Outer membrane >200
PeaX 1 (non-lipid extracted) ;200
Peak 2 (non-lipid extracted) >200 ) .
Classic phenol extract >200
Group C endotexin, Neisseria 1.2

i eia:. A
meningitidiz

The endotoxir. of group C Neisseria meningitidis was prepared in a munner

similar vo that used for the peak 2 (rnon-lipid) extract.

Tinally, various vrevnarations were tested for their abilitv to induce
the local Shwartzman nhenomenon in qgrouns of rabbits. An endotoxin of Sal-
monella tvyphi 0:201 extracted by aqueous phenol was used as a control. The

?
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results are shown in table 12. None of the B. fragilis vreparations induced
the local Shwartzman reaction when given in doses as high as 1 mg. However,
the control (S. tyohi endotoxin) gave a positive result in all five rabbits
tested, with a 50% endnoint of 3 pg. These experiments demonstrate that

in our hands, B. fragilis endotoxins have minimal biologic activity in the
tests we performed.

(See Table 12, page 34)

So that we could be sure the endotoxin of this organism had not been
missed bv any of the standard extraction procedures used, whole bacteria
were tested for their ability to induce the local Shwartzman rhenomenon.
Twenty-one hours after graded preparative doses of up to 2,500 ug dry
weight of B. fragilis (killed by exposure to ambient atmosphere} were given
to groups of five rabbits, provocative doses of 1,000 jug were administered.
No reactions were noted in anv rabbit, an indication of the absence of
biologically active endotoxin. Grouvs of five rabbits were similarly
tested with strain 99! group B Neisseria meningitidis and strain 526 of
Pseudomonas aeruginosa. Both organisms were killed by heating at 60 C
for 30 min. The 50% endpoint for meningococcus was 600 1.g {preparative
dose, dry weight) and 200 ug for pseudomonas as determined by the method of
Reer and Muench (36). A 1,000 ug provocative dose was also used in these
rabbits. The weak endotoxin potency of these whole cells could be anticipated
because of their insolubility and the vastly more potent endotoxicity of
soluble extrac 's.

In this rortion oI the study, we have characterized by several
techniques an endotoxin like molecule isolated from Bacteroides fragilis
fragilis. This comvwonent has been separated from vurified preparations of
outer membrane by disaggregation via NaD buffer and column chromatography.

We have also isolated a chemically similar component bv the agueous phenol
technique (2). It is of interest that these extracts lack KDO and hevtose,
two of the characteristic sugars of aerobic bacterial endotoxins. Using
aqueous phenol extracts, HBofstad and Kristofferson also noted that endotoXins
of B. fragilis lacked these sugars (23). Sonnenwirth (24), however, found
KDO in the endotoxins of some strains of B. fragilis. Differences in strains
may cause this divergent data. In classical endotoxins, KDO is linked to
lipid A. We have demonstrated that in these preparations, KDO is absent.

The character of the linkage between the lipid moiety and the polysaccharide
is unknown. However, by simple washing with chloroform-methanol and alcohol,
the greater part of the lipid is removable. This molecule, washed in organic
solvent, still retains some lipid which allows repeated disaggregation in
NaD buffer and reaggregation in the absence of this buffer. Therefore, we
feel there is a close association between lipid and polysaccharide.

These studies have shown that the lipovolysaccharide of Bacteroides
fragilis fragilis, in our hands, lacks some characteristic biologic functions

of an endotoxin. This lipopolysaccharide gels the Limulus lysate at higher
concentrations than do the aerobic endotoxins. This finding is in agreement
with those of Sonnenwirth who has demonstrated a positive Limulus test in
the sera of patients with sepsis due to Bacteroides. We were unable to
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demonstrate lethality in chick embryos or to induce the local Shwartzman
reaction in rabbits even with the use of very large quantities of material.
These tests were done with and without the lipid having been removed from
the prevarations. The non-1lipid extracted molecules are soluble and lack
endotoxicity; therefore, an insoluble lipid A revorted to lack endotoxicity
is not the cause of this lack of biologic function. Despite the presence

of 46% lipid in peak 2, we have shown that this lipid is largely loosely
bound. As one might predict with so little tightly bound 1lipid present in
this molecule, we obtained no lipopolysaccharide with use of the phenol-
chloroform-petroleum ether method of extraction of rough mutant endotoxins
(27). One may consider a spectrum of types of lipopolysaccharide, each type
consisting of different relative amounts of lipid and polysaccharide. It
would seem the moieties of Bacteroides fragilis fragilis revresent livopoly-
saccharides at one extreme of this spectrum, containing much polysaccharide
and small amounts- of tightly bound lipid. The livopolysaccharide of R
mutants, on the other hand, represents the other extreme of the spectrum,
containing much lipid and small amounts of volysaccharide.

The lack of local Schwartzman phenomena after injection of whole
bacteria into rabbits has also assured that endotoxin was nrobably not missed
by these standard extraction methods.

This lipopolysaccharide with limited or no endotoxic propnerties may
account for the avparently low incidence of disseminated intravascular
coagulation in patients with sepsis due to Bacteroides fragilis, a theory
which has been hypothesized previouslv (38).

IITI. Bacteroides melaninogenicus

We have now bequn similar immunochemical investigations of Bacteroides
melaninogenicus. This organism is the predominant species of Bacteroides
isolated from lung abscesses.

B. melaninogenicus is thought to be responsible, in part, for periodontal
disease and has been shown, in fact, to be essential in certain synergistic
anaerobic infections of the mouth (i.e., the bacterial mixture, in the
absence of B. melaninogenicus, is non-infective). Very little is known about
the antigenic make-up and biochemical structure of B. melaninogenicus and
consequently about virulence factors and the immune response to infection
by B. melaninogenicus. Methods have been developed in this laboratory in
the study of B. fragilis that are useful in the study of B. melaninogenicus.

The outer cell membrane may play a role in the virulence of Bacteroides
melaninogenicus, as it does in many other bacterial species, and is very likely
the site of antigenic recognition by the host. Purification of the cell mem-
brane bv others has been notably incomplete to date, and identification of
purified antigens is almost non-existent. Therefore, we have begun to study
the outer membrane of B. melaninogenicus as follows: first, by isolating

and characterizing components of the outer membrane comnlex; second, by
identifying the antigenic components of the outer membrane complex.
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Methods and Results 1

Laboraﬁory. Strain 536 was obtained from A.K. Daly, Roston City Hospital
| Microbiology Laboratory. The bacteria were grown and harvested in 6 liter
batches using culture medium described by Sokransky. The isolation procedure
used was that described by us previously and included differential centrifu- T
gation, EDTA treatment, shearing and ultracentrifugation. The outer membrane %1
)
|

e e A L

B. melaninogenicus, strain 382 was obtained from the Forsythe Dental {‘
4

complex was then sepvarated on a Sevhadex G-100 column using 0.5% Na deoxy-
cholate buffer (endotoxin disagaregating). The eluent demonstrated a majior
peak at the void volume that consisted of large protein and carbohydrate
components (see percentages bhelow) and a smaller second veak (1/3 of total)
which contained a majority of carbohvdrate and very little protein. The
peaks were concentrated with Amicon apparatus, using PM-30 and UM-2 membranes
for peaks 1 and 2, respectively.

Peak 1 was found to contain 50% protein and 50% carbohydrate. The
carbohydrate portion was composed of hexose, methyl pentose and hexosamine
(6:2:1). Peak 2 contained no protein and was composed of hexose, methyl
pentose and hexosamine (9:2:1). SDS-polyacrylamide gel electrophoresis showed
several distinct bands in peak 1 and none in peak 2, when stained for proteins.

Antiserum was developed in New Zealand white rabbits against live
organisms of strain 382. 536 antiserum had previously been raised. Ouchtar-
lony d.uble diffusion in agar was done using antisera from strains 536 and 382
as well as pre-immunization serum with the following antigens: 382-peak 1,
382-peak 2, whole membrane-536. The results were as follows: there was no !
precipitin line with 536 and anti-382 (subspeciation has not yet been done 1
so subspecies or strain specificity has not yet been determined); there were “
two nrecipitin lines with whole membrane 536 and anti-536; no lines were :
seen with any antigen and serum prior to immunization; two lines were seen
with peak 1 382 and anti-382; no lines were seen with peak 2 382 and anti- *

382 (this may well reflect a low concentration of antigen used in the test).
Immunoelectrophoresis of peaks 1 and 2 (strain 382) with anti-382 is currently
being performed. Separation of the carbohydrate from the protein in veak 1
is currently being performed in order to study further the antigenic structure. {
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