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Clostridium difficile is a major cause of nosocomial diarrhea in industrialized countries. Although most ill-
nesses respond to available therapy, infection can increase morbidity, prolong hospitalization, and produce life-
threatening colitis. Vaccines are being explored as an alternative means for protecting high-risk individuals.
We assessed the safety, immunogenicity, and dose response of a parenteral vaccine containing C. difficile toxoids A
and B. Thirty healthy adults were assigned to receive four spaced inoculations on days 1, 8, 30, and 60 with one
of three doses of vaccine (6.25, 25, or 100 pg). At each dose level, subjects were randomized, in a double-blind
fashion, to receive either the soluble toxoids (n = 5) or toxoids adsorbed to alum (n = 5). Subjects were mon-
itored for clinical and immunologic responses to vaccination. Vaccination was generally well tolerated, with
occasional, usually mild, systemic reactions (abdominal pain, arthralgia, and diarrhea). The most common
local reaction, mild arm pain, was reported by all recipients of the toxoid-alum formulation. Nearly all subjects
(=90%) developed vigorous serum antibody responses to both toxins, as measured by immunoglobulin G (IgG)
enzyme-linked immunosorbent assay and neutralization of cytotoxicity, whereas fecal IgA increases occurred
in approximately 50%. Statistically significant effects of dose and formulation on immunogenicity were not
seen, although antibody levels tended to be higher with the alum-adjuvanted formulations and with increasing
doses of soluble toxoid. Serum antibody responses among the toxoid-alum group appeared to plateau at 25 pg.
We concluded that the C. difficile toxoid vaccine is safe and immunogenic in healthy volunteers. Further

development as a prophylactic vaccine or for producing C. difficile hyperimmune globulin is justified.

Clostridium difficile is the major infectious cause of noso-
comial diarrhea in industrialized countries (1, 24) and a
well-recognized source of recalcitrant diarrheal outbreaks,
particularly affecting units for the elderly (26) and immuno-
compromised (4). In a recent study, it was found that 17% of
patients who are hospitalized for 2 or more days and receive
antibiotics will develop C. difficile-associated diarrhea (CDAD)
(19). Reports from several countries suggest that the incidence
of CDAD has been rising in recent years (10, 38). Although
most illnesses resolve with discontinuation of antibiotic ther-
apy and provision of specific antibiotic treatment, these infec-
tions may prolong hospitalization (14), inflate medical costs
(28, 31), increase morbidity (21), and produce severe, life-
threatening colitis (11). Furthermore, there are drawbacks to
antimicrobial treatment for CDAD, including secondary infec-
tion with multiresistant organisms (29) and clinical relapse,
which occurs in 5 to 30% of patients after antibiotic therapy is
discontinued (9, 25). Innovative approaches for prevention and
treatment are thus needed, particularly those that reduce the
need for antibiotic therapy (9).

The pathogenesis of CDAD is mediated by the actions of
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two protein exotoxins, toxin A and toxin B, which induce mu-
cosal injury and inflammation of the colon (17, 27). Strategies
that provide antibody-mediated antitoxic immunity are being
explored. An effective vaccine could be used to elicit protective
immunity in individuals at high risk for CDAD or to produce
hyperimmune globulin preparations as a means for passive
immunoprophylaxis or treatment. Herein we report the results
of a phase 1 study to assess the safety, immunogenicity, and
dose response, in healthy adults, of a parenteral vaccine con-
taining C. difficile toxoids A and B with and without alum
adjuvant.

MATERIALS AND METHODS

Vaccine manufacture and administration. The formalin-inactivated toxoid A
and B vaccine was produced using good manufacturing practices at the Centre
for Applied Microbiological Research, Porton Down, United Kingdom. Anaer-
obic cultures of C. difficile (strain ATCC 43255) were grown in dialysis sacs
suspended in growth medium. Viable C. difficile and spores were removed from
pooled sacs by centrifugation followed by submicron filtration, the filtrate was
concentrated and diafiltered, and then the toxin was precipitated at 4°C with 60%
ammonium sulfate and the pellets were frozen. At Forest Glen (building 501),
Walter Reed Army Institute of Research, the pellets were dissolved in phosphate
buffer and applied to an S300 Sephacryl size exclusion column. The peak con-
taining both toxin A and toxin B was collected, concentrated, and then inacti-
vated for 18 days with formaldehyde at 4.25 mg/ml at 4 to 6°C in a solution
containing lysine at 4.25 mg/ml. The inactivation period exceeds three times the
interval needed for complete elimination of in vivo biological activity (lethality in
mice). After formalin treatment, activity in the IMR90 cytopathology cell culture
assay was at the threshold of detectability (cyotoxicity reduced by 8 to 9 log,).
The formaldehyde concentration was then reduced by diafiltration to 0.016%,
thus retaining a low concentration to prevent toxoid reversion.
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TABLE 1. Study design®

Cohort Dose of Randomized No. of
no. toxoid (pg) assignment subjects
1 6.25 Toxoid 5
Toxoid-alum formulation” 5
2 25 Toxoid 5
Toxoid-alum formulation” 5
3 100 Toxoid 5
Toxoid-alum formulation” 5

“ Vaccine was administered as an i.m. injection into the deltoid muscles of
alternating arms on days 1, 8, 30, and 60.
723 to 757 pg of alum.

The final product (lot no. 98F03) was used to fill glass vials at a volume of 0.6
ml and stored at 2 to 8°C. The total protein concentration was 0.52 mg/ml, of
which toxins A and B comprised about 44% (by gel densitometry) at a 1.5:1 toxin
A to toxin B ratio (as measured by capture enzyme-linked immunosorbent assay
[ELISA]). The final product passed safety tests developed at OraVax (Cam-
bridge, Mass.) for mouse toxicity (0.5-mg intraperitoneal dose) and cytotoxicity
(up to 0.25 mg/ml) in IMR90 cells. In addition, no toxicity occurred when
hamsters were injected with four intramuscular (i.m.) doses of 500 wg/kg (with
and without alum) or when cynomolgus monkeys were given either a single i.m.
dose of 20 pg/kg (with and without alum) or a single i.m. dose of 2,700 wg/kg
without alum. The potency of the final product was tested by inoculating, via
intraperitoneal injection on days 1 and 7, groups of eight 10- to 12-week-old
mice, using graded doses of toxoid adsorbed to alum. Mice were bled on day 14
to determine the 50% effective dose, which was defined as the toxoid dose that
elicited a toxin A and B neutralizing antibody titer of =1:25 (a titer that protects
mice against intraperitoneal challenge with 10 50% lethal doses of toxins A and
B). The vaccine lot had a 50% effective dose comparable to that of a reference
control (a preclinical lot of vaccine manufactured by the same process as the
clinical lot). Using this reference control lot, the stability of the toxoid state at
37°C was verified by the IMR90 cytotoxicity assay and mouse toxicity for 3
months and, in a second series of studies, by the IMR90 cytotoxicity assay for 300
days at 4, 28, and 37°C. The clinical protocol was conducted under an approved
investigational new drug application (BB-IND 7932) filed with the U.S. Food and
Drug Administration.

On the morning of vaccination, the investigator performed serial dilutions
using phosphate-buffered saline (PBS) with 0.016% formaldehyde (pH 7.4) to
achieve the desired dose in 0.5 ml. The final dose (6.25, 25, or 100 ng) repre-
sented the total protein content, of which toxoids A and B represented 44%, at
aratio of 1.5 to 1. Rehydragel aluminum hydroxide adjuvant (Reheis; 723 to 757
pg) was added to half of the vaccine doses as specified by the randomization
scheme described below. Vaccine was administered by an unblinded nurse who
was not involved in subsequent clinical assessment of volunteers.

Recruitment, study design, and clinical evaluation. (i) Recruitment and med-
ical screening. Healthy adults 18 to 50 years of age were recruited from the
Baltimore-Washington community and the University of Maryland College Park
campus. After medical history determination, physical examination, and a bat-
tery of laboratory tests, individuals meeting the following criteria were excluded:
significant medical or psychiatric abnormalities, a history of gastrointestinal
disease including previous antibiotic-associated diarrhea, a positive fecal C. dif-
ficile stool cytotoxin assay, antibiotic therapy during the previous month, and
failure to achieve a passing grade (70%) on a written examination which tested
the volunteer’s comprehension of the trial. Women were required to have a
negative pregnancy test within 7 days of each vaccination. Volunteers who sat-
isfied all eligibility requirements and provided informed, written consent in
accordance with the guidelines of the Institutional Review Boards at the Uni-
versity of Maryland in Baltimore and in College Park were enrolled in the study.

(ii) Allocation and vaccination procedures. Volunteers were sequentially as-
signed, in groups of 10, to receive one of three increasing doses of vaccine (6.25,
25, or 100 pg) as shown in Table 1. Five subjects at each dose level were
randomized, in a double-blind fashion, to receive soluble toxoid vaccine, and five
subjects were randomized to receive an equivalent dose of toxoid adsorbed to
alum. The regimen consisted of four inoculations administered by i.m. injection
into the deltoid muscle (alternating arms) on study days 1, 8, 30, and 60.

To increase the margin of safety, initial exposure to each dose of vaccine was
limited by vaccinating two subjects in each cohort 1 week before the remaining
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eight subjects. While maintaining the double-blind condition; one subject re-
ceived the soluble toxoid and the other received toxoid with alum. These two
subjects were observed for 1 week for clinical tolerance before the remaining
eight subjects were inoculated at that dose level.

(iii) Clinical monitoring. Subjects were monitored at the study site for 30 min
after receiving vaccine to detect immediate reactions. For 7 days after each
inoculation, they kept a diary in which they recorded their evening oral temper-
ature; the time, date, and consistency (loose or formed) of all stools passed; and
the following signs and symptoms: anorexia, malaise, joint swelling, numbness or
tingling in fingers or toes, rash, abdominal pain, joint pain, injection site pain,
and other, unsolicited complaints. Subjects graded their pain as mild (aware of
symptom but symptom easily tolerated), moderate (symptom interferes with
usual activity), or severe (symptom prevents work or ability to perform usual
activity). In addition, a medical history was obtained at each visit to the study site
and by telephone interview 3 days after each inoculation. A panel of clinical
laboratory tests (complete blood count with differential and platelet counts,
creatinine, alanine aminotransferase, and urinalysis) was performed 1 week after
each inoculation.

Study personnel inspected the injection site 1 and 7 days after each inoculation
for the presence of local reactions (swelling, erythema, or heat). Swelling and
erythema were graded (maximum diameter) as mild (=4.0 cm), moderate (5.0 to
6.0 cm), or severe (=7.0 cm).

Laboratory methods. (i) ASC responses. Peripheral blood mononuclear cells
(PBMC) were collected before and 7 days after administration of each dose of
vaccine to measure circulating immunoglobulin A (IgA) and IgG antibody-
secreting cells (ASC) recognizing toxin A and toxin B, by adapting a previously
described ELISPOT assay (33). Briefly, microdilution plates were coated with
either toxin A (5 pg/ml) or B (1 pg/ml) antigen (lots VC011199 and 069860006,
respectively, obtained from culture filtrates, highly purified by anion-exchange
chromatography, and supplied by OraVax). Samples from each subject at each
time point were run at initial concentrations of 2.5 X 10° PBMC/well and at
dilutions of 1:10 and 1:100 for each immunoglobulin isotype and antigen, in
quadruplicate. Negative controls (uncoated plates) were run for each subject and
assay, and the values were subtracted from the observed response. Positive
controls (antitoxin A IgG2a-producing PCG-4 mouse hybridoma, lot 8/26/98,
obtained from OraVax) were run on each day of testing. A positive ELISPOT
response was defined as a geometric mean postvaccination count per 10° PBMC
=3 standard deviations above the mean prevaccination count, in the log metric.
Actual cutoff values designating a positive response for antitoxin A were 3.7
(IgA) and 1.2 (IgG) ASC per 10° PBMC, and for antitoxin B they were 0.9 (IgA)
and 0 (IgG) ASC per 10° PBMC.

(i) Serum antibody responses. Sera were collected prevaccination and 8, 15,
30, 37, 60, 67, and 90 days after immunization and tested for antibodies to toxins
A and B by ELISA and by neutralization assay. To detect neutralizing antibody,
IMRY0 cells were seeded 1 day prior to use into microtiter plates at 1.8 X 10*
cells/well in Eagle minimum essential medium (EMEM) supplemented with 10%
heat-inactivated fetal calf serum and 1% L-glutamine (EMEM-10). The toxins
were diluted to eight times their 50% cytotoxicity titer for use in the assay. An
equal volume of serum, diluted 1:5 in triplicate using EMEM-10 and titrated by
serial twofold dilutions, was added to the diluted toxin and placed at 37°C for 1 h.
Medium was then removed from plates and replaced with 100 ml of the serum-
toxin mixture. The cell plates containing the serum-toxin mixtures, along with
positive and negative controls, were incubated for 16 to 20 h in a 37°C, 5% CO,
incubator. The percentage of cells rounded was scored as 0 to 4 (0 = 0 to 10%
of cells rounded, 1 = 11 to 39% rounded, 2 = 40 to 60% rounded, 3 = 61 to 89%
rounded, and 4 = 90 to 100% rounded). The final data were reported as the 50%
neutralizing titer (highest serum dilution at which the rounding score was =2).
Seroconversion was defined as a fourfold or greater rise in titer following vac-
cination.

To detect specific IgA and IgG by ELISA, plates were coated with toxin
antigens as described above for the ELISPOT assay, stored overnight at 4°C,
washed with PBS, and then blocked using PBS with 5% fetal bovine serum
(FBS). Eight serial twofold dilutions of the following were run, in duplicate, in
PBS-Tween with 1% FBS: each serum specimen starting at 1:100, control wells
with no antigen, and the IgG and IgA reference standards starting at 1:200 for
the IgG reference (IVIG [Baxter, Deerfield, Ill.], containing anti-toxin A and B
antibody at 50,000 ELISA units [EU]/ml) and the IgA reference (IgAbulin
[OraVax], containing anti-toxin A and B antibody at 100,000 EU/ml). After
incubation and washing, alkaline phosphatase-labeled goat anti-human IgG or
IgA antibody (Kirkegaard & Perry Laboratories, Gaithersburg, Md.) diluted in
PBS with 1% FBS was added. The plates were incubated and washed, substrate
was added, and the standard optical density at 500 EU/ml was monitored. The
reaction was stopped when the IgG or IgA reference reached maximum antibody
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TABLE 2. Systemic complaints reported in a standardized diary
within 7 days following each inoculation with C. difficile
toxoid vaccine, by dose and formulation

No. of subjects” who received:

6.25 pg of toxoid 25 pg of toxoid 100 pg of toxoid

Complaint
Toxoid Toxoid- Toxoid Toxoid- Toxoid Toxoid-
alum alum alum
Anorexia 1 0 0 0 1 1
Malaise 2 0 0 2 1 0
Joint swelling 0 0 0 0 0 1
Numbness 1 0 0 0 1 1
Rash 1 2 0 2 20 1°
Abdominal pain 1€ 1 1 0 2 1
Joint pain 0 1 0 1 0 0
Fever 0 0 0 0 0 0
Diarrhea 1¢ 0 0 0 16 0
Any of the above 3 2 1 3 2 2

“ There were five subjects in each treatment group.

® 1t should be noted that one subject in each group experienced two episodes
of the specified complaint (after different inoculations).

¢ This subject experienced three episodes of the specified complaint (after
different inoculations).

binding as indicated by predetermined maximal absorbance values of the 1:100
and 1:200 dilutions of the IgG and IgA standards. Serum samples were read at
a dilution corresponding to the linear portion of the run’s reference curve after
it was ascertained that the run’s reference curve and the standard reference curve
absorbance values had a correlation, r, of =0.9. Limits of detection of anti-toxin
A and anti-toxin B IgG were 31.25 and 62.5 EU/ml, respectively; limits of
detection of anti-toxin A and anti-toxin B IgA were 7.81 and 15.62 EU/ml.
Seroconversion was defined as a fourfold or greater rise in ELISA units following
vaccination.

(iii) Fecal antibody responses. Specific fecal IgA antibody responses were
measured before and 7 days after each dose of vaccine by ELISA using previ-
ously described assays adapted for toxin A and B antigens (22). Briefly, volun-
teers submitted a fresh (<24 h old) stool sample, which they maintained in an
insulated bag containing a cold pack. A 10% stool supernatant containing pro-
tease inhibitors was assayed for total IgA using a reference standard of purified
IgA from human colostrum and then standardized to 2 mg% total IgA to ensure
that specific antibody would be detected at levels of =0.25% of the total IgA. The
anti-toxin A- and B-specific IgA ELISAs were performed as described above for
serum IgA, except that the reference standard used was the colostrum IgA
reference curve and results were reported as nanograms of specific antibody per
milliliter. This method of quantifying antibodies is based on the equivalence of
absorbances between a reference ELISA and anti-toxin ELISA performed in
parallel under identical laboratory conditions using the same buffers, tempera-
tures, incubations, enzyme conjugates, and reagent dilutions (39). A response
was defined as a fourfold increase in titer postvaccination.

Statistical methods. One-tailed Fisher’s exact tests were performed to deter-
mine whether alum increased the proportion of subjects (in each randomized
group of five) that experienced systemic or local reactions; linear regression
analyses were used to assess whether alum amplified the severity of these reac-
tions. Analyses were performed independently for each formulation to evaluate
whether reactions were more frequent (Cochran-Armitage tests for trend) or
more severe (regression analyses) at higher doses. To assess whether either alum
or dose level enhanced the immune response, separate logistic regression anal-
yses were performed for each immunologic assay, with response as the dichot-
omous dependent variable; analysis of variance (ANOVA) was used to de-
termine whether alum or a dose increase increased the magnitude of these
responses. For both logistic and ANOVA models, the independent variables also
included the interaction between alum and dose level. Relationships among
preimmunization and peak postimmunization titers and among peak postvacci-
nation titers for the various immunologic assays were examined using Spear-
man’s correlations. Statistical significance was assessed at the 5% level.

RESULTS

Description of study subjects. The median age of the 30
subjects was 23 years; 23 (77%) were men and seven (23%)
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were women. The distribution by race and ethnicity was as
follows: Caucasian, 47%; African American, 33%; Hispanic,
3%j; and Asian or Pacific Islander, 17%. All 30 subjects en-
rolled received four doses of vaccine and were included in the
analysis.

Clinical tolerance. (i) Systemic reactions. There were no
serious adverse events during the study, and the vaccine was
generally well tolerated (Table 2). No subject experienced fe-
ver. The most common complaint was rash (eight subjects),
which uniformly was localized, did not involve urticaria or
petechiae, and usually could be attributed to a cause other than
vaccination, such as contact dermatitis. Six subjects reported
eight episodes of abdominal pain; most episodes were rated
mild (n = 5) or moderate (n = 2), lasting 3 or fewer days,
although one subject experienced fleeting (5-min duration)
abdominal pain on 2 nonconsecutive days that he rated severe.
Two subjects noted arthralgia for 1 to 3 days; one attributed
the pain to muscle soreness after vigorous exercise, and the
other attributed it (elbow pain) to the contiguous tender in-
jection site. Two subjects experienced five episodes of non-
bloody diarrhea (defined as three or more loose stools within
24 h), with passage of three to eight loose stools. There were
no statistically significant differences in the frequency, dura-
tion, or severity of systemic reactions between dosage groups
or between formulations (alum versus soluble toxoid). Clini-
cally significant laboratory abnormalities that appeared to be
vaccine related were not seen.

(ii) Local reactions. Pain at the site of injection was the most
frequent local reaction, occurring in 100% of subjects who
received toxoid adsorbed to alum, compared with zero, two,
and one of the five subjects who received soluble toxoid, at
each increasing dose level (Table 3). Most episodes of pain
(55%) lasted for a single day, and all resolved within 4 days.
Whereas no subject experienced local heat, self-limited swell-
ing or erythema was observed at the two higher doses (Table
3). All subjects graded their local reactions as mild, except for
one recipient of 25 pg of toxoid with alum who experienced
mild-to-moderate arm pain after the third vaccination and
moderate-to-severe pain after the fourth dose. Recipients of
alum were more likely to experience arm pain (P = 0.004, 0.08,
and 0.02 for the 6.25-, 25-, and 100-pg dose groups, respec-
tively). The frequency of local swelling (P < 0.001 in the alum

TABLE 3. Local reactions occurring within 7 days following
administration of each dose of C. difficile toxoid
vaccine, by dose and formulation®

No. of subjects” who received:

6.25 pg of toxoid 25 pg of toxoid 100 pg of toxoid

Reaction
Toxoid 10X Toxoig  TOX0H- qoy5iq  ToXOId-
alum alum alum
Pain 0 5 2 5 1 5
Swelling 0 0 0 1 1 4
Erythema 0 0 0 1 3 3
Heat 0 0 0 0 0 0
Any local reaction 0 5 2 5 3 5

“ The reactions were solicited in a systematic fashion. In addition, six of the
subjects spontaneously reported pruritus at the injection site after receiving
either 6.25 pg of toxoid (two subjects), 25 wg of toxoid-alum (two subjects), 100
ng of toxoid (one subject), or 100 pg of toxoid-alum (one subject).

> There were five subjects per treatment group.
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TABLE 4. Immune response to C. difficile toxoid vaccine
No. of subjects with response/total (geometric mean peak postvaccination assay result)
Assay 6.25 pg of toxoid 25 pg of toxoid 100 pg of toxoid
Toxoid Toxoid-alum Toxoid Toxoid-alum Toxoid Toxoid-alum
Neutralizing antibody
Anti-toxin A 4/5 (80)" 5/5 (269) 5/5 (134) 5/5 (604) 5/5 (339) 5/5 (243)
Anti-toxin B 4/5 (368) 4/5 (80) 5/5 (368) 5/5 (1,513) 5/5 (485) 5/5 (2,560)
Serum antibody ELISA
Anti-toxin A
IgA 4/5 (238)° 5/5 (785) 5/5 (1,622) 5/5 (5,272) 5/5 (6,369) 5/5 (1,548)
IeG 5/5 (275) 5/5 (1,217) 5/5 (422) 515 (2,345) 5/5 (1,060) 5/5 (1,260)
Anti-toxin B
IgA 4/5 (13) 3/5 (4) 3/5 (13) 5/5(39) 5/5 (29) 5/5(23)
1eG 4/5 (56) 5/5 (64) 3/5 (161) 5/5 (488) 5/5 (183) 5/5 (342)
ASC ELISPOT
Anti-toxin A
IgA 4/5 (12)° 3/5 (6.7) 5/5 (23) 5/5 (84) 5/5 (179) 5/5 (89)
IeG 4/5(5.2) 2/5 (2.8) 5/5 (30) 4/5(79) 4/5 (38) 5/5 (63)
Anti-toxin B
IgA 3/5 (6.6) 5/5(5.7) 5/5 (60) 5/5 (86) 5/5 (134) 5/5 (115)
1eG 5/5 (5.4) 5/5 (1.8) 5/5 (54) 5/5 (170) 5/5 (42) 5/5 (123)
Fecal antibody ELISA
Anti-toxin A IgA 5/5 (2,219)4 4/5 (5,275) 1/4 (907) 0/5 (779) 2/4 (329) 2/3 (210)
Anti-toxin B IgA 2/5 (43) 3/5 (60) 2/4 (170) 2/5 (127) 3/4 (157) 3/3(95)

“ Reciprocal titer.

£10° EU/ml.

¢ Number of ASC per 10° PBMC.
4 Nanograms per milliliter.

formulation) and erythema (P = 0.04 and 0.02 in the formu-
lations with and without alum, respectively) increased with
increasing doses of vaccine.

It is notable that six subjects reported pruritus (without
urticaria) at the site of injection, even though this symptom was
not specifically solicited. These responses were seen with equal
frequency at all dose levels (2 of 10 subjects per dose group)
and among subjects who received the alum-adjuvanted formu-
lation and those who did not (3 of 15 subjects per formulation).
The onset was 1 to 6 days after injection in five subjects and 30
min after inoculation in the sixth, with a duration of 1 to 4 days.
Pruritus was experienced by three subjects after the second
injection only, by two after the third injection only, and by one
after the second and third injections.

Immune responses. (i) Serum neutralizing antibody re-
sponses. The vaccine elicited fourfold rises in neutralizing an-
tibody to toxins A and B in all but two subjects in the 6.25-pg
group (one received alum, and one did not). For toxin A, the
highest geometric mean titers followed the 25-ug dose of tox-
oid-alum formulation and the 100-pg dose of toxoid alone; for
toxin B, the titers consistently increased with increasing doses
(Table 4 and Fig. 1). In most instances, the responses following
toxoid-alum administration exceeded those following soluble-
toxoid administration. Nonetheless, statistically significant ef-
fects of dose and formulation on the magnitude of the re-
sponses were not seen.

(ii) Serum antibody responses determined by ELISA. Serum
anti-toxin A IgA and IgG antibody responses were seen in all

but one subject (who received 6.25 g of soluble toxoid; Table
4). The magnitude of the anti-toxin A responses was high (14
of 30 or 47% of IgA responses and 17 of 30 or 57% of IgG
responses were at least 10° EU/ml). Among recipients of sol-
uble toxoid, the antitoxin A and B responses increased with the
dose (although not significantly); however, responses among
the toxoid-alum group appeared to plateau after 25 pg (Table
4 and Fig. 2). Accordingly, the serum antibody responses fol-
lowing toxoid-alum administration generally exceeded those
following soluble-toxoid administration for the 6.25- and 25-pug
dose groups but not for the 100-pg group, although no signif-
icant effect of formulation on the magnitude of the response
was revealed by multivariate ANOVA.

(iii) Kinetics of serum antibody responses. Although a rise
in antibody titer generally followed each injection of vaccine,
the fourth dose did not substantially enhance the overall anti-
toxin A antibody levels in the two higher-dose groups (Fig. 1
and 2). For anti-toxin B, the fourth dose elicited a booster
effect on IgG antibody in a neutralizing assay (Fig. 1) but not
in an ELISA (Fig. 2). There was a strong correlation between
levels of serum neutralization, which is the assay likely to
predict levels of physiologic antibody, and serum anti-toxin A
IgG, which has been shown to be a correlate of protective
immunity (r = 0.83, P < 0.001) (19).

To explore the feasibility of preventing primary or relapsing
CDAD by administering this vaccine to patients upon admis-
sion to the hospital or after an episode of CDAD, we deter-
mined the proportion of subjects whose anti-toxin A IgG an-
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FIG. 1. Geometric mean (GM) serum anti-toxin A and anti-toxin B neutralizing antibody titers among volunteers who were inoculated with
C. difficile toxoid vaccine at a dose of either 6.25 (A), 25 (B), or 100 (C) ng. At each dose, five subjects received soluble toxoid vaccine (broken
line) and five received alum-adjuvanted toxoid (solid line). Each subject received a dose of vaccine on days 1, 8, 30, and 60 (arrowheads).

tibody levels rose at least fourfold by day 8 (1 week after
administration of the first dose) and day 15 (1 week after
administration of two doses). Only two subjects (both received
100 pg of toxoid-alum) mounted a fourfold rise in antibody by
day 8. Whereas all five subjects who received 100 pg of toxoid-
alum seroconverted by day 15, with the fold rise ranging from
13 to 403, a 4-fold response occurred in only two or three
subjects in each of the other dose groups. Seroconversion to
toxin B was also infrequent by day 8 (three subjects) but com-
mon by day 15, occurring in all of the subjects who received 100
pg of toxoid (10- to 196-fold rises), in four of five subjects who
received 100 pg of toxoid-alum formulation (30- to 107-fold
rises), and in two to four subjects in each of the other dose
groups (4- to 42-fold rises). Early neutralizing antibody sero-
conversions were less common (data not shown).

(iv) ASC responses. Vaccination elicited an IgA or IgG ASC
response to toxin A in 27 (90%) and 24 (80%) subjects and to
toxin B in 28 (93%) and 30 (100%) subjects, respectively (Ta-
ble 4). All but one subject in the two highest-dose groups
responded in all four assays. There was a trend toward increas-
ing magnitude of response with increasing doses in each of the
assays, which achieved statistical significance only for anti-
toxin A IgA (P = 0.02) and anti-toxin B IgG (P < 0.01). The

height of the response was not significantly different between
the two formulations (P > 0.47).

(v) Fecal antibody responses determined by ELISA. Fecal
IgA responses occurred less frequently than did the other
immune responses measured (Table 4). There were no signif-
icant differences between the groups or the two formulations.

DISCUSSION

We found that a C. difficile vaccine containing formalin-
inactivated toxoids A and B was safe, without serious adverse
reactions, and highly immunogenic in healthy volunteers, even
at doses as low as 6.25 pg of total protein (containing 1.5 pg of
toxoid A and 1.1 pg of toxoid B). Vaccination elicited systemic
antibody responses in nearly all subjects, in both binding
(ELISA) and physiologic (neutralization) assays. The dose-
response studies indicated that the maximum response oc-
curred after administration of 25 pg of the toxoid-alum for-
mulation and after administration of 100 pg of toxoid alone.
Three doses of vaccine (days 1, 8, and 30) seem to be sufficient,
since the fourth dose did not appear to substantially boost
serum IgG or neutralizing antibody.

Considerable evidence supports the role of antibody-medi-
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FIG. 2. Geometric mean (GM) serum anti-toxin A and anti-toxin B IgG responses, as measured by ELISA, among volunteers who were
inoculated with C. difficile toxoid vaccine at a dose of either 6.25 (A), 25 (B), or 100 (C) pg. At each dose, five subjects received soluble toxoid
vaccine (broken line) and five received alum-adjuvanted toxoid (solid line). Each subject received a dose of vaccine on days 1, 8, 30, and 60

(arrowheads).

ated anti-toxic immunity in protection and recovery from C.
difficile-associated disease. In animal models of C. difficile in-
fection, parenteral and mucosal administration of specific tox-
in-neutralizing monoclonal and polyclonal antibodies prevents
experimentally induced C. difficile-associated enterotoxicity (3,
6, 16, 23). Furthermore, treatment with toxin-neutralizing oral
IgY preparations (derived from egg yolk harvested from im-
munized hens) effectively averts CDAD (16). In addition, ac-
tive immunization with toxoid preparations, delivered either
parenterally or by a combination of the parenteral and mucosal
routes, protects animals against diarrhea and death following a
challenge with C. difficile (5, 6, 32).

Data from humans also support a role for anti-toxic immu-
nity in protection against CDAD. In a prospective study of
hospitalized patients who were receiving antibiotics, Kyne et al.
showed that patients who developed diarrhea after becoming
colonized with C. difficile had significantly lower levels of se-
rum anti-toxin A IgG at the time of colonization compared
with patients who remained asymptomatic (19). In another
study, patients with low anti-toxin A titers in serum (IgG) and
feces (IgA) were more likely to experience prolonged and
relapsing CDAD (37). Several case reports have described
patients with severe, persistent, or relapsing CDAD who were
effectively treated with preparations of intravenous gamma
globulin containing C. difficile antitoxin (20, 30, 36).

In light of these observations that serum anti-toxin A IgG
antibody levels correlate with protection against CDAD (16,
19), it has been proposed that this measure be used as a
surrogate marker of vaccine efficacy (19). Thus, it is important
to note that in our trial, vaccination elicited a serum IgG
antibody response to toxin A in all of the subjects and that the
functional activity of these antibodies could be demonstrated
by neutralization of toxin-induced cytotoxicity in all but one
subject (who belonged to the lowest-dose group). Further-
more, the responses were strong, with the median fold in-
creases in anti-toxin A antibody levels 90 days after adminis-
tration of the first dose of vaccine ranging from 32 to 43 for
neutralization and from 42 to 92 for IgG. It is likely that many
of these responses were anamnestic, since most of the subjects
had measurable baseline serum IgG antibody levels. Other
studies have detected serum antibodies to C. difficile toxins in
approximately 60% of the children and adults tested in the
United States (34), presumably as a result of asymptomatic
colonization during infancy and early childhood (18, 35).

Whereas serum anti-toxin A IgG in the ELISA has been
correlated with immunity, the protective function of other im-
mune responses is less clear. In the hamster model, protection
against death following a challenge with C. difficile correlates
more closely with in vitro neutralization of toxins A and B in a
cell-rounding (cytotoxicity) assay than with anti-toxin antibody
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levels measured by ELISA (6). The relative importance of
anti-toxin A and B antibody in preventing intestinal damage is
also not known. Immunological data which show an inverse
correlation between anti-toxin A antibodies and disease ex-
pression (19) suggest that toxin A is the principal culprit, while
studies of toxin binding to human colonic epithelium indicate
that toxin B mediates disease and must be targeted for immu-
noprotection (27). Stimulation or transfer of antibodies to both
toxins should therefore be a goal for vaccination and passive
immunotherapy.

Mucosal antibody responses, although less common than
systemic antibody responses, were also present in about half of
the vaccinees. A possible role for mucosal immunity in protec-
tion from and treatment of CDAD has been postulated. The
presence of secretory IgA antibodies in colonic aspirates from
patients which inhibit binding of toxin A to its glycoprotein
receptor in rabbit ileal intestinal brush border membranes
suggests a potential mechanism of action (12). Further support
for a role of secretory IgA in immunity to C. difficile comes
from observations of protective efficacy conferred by orally
administered antitoxic immunoglobulin preparations in ani-
mals (15, 16), the ability of bovine colostral concentrate con-
taining antibody to toxins A and B to neutralize the biologic
effects of C. difficile toxins (cytotoxicity in cultured human
fibroblasts, binding of toxin A to its enterocyte receptor, in-
creased fluid secretion and mannitol permeability in rat ileal
loops) (13), and the clinically milder illness seen in patients
who have high fecal anti-toxin A IgA titers (37). The entero-
toxicity of C. difficile toxins has been attributed to their ability
to disrupt the actin cytoskeleton and enhance tight-junction
permeability in human intestinal epithelial cell monolayers (7),
since in vivo, these effects could result in transudation of fluid
into the intestinal lumen and watery diarrhea. This pathogen-
esis may explain the protective activity of parenterally admin-
istered vaccines and antibodies, since access of serum antibod-
ies to the intestinal lumen would be an early event in infection.

Several potential uses can be envisioned for a C. difficile
vaccine. Plasma donors could be immunized to generate hy-
perimmune globulin for passive immunoprophylaxis of se-
lected high-risk subjects, such as hospitalized patients; those
with a high (circa 17%) risk of CDAD can be identified, based
on factors such as age, anticipated hospital stay, antibiotic
treatment, admission to a ward where C. difficile is endemic,
and severity of underlying illness (19). Passive immunoprophy-
laxis might also benefit patients with multiple relapses of
CDAD, particularly since data suggest that they have an un-
derlying inability to mount an effective humoral immune re-
sponse to infection (37). Hyperimmune globulin as a potential
treatment of patients with established CDAD is another strat-
egy which warrants further investigation. Compared with the
large doses of IVIG that have been used to treat chronic
relapsing CDAD (20, 30, 36), hyperimmune globulin would
allow optimization of the antibody dose using a lower volume
of product.

If the immune response to vaccination were rapid, then
active vaccination of high-risk subjects upon admission to the
hospital might be feasible. The decision to administer the first
two doses of vaccine within a 1-week interval was made with
this approach in mind. Unfortunately, few subjects mounted
responses within 1 week, although all recipients of 100 pg of
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the toxoid-alum formulation mounted at least a 13-fold in-
crease in serum IgG anti-toxin A antibody within 14 days of
receiving the first vaccination.

Primary prevention of CDAD by vaccination of groups with
a high incidence of disease, such as adults 65 years of age or
older, is another potential application. In Sweden, for example,
the incidence of CDAD in adults between 60 and 99 years of
age is 121 to 526 per 100,000 population (10). Interestingly this
compares with 11 to 16 per 100,000 for invasive pneumococcal
disease among the elderly in Sweden (2). With this approach,
vaccine would be administered when individuals are in a rela-
tively healthy state and more likely to respond immunologi-
cally. Furthermore, prevention of community-acquired illness
would be possible. Population-based analyses indicate that a
substantial proportion of CDAD occurs in the community. In
a Swedish study, 28% of CDAD cases were community ac-
quired, yielding an annual incidence of 20 per 100,000 popu-
lation (with 56% of patients requiring hospitalization) (10),
whereas in a Boston health maintenance organization, the in-
cidence was 7.7 per 100,000 participants (with 18% of subjects
hospitalized) (8).

For any of these clinical applications, the vaccine must be
well tolerated, as well as immunogenic. In our study, occasional
systemic reactions (abdominal pain, arthralgia, and diarrhea)
occurred but were minimally bothersome and, in the absence
of a placebo control, could not be definitively attributed to
vaccination. Local reactions, particularly arm pain, were more
common among recipients of alum and were usually mild. Of
note is the occurrence of itching at the site of injection in six
subjects. This appeared to represent an arthus-type response
(presumably to the toxoid antigen), rather than type 1 imme-
diate-type hypersensitivity, because the onset was delayed (=1
day after immunization in five of six subjects), inflammation
was limited to the site of injection without urticaria or signs of
anaphylaxis, and there was no predisposition for recipients of
alum-containing formulations (alum is known to drive IgE-
mediated reactions). Arthus reactions are common after par-
enteral vaccine administration and result when immune com-
plexes deposited at the site of injection stimulate vasoactive
amines. Since these reactions occur in the presence of pre-
existing antibody to the injected antigen, this would explain
why itching did not occur after administration of the first dose
of vaccine. Nonetheless, a skin biopsy would have been re-
quired for definitive diagnosis.

We conclude that C. difficile toxoid vaccine is safe and im-
munogenic in healthy volunteers. Further development of this
preparation as a prophylactic vaccine and as an immunostimu-
latory agent for producing hyperimmune globulin could lead
to promising strategies for the prevention and treatment of
C. difficile-associated diseases.
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