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Immunogenic Salmonella typhimurium ribonucleic acid (RNA) preparations, pre-
pared by differential centrifugation, phenol extraction at 65 C, and ethanol pre-
cipitation from 0.5% sodium dodecyl sulfate. solution, maintained their immuno-
genicity through lyophilization. As measured by survival, differential pathogen
counts 5 days postchallenge, or clearance of the infecting organism from the tissues,
immunization with 50 Ag (dry weight) of the lyophilized preparation proved as
effective as immunization with 0.1 LD50 of attenuated S. typhimurium cells. Chro-
matography of the immunogenic fraction through Biogel P-6 (exclusion limit >
4,600) or through Biogel P-300 (exclusion limit > 300,000) resulted in only one
immunogenically active protein of the eluate found in the void volume of the col-
umns. Diethylaminoethyl (DEAE) cellulose anion-exchange chromatography of
the RNA preparations showed that the immunogenic activity was eluted from the
column at 0.8 to 1.0 M NaCl in a linear 0.1 to 2.0 M NaCl gradient. Nonimmuno-
genic, protein-containing minor peaks were eluted at 0.1 to 0.5 M NaCl. Serial
fractionation of the crude RNA preparations over Biogel P-6 to DEAE cellulose
to Biogel P-300 molecular-sieve or anion-exchange columns did not alter the im-
munogenicity of the RNA preparation. Incorporation of the column fractions into
Freund's incomplete adjuvant did not increase their relative effectiveness in eliciting
anti-salmonella resistance. Chemical analysis of the immunogenic preparations
indicated that they were lacking in detectable protein, lipid, and deoxyribonucleic
acid. These results suggest that the immunogenic moiety of the crude nucleic acid
fraction is either RNA or an as yet undefined polysaccharide of greater than 300,000
molecular weight.

Within the past 5 years, an increasing body of
evidence has accumulated to indicate that bac-
terial subcellular preparations are effective in
inducing resistance to several bacterial parasites.
Youmans and Youmans have elegantly demon-
strated that ribosomal and crude ethanol-precipi-
tated ribonucleic acid (RNA) preparations of
Mycobacterium tuberculosis induce an effective
immune response in mice to challenge infection
with the homologous organism (42-45). In more
recent work (46), they have further suggested
that the immunogenic activity of the fractions
may be associated with one particular species of
nucleic acid.

1 Preliminary results of this investigation were presented at the
Annual Meeting of the American Society for Microbiology,
Minneapolis, Minn., 2-7 May 1971.

Immunization with bacterial ribosomal prepa-
rations has also been found to be an effective
means of prophylaxis for infections with Staphy-
lococcus aureus (41), Pseudomonas aeruginosa
(40), Diplococcus pneumoniae (30), and Salmo-
nella typhimurium (35). The immunogenic frac-
tions of these organisms consist of approxi-
mately 60% RNA, 30% protein, and 10%7,
"contaminant" material on a dry weight basis.
The active moiety in these preparations, however,
has not been defined.

In recent work from this laboratory, evidence
was presented to indicate that immunization
with phenol-extracted RNA preparations ob-
tained from S. typhimurium protects mice against
subsequent challenge with virulent bacilli (36).
In view of the heterogeneous chemical composi-
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tion reported for the immunogenic preparations
[97% RNA, < 0.5% protein, < 0.02% deoxy-
ribonucleic acid (DNA), and approximately 2%
miscellaneous carbohydrate], the identity of the
active moiety in these fractions has remained
obscure. This communication details results
obtained through purifying the immunogenic
RNA preparations by molecular-sieve and anion-
exchange chromatography. The data strongly
suggest that the active moiety is associated with a
substance(s) of a molecular weight greater than
300,000.

MATERIALS AND METHODS
Organism. S. typhimurium strains SR-11 and RIA

were employed throughout this investigation. The
LDso values of these strains for mice were less than 10
and approximately 5 X 104 bacteria per animal,
respectively (36).

Animals. CF-1 female, albino Swiss mice obtained
from Carworth Farms, Portage, Mich., and weighing
between 18 and 25 g were used in all experiments.
Mice were housed 10 per cage with food and water
available ad lib.

Preparation of crude RNA fractions. The procedure
employed for the preparation of the immunogenic
RNA fractions was that described previously with
modification (35, 36). An 8-liter broth culture of S.
typhimurium SR-11 in mid- to late-log growth was
harvested by continuous-flow centrifugation at
40,000 X g in a Sorvall refrigerated high-speed cen-
trifuge. The harvested bacteria were then washed in
0.01 M sodium phosphate buffer, pH 7.19, at 25 C, and
suspended in 3 volumes (v/v) of cold 0.01 M phosphate
buffer containing 3 X 10-2 M MgCl2 and 0.25% (w/v)
sodium dodecyl sulfate (SDS). Polyvinyl sulfate (3 X
10-4%, w/v) was included in the extraction buffer to
minimize endonuclease activity. The bacterial mass
was then homogenized for 1 min in a Waring Blendor
and was subsequently passed through a French pres-
sure cell at 10,000-14,000 psi. Although this is a more
efficient fractionation method (90+% breakage),
sonic treatment of the bacterial mass for 10 min at 70
w may be used as a substitute method.
The homogenate was subjected to two preliminary

centrifugations at 27,000 and 45,000 X g in a Sorvall
RC-2B refrigerated centrifuge. After the 45,000 X g
centrifugation, the supernatant fluid was centrifuged
at 105,000 X g for 3 hr in a Beckman model L re-
frigerated ultracentrifuge. The pellet from this cen-
trifugation was suspended to a concentration of 50 mg
(moist weight) per ml in 0.01 M phosphate buffer, pH
7.19, at 25 C, and was incubated with 5 ,ug of deoxyri-
bonuclease per ml for 30 min at 15 C.

After incubation, one volume of hot (65 C), buffer-
saturated phenol (suspended in and equilibrated three
times with 0.01 M phosphate buffer, pH 7.19, at 25 C,
containing 0.5% SDS) was added to this suspension,
and the mixture was agitated vigorously for 10 min
at 65 C. The aqueous phase was separated from the
phenol phase by centrifugation for S min at 2,100
rev/min in an International HN-S centrifuge, and was
decanted (the phenol phase was discarded). Extraction

of the aqueous phase with 1 volume of hot buffer-
saturated phenol was repeated at least four times or
until the aqueous-phenol interphase was free from
denatured protein. Subsequent to the final centrifuga-
ion, the upper two-thirds of the aqueous phase was
carefully decanted and brought to 0.1 M NaCl by the
addition of 1 M NaCl in 0.01 M phosphate buffer. Two
volumes (v/v) of cold (-20 C) absolute ethanol were
added to the preparation, and the mixture was per-
mitted to stand overnight at -20 C.
The following day, the nucleic acid precipitate was

collected by centrifugation at 10,000 X g for 5 min in
a Sorvall refrigerated centrifuge (model-RC-2B), and
was suspended in 0.01 M phosphate buffer, pH 7.1, at
25 C, containing 0.1 M NaCl. Two volumes (v/v) of
absolute ethanol were again added, and the mixture
was stored at -20 C for 4 hr. After collecting the
precipitate and resuspending the pellet in 50 ml of
0.01 M phosphate buffer containing 0.1 M NaCl, an
equal volume of 1.0% SDS (in 0.01 M phosphate
buffer, pH 7.19, at 25 C, containing 0.1 M NaCl) was
added, and the mixture was incubated for 30 min at
25 C under moderate agitation. The nucleic acid was
then precipitated out of solution by the addition of 2
volumes of cold absolute ethanol. This mixture was
stored at -20 C for 4 hr, collected by centrifugation at
10,000 X g as described above, and suspended in 50
ml of phosphate-NaCl buffer. The precipitation and
collection of the nucleic acid were repeated an addi-
tional four times. The final pellet was then suspended
in either sterile, pyrogen-free isotonic saline or 0.01 M
phosphate-NaCl buffer, and was lyophilized immedi-
ately.
The yield of the nucleic acid fraction obtained by

this procedure was approximately 0.2 to 0.4% of the
moist weight of the cell mass. Qualitatively, the frac-
tion exhibited an adsorption spectrum between 210
and 310 nm, which is comparable to that reported for
nucleic acids (14, 25), and an A26o/mg equal to 20.
The ratios of optical density at 260 nm (OD260) to
OD280 and OD260 to OD2s5 were approximately
2.138 i 0.087 and 2.104 i 0.093, respectively. Chem-
ically, the dry weight of the crude nucleic acid fraction
was composed of approximately 98.5% RNA, 1%
miscellaneous carbohydrate, less than 1% protein, no
detectable DNA, and no detectable lipid. The chemical
analyses used in determining these concentrations were
the same as those described previously (36).

Molecular-sieve chromatography. Biogel P-6 (molec-
ular weight exclusion limit > 4,600) and Biogel P-300
(molecular weight exclusion > 300,000) were obtained
from BioRad Laboratories, Richmond, Calif. The
appropriate columns were charged with 50 mg of the
crude RNA preparation suspended in 5 ml of 0.01 M
phosphate buffer, pH 7.19, at 25 C, containing 0.1 M
NaCl. A Biogel P-6 column 50 by 1.5 cm was eluted at
a flow rate of 60 ml per hr with the suspending phos-
phate-NaCl buffer. A Biogel P-300 column 30 by 2.5
cm was similarly eluted at a flow rate of 8 ml per hr.
The eluates of the columns were monitored through an
Isco dual-beam ultraviolet analyzer and recorder
(model UA-2) at OD254, and fractions were collected
in 2- and 5-ml quantities from the P-6 and P-300 col-
umns, respectively. Soluble yeast RNA (Nutritional
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Biochemicals Corp., Cleveland, Ohio) and Blue Dex-
tran 2,000 (Pharmacia Fine Chemicals, Inc., Piscata-
way, N.J.) were employed as standards to compare
with the elution profile of the S. typhimurium RNA
preparations and to determine the void volume of the
column, respectively.

Anion-exchange chromatography. Diethylamino-
ethyl (DEAE) cellulose was obtained from Sigma
Chemical Co., St. Louis, Mo., and was prepared
according to the protocol described elsewhere (26).
A column (30 by 1.5 cm) was charged with 10 mg (dry
weight) of the immunogenic RNA preparation con-
tained in 5 ml of 0.01 M phosphate buffer containing
0.1 M NaCl. A 200-ml linear 0.1 to 2 M NaCl gradient
was passed through the column at a flow rate of 0.25
ml per min, and the fractions were collected in 5-ml
quantities. The eluate was monitored as described
above.

Immunizations. Mice were immunized subcutane-
ously with 50 jig (dry weight) of the lyophilized RNA
preparation, or of the pooled and lyophilized column
eluates contained in 0.1 ml of sterile, pyrogen-free
isotonic saline (Baxter Laboratories, Morton Grove,
Ill.). When adjuvant was employed, the fractions were
incorporated into 3 volumes (v/v) of Freund's in-
complete adjuvant and injected subcutaneously in 0.4
ml. The fractions, at these dosage levels, were not toxic
for mice. Animals receiving attenuated salmonella
were injected subcutaneously with 0.1 LDso of S.
typhiimurium strain RIA contained in 0.1 ml of sterile
saline.

Challenge. At 15 or 30 days after immunization with
preparations incorporated into either saline or adju-
vant, treated and unimmunized control mice were
injected intraperitoneally with 48 and 70 LD50 Of
virulent S. typhimurium SR-11, contained in sterile,
pyrogen-free isotonic saline. Viable plate counts on
Brain Heart Infusion agar defined the specific number
of bacteria injected.
Immune assay. For the detection of demonstrable

anti-salmonella resistance, two or all three of the
following assays were employed.

(i) Survival: The end point for survival was desig-
nated as 30 days postinfection. The statistical signifi-
cance of differences between the results obtained with
control and treated mice was determined by chi-square
analysis (27).

(ii) Differential pathogen counts at 5 days post-
challenge (4): Challenged animals were individually
killed by cervical dislocation; the animals were
skinned, their feet and tails were removed, and the
gastrointestinal tract was excised. The weight of the
carcass was determined, and sterilized distilled water
was added to yield a total volume of 100 ml. The
suspension was homogenized for 3 min in a Waring
Blendor, and 10-fold serial dilutions of the homoge-
nate were prepared in sterile, isotonic saline and plated
in 0.1-ml quantities on SS Agar (Difco). After incu-
bation at 37 C for 24 hr, the number of viable bacteria
in each dilution was determined, and the number of
bacteria in the original homogenate was calculated.
The number of bacteria per gram of tissue for each
animal was determined as described elsewhere (33).
Statistical significance of differences between values

obtained for the treated and untreated groups were
determined by rank order evaluation (39).

(iii) Pathogen tissue clearance: At 2, 4, 7, 10, 15,
and 30 days postchallenge, the number of bacteria per
gram of tissue for infected normal and treated mice
was determined as defined above. The data are pre-
sented as the mean number of bacteria per gram of
tissue versus the time postchallenge at which the
animals were sacrificed.

Chemical analyses. Protein was determined by the
Lowry technique (20) with bovine serum albumin
(Nutritional Biochemicals Corp.) as the standard.
These results were confirmed by polyacrylamide disc
electrophoresis on 2 mg (dry weight) of the fractions
in 5% gels by the procedure of Maurer (21). DNA and
RNA were defined by the diphenylamine (11) and
orcinol tests (25), respectively. Sperm DNA and
purified yeast soluble RNA obtained from Nutritional
Biochemicals Corp. were employed as standards. Lipid
was qualitatively determined by thin-layer chromatog-
raphy as described previously (36). Total carbohydrate
concentrations were assayed by the phenol-sulfuric
acid method of Dubois et al. (12), with D-ribose
(Nutritional Biochemicals Corp.) as the standard.

RESULTS
Vaccine standardization. One limitation antici-

pated in attempts to purify the active moiety in
the crude S. typhimuriwn RNA preparations was
the previously reported temperature lability of
the activity upon storage of the fraction at either
4 or -20 C (36). Because of the use of the modi-
fied extraction procedure employed in this study,
and the immediate lyophilization of the crude
fraction, the immunogenicity of the preparations
in the lyophilized state required definition. Ac-
cordingly, mice were immunized with 50 Ag (dry
weight) of the RNA that had been stored in this
manner for 1, 2, or 3 months. Animals immunized
with 0.1 LD50 of attenuated S. typhimurium
strain RIA or with 50 Mig (dry weight) of the
freshly prepared RNA served as positive con-
trols. After 15 days, all animals were challenged
with 65 LD50 of virulent S. typhimurium SR-11.
As measured by survival (Table 1), the immuno-
genicity of the lyophilized RNA preparations
was comparable to that observed in the animals
immunized with either the freshly prepared RNA
or the attenuated salmonellae. There was no
definable correlation between a loss in immuno-
genicity and the time of storage for the immuno-
genic RNA preparations. Similarly, there was no
significant decrease in the efficacy of the lyophi-
lized fractions as measured by the more sensitive
(15) differential pathogen count immune assay
(Fig. 1).
One criticism of the use of the preceding im-

mune assays in determining the efficacy of a
vaccine preparation is the inability of either
survival or differential pathogen counts to detect
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a sterilizing immunity in the immunized mice
(3, 7, 8). To define the comparative efficiency of
the subcellular vaccine preparations in eliciting
this type of response, 25 mice were immunized

TABLE 1. Comparative immunogenicity of
lyophilized RNA preparations as

meastired by survivala

Storage Survival at 30Immunizing prepn time days (%)b(months)

S. typhimurium strain
RIAc 85.0 (17/20)

S. lyphimurium RNA
Freshly preparedd.. - 80.0 (16/20)e
Lyophilizedd. 95.0 (19/20)

2 80.0 (16/20)
3 86.7 (13/15)

Unimmunized controls... - 8.0 (4/50)

a Challenged 15 days postimmunization with
65 LD5a of S. typhimurium strain SR-11.

6 The number of survivors/total is given in
parentheses.

c Immunized with 0.1 LDas.
d Immunized with 50 ,ug (dry weight) of RNA.
e p < 0.001.
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with 0.1 LD50 of attenuated S. typhimurium RIA,
with 50 ,ug (dry weight) of the freshly prepared
RNA, or with the RNA fraction lyophilized 2
months previously. Unimmunized animals served
as normal controls. At 15 days postimmuniza-
tion, the animals were challenged with 65 LD5o
of virulent S. typhimurium. At 2, 4, 7, 10, 15, and
30 days postimmunization, five mice from each
group were sacrificed, and the number of bacteria
per gram of tissue was determined. The results
of these experiments are presented in Fig. 2.
Animals immunized with the RIA, freshly pre-
pared RNA, or the lyophilized RNA preparation
cleared infecting bacteria from the tissue below
the limit of detectability within 30 days post-
challenge. In contrast, the normal animals showed
a steady increase in bacterial counts, and by 10 to
15 days postchallenge all of the animals had suc-
cumbed to infection. These results clearly indicate
that the resistance elicited with the immunogenic
subcellular fraction is comparable to the steriliz-
ing response induced with the attenuated sal-
monellae.

Molecular-sieve chromatography, Biogel P-6.
Small-molecular-weight contaminant carbohy-
drate, phenol, and residual SDS (10) were ex-
cluded from the lyophilized RNA preparations by
molecular-sieve chromatography over Biogel P-6
(molecular weight exclusion limit > 4,600). Char-
acteristic OD254 profiles of two immunogenic
RNA fractions, yeast RNA, and Blue Dextran
2000 are presented in Fig. 3. The majority of the
material absorbing at 254 nm in the immunogenic
RNA fraction was eluted in the void volume of

PREPARATION

FIG. 1. Comparative immunogenicity of lyophilized
S. typhimurium RNA preparations as measured by
differential pathogen counts S days postchallenge. N =

normal, unimmunized controls; A = animals immunized
with 0.1 LD5o of S. typhimurium strain RIA; B = ani-
mals immunized with 50 pig offreshly prepared RNA;
and C1, C2, C3 = animals immunized with S0 uig (dry
weight) of lyophilized RNA stored for 1, 2, and 3
months, respectively. Each dot represents the value
obtainedfrom one mouse; the bracketed lines define the
geometric mean the standard error.

DAYS POST- CHALLENGE

FIG. 2. Comparative immunogenicity of lyophilized
S. typhimurium RNA preparations as measured by
clearance ofthe challenge inocula from thte tissues. Eaclh
dot represents the geometric mean of 5 mice. Normal-
unimmunized controls; RIA = mice immw,iiized with 0.1
LD5o of S. typhimurium strain RIA; RNAf = 50 uAg
offreshly prepared RNA; RNA2 = 50 uAg (dry weight)
of ant RNA preparation lyophilized for 2 monthls. Tlle
dot-dash lines indicate numbers below thle limits of
detection; the dashed line for the controls indicates that
all animals had died.
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FIG. 3. Biogel P-6 elution profiles,for Blue Dextran 2000 (A), yeast soluble RNA (B), an2d immuntogenic S.
typhimurium RNA preparations (C, D). A 50 by 1.6 cm column was eluted at a flow rate of 60.0 ml per hr with
0.01 m1 phosphate buffer containing 0.1 M NaCl, pH 7.19, at 25 C. The dotted lines in D definte the column fractions
pooled for lyophilizationi and immunization.

the P-6 column as determined by comparison with
the Blue Dextran 2000 elution profile. This com-
pared favorably with the profile obtained for the
purified yeast RNA standard. A second absorbing
peak, following the one in the void volume, was
consistently found in all of the salmonella prepa-
rations.
To examine the immunogenicity of the column

eluate, fractions were pooled as shown in Fig. 3
and lyophilized; then 50 ,ug (dry weight) was in-
jected into 60 mice. In each group, 30 mice re-
ceived the fractions incorporated into Freund's
incomplete adjuvant, 30 received the preparation
in saline. At 15 days postimmunization, the ani-
mals injected with the preparations suspended in
saline were challenged with 62 LD50 of S. typhi-
murium SR-11. At 30 days postimmunization, the
mice that received the fractions incorporated into
adjuvant were similarly infected. Unimmunized
animals served as normal controls. The results
from these experiments are presented in Table 2
and Fig. 4. As measured by either survival or the
ability of the immunized animal to inhibit or
retard bacterial multiplication, the only portion
of the eluate found to be immunogenic was that
portion containing the RNA located in the void
volume of the column. Adjuvant did little to in-
crease the efficacy of any of the fractions in
inducing resistance to the challenge infection.

Molecular-sieve chromatography, Biogel P-300.
Subsequent elution of the immunogenic RNA
preparations through Biogel-300 (molecular
weight exclusion limit > 300,000) with 0.01 M

TABLE 2. Immunogenicity of pooled Biogel P-6
column fractions as measured by survivala

Immunizing prepn Suspending Survival at 30diluent days (%^)6

S. typhimurium RNA Saline 90 (18/20)c
Adjuvant 70 (14/20)c

Fraction I Saline 80 (16/20)c
Adjuvant 65 (13/20)d

Fraction II Saline 0 (0/20)
Adjuvant 15 (3/20)e

Fraction III Saline 10 (2/20)
Adjuvant 5 (1/20)

Unimmunized controls - 5 (1/20)

a Challenged at 15 (saline) or 30 (adjuvant)
days postimmunization with 62 LD50 of S. typhi-
murium SR-11.

b The number of survivors/total is given in
parentheses.

c p < 0.001.
d 0.0l > P > 0.001.
e p > 0.1.

phosphate buffer, pH 7.19, at 25 C, containing
0.1 M NaCl, gave a characteristic OD254 elution
profile as shown in Fig. 5. Fractions from the
column were pooled and lyophilized, and 30 mice
were injected with 50 ,ug of one of the respective
preparations incorporated into adjuvant. An ad-
ditional 30 mice received the pooled suspension in
saline. At 30 or 15 days after immunization, the
animals were challenged with 48 LD50 of virulent
SR-11. The survival of the infected animals and
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FIG. 4. Immunogenicity ofpooled Biogel P-6 column fractions as measured by differential pathogen counits 5

days postchallenge. N = unimmunized normal controls. Ri, II, IIs, III, = animals immunized with 50 ,ug of S.
typhimurium RNA, fraction 1, fraction 11, andfraction 111 injected in saline, respectively. R2, 12, 112, Il12 = animals
immunized with the respective preparations incorporated into Freund's incomplete adjuvant. Each dot represents
the value obtained from one animal; the bracketed lines define the mean i the standard error.

06

04

02

II

1;

iI

I:
I:
i,

iI "I;

20 3040, 70 --0 --0 -00---0O 10 20 30 40 50 60 70 80 90 100 110

FRACTION NUMBER

FIG. 5. Biogel P-300 elution profile ofimmunogenic
S. typhimurium RNA (solid line) and Blue Dextran
2000 (dashed line). The 30 by 2.5 cm column was eluted
with 0.01 M phosphate buffer, pH 7.19, at 24 C, con-

taining 0.1 M NaCl at aflow rate of8 ml/hr. Fractions
were collected in 5-ml quantities. Vertical lines desig-
nate those fractions pooled for lyophilization and im-
munization.

the differential pathogen counts at 5 days post-
challenge are presented in Table 3 and Fig. 6,
respectively. The only mice found to be both re-
sistant to the challenge and capable of inhibiting
the multiplication of the organism were those

TABLE 3. Immunogenzicity of Biogel P-300 fractions
as measured by survivals

Immunizing prepn Suspending Survival at 30diluent clays ()

S. typhimurium RNA Saline 80 (16/20)
Adjuvant 70 (14/20)

Fraction I |Saline 90 (18/20)
IAdjuvant 75 (15/20)c

Fraction II Saline 25 (5/20)
Adjuvant 10 (2/20)

Unimmunized controls - 15 (3/20)

a Challenged either 15 (saline) or 30 (adjuvant)
days postimmunization with 48 LD50 of S. typhi-
murium SR-11.

b The number of survivors/total is given in
parentheses.
cp < 0.001.

immunized with the nucleic acid-containing eluate
of the column. Adjuvant appeared to make little
difference in the degree of immunity obtained with
the respective fractions.
DEAE cellulose anion-exchange chromatog-

raphy. On the premise that a polar contaminant
was nonspecifically absorbed to the RNA in the
crude fractions and was consequently responsible
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he immunogenicity of the preparations, the were employed as standards for the comparison
K fractions were purified through anion- of elution profiles. As shown in Fig. 7, the yeast
ange chromatography. Yeast RNA and 50 RNA eluted off the column at 0.8 to 1.0 M NaCl
of purified S. typhimuriwn endotoxin (37) as a homogeneous peak. In contrast, elution of the

endotoxin preparation with this buffer system
resulted in four absorbing peaks at 254 nm. The
three minor peaks were eluted at 0.2 M, 0.4 M, and

1 J ; greater than 1.8 M NaCl. The major peak was
I l * . eluted at 0.85 to 1.0 M NaCl. Chemical analyses
, 1. , ] of these fractions indicated that the major peak

. 1 was high in carbohydrate content, but lacking in
s* : J * detectable protein. Similarly, this fraction ex-

: hibited a 210 to 310 nm absorption spectrum
characteristic of nucleic acids (OD260:OD2So =
1.947; OD260:OD2s5 = 1.876). These data seem to

l..-. indicate that the major peak of the endotoxin
. 1 .* eluate was composed of nucleic acid contaminant

1 carried over throughout the Westphal phenol ex-
traction procedure and would be in support of the

* a work of other investigators (2, 16, 38).
In contrast, the immunogenic S. typhimurium

* * * RNA preparation gave a homogeneous peak
N RI I n R2 I2 12 eluted at 0.8 to 1.0 M NaCl. This major peak was

eluted at these NaCl concentrations consistently
PREPARATION in all preparations examined and matches that

i. 6. Immunogenicity ofBiogelP-300 colwnnfrac- elution profile observed with the yeast RNA. In
as measured by differential pathogen counts S days several tests of other immunogenic RNA prepa-
fhallenge. N = unimmunized controls. R1, 1,, rations, however, barely detectable minor peaks
animals immunized with 50 1g (dry weight) ofS. were observed to be eluted at 0.1 to 0.5 M NaCl
murium RNA, fraction I, andfraction II in saline
ctively. R2, I2, 12 = animals immunized with the (Fig. 8:Ai -A4)t Chemical analyses of these frac-
,ctive preparations incorporated into Freund's - tions indicated that they were primarily protein,
lete adjuvant. Each dot represents the value ob- that they were lacking in detectable carbohydrate,
I from one animal; the bracketed lines define the and that they absorbed ultraviolet light maxi-
!+ the standard error. mally at 280 nm. In contrast, the major peak of
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FIG. 7. DEAE cellulose anion-exchange chromatography profiles of yeast soluble RNA (A', S. typhimurium
endotoxin (B), and immunogenic RNA preparations (C). A 30 by 1.0 cm column was eluted with a linear 0.1 to
2.0 M NaCl gradient in 0.01 M phosphate buffer, pH 7.19, at 24 C. Fractions were collected in S.0-ml samples.

for t
RNA
exchz
mg (

70
w
(,)

I 6.0

4

50

cr-
w

r 40w

m

o 3.0
z

0

-J 2.0

FI(
tions
postc
II, =
typhi
respe
respe
compl
tainec
mean

ci

C-)
z

m



INFECT. IMMUNITY

the RNA preparations did not contain detectable
protein, exhibited a significant carbohydrate con-
tent, and gave an absorption spectrum charac-
teristic of nucleic acids (OD260:,D28o = 2.231;
OD260:OD235 = 2.178) with a corresponding
A260/mg of 20 (Fig. 9). Comparable elution pro-
files and chemical results were also obtained when
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z
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excessively large amounts of the initial RNA
preparation (>100 mg) were employed as the
column charge, indicating that the immunogenic
preparations were composed primarily of RNA.
The DEAE cellulose eluate was pooled accord-

ing to the protocol shown in Fig. 8 and lyophi-
lized. Animals were immunized subcutaneously

/ 1~~2.0

0

FRACTION NUMBER
FIG. 8. Immunogenic S. typhimurium RNA elution profile on a 30 by I cm DEAE cellulose anion-exchange

column. The column was elated with a linear 0.1 to 2.0 M NaCI gradient in 0.01 vL phosphate buffer, pH 7.19, at
24 C. Inserts A,, A2, A3, and A4 show varying 0.1 to 0.5 m NaCI elution profiles obtained withl different RNA prep-
arations; insert B shows the fractions pooled for lyophilization and immunization.
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FIG. 9. Chemical analyses ofDEAE cellulose anion-exchange elution fraction of imnmuniogeniic S. typhimurium
RNA. Dashed line, OD254 absorbance; 0, protein; 0, total carbohydrate. Insert shows 210 to 310 nm absorption
profile offraction no. 30.
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FIG. 10. Immunogenicity of DEAE celluilose anion-exchanige fractionis as measured by differential pathogeni
counts 5 days postchallenge. N = unimmunized normal controls. RI, I,, III, 111, IV, = animals immunized with
50 j,g (dry weighlt) of S. typhimurium RNA, fractioni 1, fraction 11, fraction 111, and fraction IV in salinie, respec-
tively. R2, I2, 112, I112, lV2 = animals immunized with the respective preparations incorporated i/ito adjuvant.
Each dot represenits the value obtainedfrom onte animal; the bracketed lihues definze the mean the standard error.

with 50 Ag (dry weight) of one of the pooled
fractions. Twenty-five animals of each group re-
ceived the preparation in saline, and 25 animals
received the fractions incorporated into Freund's
incomplete adjuvant. At 15 or 30 days postim-
munization, the animals were challenged intra-
peritoneally with 70 LD5o of virulent S. typhi-
murium. Unimmunized animals again served as

normal controls, and the immune assays em-
ployed were both differential pathogen counts at
5 days postchallenge (Fig. 10) and survival (Table
4). Regardless of the incorporation of the frac-
tions into adjuvant, the only pooled eluate found
to be immunogenic was that containing the RNA
of the bacteria.

Serial column purification. Although purifica-
tion of the immunogenic RNA preparations
through elution of the fraction over Biogel P-6,
Biogel P-300, or DEAE cellulose had indicated
that the immunogenicity of the subcellular frac-
tion was associated with the nucleic acid in the
preparation, the ability of a serially purified nu-

cleic acid fraction to induce substantive anti-
salmonella resistance had not been examined.
Consequently, when the crude sample was em-
ployed as the column charge, it was possible that
a contaminant of the initial preparation was con-
tinually carried throughout the fractionation into
the immunogenic eluate. To exclude this possi-
bility, the nucleic acid peak obtained off the

TABLE 4. Immunogenicity ofDEAE cellulose
fractions as measured by surviva!a

Immunizing prepn Suspending Survival at 30

S. typhimuriuim RNA Saline 93.3 (14/15)
Adjuvant 80.4 (12/15)c

Fraction I Saline 20.0 (3/15)d
Adjuvant 13.2 (2/15)

Fraction It Saline 13.3 (2/15)
Adjuvant 19.6 (3/15)

Fraction III Saline 86.7 (13/15)
Adjuvant 72.6 (11/15)c

Fraction IV Saline 0.0 (0/15)
Adjuvant 13.2 (2/15)

Unimmunized controls 6.7 (1/15)

a Challenged either 15 (saline) or 30 (adjuvant)
days postimmunization with 70 LD5o of S. typhi-
murium SR-11.

b The number of survivors/total is given in
parentheses.

c0.01 > P >0.001.
d P > 0.05.

Biogel P-6 (cf. Fig. 3, peak I) was applied to a
DEAE cellulose column and eluted with a linear
0.1 to 2.0 M NaCl gradient in 0.01 M phosphate
buffer, pH 7.19, at 25 C. The fractions represent-
ing the major portion of the nucleic acid peak
obtained from anion-exchange chromatography
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(cf. Fig. 9, peak III) were pooled and eluted
through Biogel P-300. The fractions of the P-300
eluent containing the nucleic acid were pooled (cf.
Fig. 5, peak I), lyophilized, and injected sub-
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FIG. 1 1. Imnmunogenicity ofserially purifiedRNA as

measured by differential pathogen counts 5 days post-
challenge. N = unimmunized controls. X, R, I, II =

animals immunized with 0.1 LDso of attenuated S.
typhimurium strain RIA, 50Ag (dry weight) ofimmuno-
genic S. typhimuriun RNA, 50 Ag offraction I, or 50
,ug dry weight ofthe non-OD2M-absorbing portion of the
Biogel P-300 column, respectively. Each dot represents
the value obtained,from one animal; the bracketed lines
define the mneami i the standard error.

cutaneously in saline into normal mice (50 ,g, dry
weight, per animal). Unimmunized animals and
mice immunized with 50 ,ug (dry weight) of the
crude RNA, 0.1 LD0 of attenuated S. typhi-
murium strain RIA, or 50 ,ug of the pooled and
lyophilized non-nucleic acid-containing fractions
of the P-300 column (cf. Fig. 5, peak II) served as
controls. At 15 days postimmunization, the ani-
mals were challenged with 52 LD50 of virulent S.
typhimurium SR-Il. As measured by the ability of
the immunized animals to inhibit or retard bac-
terial multiplication 5 days postchallenge (Fig.
11), fraction I was the only portion of the P-300
eluent that induced a resistance comparable to
that induced with the crude RNA and attenuated
salmonella vaccine preparations. The non-nucleic
acid-containing protein of the gradient (fraction
II) did not elicit substantive resistance. Similarly,
immunization with fraction I resulted in elimina-
tion of the pathogen from the tissue (Fig. 12),
whereas the normal controls and animals im-
munized with 50 Mug of fraction II supported the
growth of the challenge inocula and had suc-

cumbed to infection within 15 days postchallenge.
Chemical assay. Chemical tests were conducted

on 50-mg (dry weight) samples of the various
immunogenic column eluates. Six samples of
Biogel P-6 fraction I, five samples of DEAE
cellulose fraction III, three samples of Biogel
P-300 fraction I, and four samples of the serial
purification void volume were tested. Protein was
present (<0.008%o) only in fraction I of the
Biogel P-6 eluates by the Lowry method. How-
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FIG. 12. Immunogenticity of serially purified RNA as measured by clearance of the challenge inocula from the

tissues. Normal = unimmunized controls. Animals immunized with 0.1 LDw of attenuated S. typhimurium strain
RIA (RIA), 50 ,g (dry weight) of immunogenic S. typhimurium RNA (RNA), and 50 ,ug offraction I (I), or non-
OD254-absorbing fraction II (I1), respectively. Dot-dash lines representt nonie detected; dashed lines, all animals
had died. Each point represents the mean obtained from five mice.
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ever, protein was not detectable ( <0.001% of the
preparation) in this fraction by analytical poly-
acrylamide disc electrophoresis (2 mg, dry weight,
of preparation examined), nor was it detectable
in any of the other samples by either method.
DNA (determined by the diphenylamine test) and
lipid (determined by thin-layer chromatography)
were not detectable in any of the samples. In
view of the defined sensitivity of the colorimetric
tests for the qualitative presence of the respective
components (11, 20, 25, 27) and the empirical
confirmation of these sensitivities in our own
laboratories, if protein, DNA, or lipid were
present they would be expected to be found in
amounts of less than 0.5 ,ug of material per 50 mg
of RNA. Consequently, these substances would
represent less than 0.001 % of the dry weight of
the fraction.

Total carbohydrate was determined by the
phenol-sulfuric acid method of Dubois et al. (12)
to be 24.28 i 0.43% (dry weight) of the serial
purification void volume, and pentose was deter-
mined by the orcinol method to be 25.13 iz
0.59%. It should be stated, however, that valida-
tion of these relative percentages resides with the
completion of more extensive analytical assays.
Work along these lines is currently in progress.

DISCUSSION
In previous reports from this laboratory, im-

munization with hot phenol-SDS extracted RNA
preparations of S. typhimuriwn has been shown
to be an effective means of inducing immunity to
experimental salmonellosis of the mouse (32-34,
36). The data presented in this investigation fully
support the contention that these subcellular ex-
tracts elicit a true protective immune response as
defined by Collins (7-9). Mice immunized with
50 Mg (dry weight) of the phenol-extracted RNA
were able to resist subsequent infection by the
homologous pathogen. The resistance was exem-
plified by the ability of the challenge animals both
to survive the infection and to suppress the growth
of the bacteria at 5 days postchallenge. The possi-
bility that these results are only a reflection of the
ability of the infected animal to retard infection
and are not characteristic of a true immune state
was eliminated by the data demonstrating that,
upon immunization with the crude RNA, the
pathogen was eliminated from the tissues of the
infected animal. This sterilizing type of immune
response was comparable to that elicited upon
immunization with the attenuated salmonellae.

In examining the chemical composition of the
immunogenic RNA preparations, three alterna-
tives exist with respect to the chemical nature of
the active moiety in the immunogenic fraction.
First, it is entirely possible that the activity is
inherent in a contaminant molecular species of the

fraction. On the basis of the chemical test em-
ployed to determine the constituents in the crude
immunogenic preparations (36), this would sug-
gest that an immunologically unique small-molec-
ular-weight carbohydrate, polysaccharide, or pro-
tein is the immunogen. Consequently, it is not
improbable that in the crude fractions a large
concentration of immunogenic carbohydrate or
polysaccharide does exist and is responsible for
the activity of the preparations. In additional sup-
port of this thesis, earlier work from this labora-
tory demdnstrated that the major contaminant of
the fraction was nonribose carbohydrate (36). It
is important to note, however, that small-molecu-
lar-weight (<4,600) nonpolar material was re-
moved from the crude preparations via molecular-
sieve chromatography over Biogel P-6. Although
this would appear to diminish the probability
that carbohydrate was involved, it does not ex-
clude the possibility that a charged derivative was
absorbed to the highly polar nucleic acid eluted
in the void volume of the column. In addition,
regardless of ionic charge, if the molecular weight
of the carbohydrate was greater than 4,600 it
would not be separable from the RNA through
this means. It should be stated, however, that via
the Biogel P-300 molecular sieve and serial puri-
fication scheme, polar material and residues of less
than 300,000 molecular weight should have been
differentially eluted from the nucleic acid. Simi-
larly, chemical analysis of the serially purified
RNA suggests that the total carbohydrate of the
preparation can be accounted for by the pentose
concentration empirically determined for the
RNA of the fraction (approximately 25% on a
dry weight basis). These data strongly indicate
that a carbohydrate contaminant is not respon-
sible for the activity of the fraction.
Along similar lines, the possibility that a pro-

tein or RNA-absorbed peptide fragment is re-
sponsible for the immunogenicity of the RNA
must be considered, since the crude fractions are
known to contain from 1.0 to 0.1% of the cellular
protein. Protein, however, was separated from the
nucleic acid through anion-exchange chromatog-
raphy. In addition, the proteins eluted from the
preparation were not immunogenic, regardless of
whether they were or were not incorporated into
adjuvant. Similarly, through the quantitation of
protein in the sample via polyacrylamide disc
electrophoresis and colorimetric assay, it was
demonstrated that, if present, proteinaceous ma-
terial accounted for less than 0.001% of the
immunogenic preparation. Assuming that the per-
centage stands up under more rigorous analytical
tests, these data in effect would require that a
unique peptide must be active in less than 0.0005
Mg per 50-,ug (dry weight) immunizing dose. Al-
though this is feasible, the degree of resistance ob-
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served subsequent to immunization, coupled with
the necessity of converting an entire animal to an
immune state, renders this possibility unlikely.
The possibility that a contaminant molecular

species is responsible for the immunogenicity of
the fraction would be further limited if one were
to consider the comparative efficacy of immuniz-
ing with equivalent quantities of the crude and
purified RNA preparations. Immunization with
50 ,ug (dry weight) of the purified fraction elicited
an immune state comparable to that obtained
with 50 j,g of the crude RNA. In conjunction with
this equal immunizing potency, it is interesting to
note that the concentration of contaminant ma-
terial in the fractions was reduced from approxi-
mately 3 %7 to less than 0.003%, of the dry weight
of the preparation. Whereas there existed an
approximate 1,000-fold decrease in non-nucleic
acid material, a commensurate decrease in the
immunizing potency of the fraction was not ob-
served. This fact alone would strongly indicate
that a contaminant molecule acting independently
of the nucleic acid is not responsible for the
activity of the fraction.
The second possible general explanation for the

immunogenicity of both the crude and purified
subcellular preparations is that a molecule in close
association with the RNA of the preparation is
responsible for the observed anti-salmonella re-
sistance. This in effect would be attributing to the
RNA the function of acting in an adjuvant-like
manner, and as such would be in support of the
work of several other laboratories (15, 19, 22). If
the RNA was acting in this capacity, however, one
might expect that the efficacy of the preparation
would be further increased by the addition of a
well-defined adjuvant to the preparation. In con-
trast, it was observed that the addition of Freund's
incomplete adjuvant did not enhance the immu-
nogenicity of the fraction. In a like manner, serial
purification and recycling of the immunogenic
preparations over DEAE cellulose would be ex-
pected to result in the elution of some of this
absorbed material into other fractions of the
eluate. This was not found to be the case. The
possibility cannot be excluded on the evidence
accumulated to date, however, that a contaminant
may exist so strongly bound to the RNA (perhaps
covalently) as to preclude its being eluted at a salt
concentration less than that which is required for
the elution of the RNA.
The third possibility as to the chemical nature

of the immunogen, and the one that appears to be
most strongly suggested by the evidence presented
in this and previous reports from this laboratory,
is that the immunogenicity of the fraction is in
some manner intimately associated with the RNA
of the pathogen. This concept has recently been

further supported by the work of Houchens and
Wright, who demonstrated that ribosomes and
RNA of S. typhimurium were the only subcellular
preparations of salmonellae capable of increasing
the mean survival time and total survival of
animals challenged with the homologous parasite
(Bacteriol. Proc., p. 111, 1971).

If the data continue to withstand the test of
time as they have over the past several years, then
one must necessarily ask the question as to how
the RNA elicits an immune state. Ushiba et al.
(31) andMn (Ru.IerioL C
;-H-7-i99 have suggested that immune cells

may be characterized by the presence of a surface-
associated bactericidal globulin. As a conse-
quence, the function of an immunogen in inducing
immunity would be to selectively induce the pro-
duction of this cell-bound antibody. In recent
studies, however, Houchens and Wright (Bac-
teriol. Proc., p. 111, 1971) have been unable to
demonstrate the presence of cell-associated globu-
lins in mice immunized with subcellular ribosomes
or RNA. In light of these data, other mechanisms
should possibly be explored to explain the efficacy
of the immunogenic subcellular preparations.

It is possible that a bactericidal effect mediated
by antiviral interferon could be responsible for the
observed response. It is well documented that
gram-negative bacterial preparations and sub-
cellular fractions can and do induce the produc-
tion of interferon in immunized animals (1, 28,
29). Foreign nucleic acids are also documented to
act in a comparable fashion (13, 23). Similarly,
the antibacterial-antifungal effect of interferon or
interferon-like substances has received recent sup-
port from several laboratories (23, 24, 28). These
data suggest that one response to be anticipated
in animals immunized with salmonella RNA
would be the production of interferon. It is im-
portant to note, however, that the degree of re-
sistance induced with the salmonella fractions
cannot be explained on the basis of a low-level
resistance characteristic of the interferon-medi-
ated bactericidal response (28). Similarly, endo-
toxin and synthetic polynucleotides are known to
be effective inducers of interferon production (23,
24, 28). These substances, however, do not elicit
a response comparable to that induced with the
immunogenic RNA preparations (35, 36, 47; un-
published data). By this reasoning, therefore, it
would seem improbable that nucleic acid-induced
interferon is responsible for the RNA-elicited
anti-salmonella response.
As a final alternative mechanism, it should be

considered that the bacterial RNA may possibly
be exerting some control over the genetic material
of normal cells, thereby resulting in a transformed
population of immune monocytes. Although this
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mechanism may appear to be highly improbable
on the evidence available to date, Brown and
Coffey have recently demonstrated the ability of
synthetic polyribonucleotides to derepress gene

functions in a eukaryotic cell (5). Along similar
lines, Huebner and Todaro have suggested that
C-type RNA virus, responsible for the spontane-
ous appearance of cancer in BALB/C mice, may

result in the transformed cell state via an influence
on the genetic composition of the cell (18). The
possibility that situations comparable to these
exist in the cellular immune response elicited with
the immunogenic RNA fractions of salmonellae
is indeed an interesting thought, and may provide
a fruitful area of investigation in the near future.
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