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Listeria monocytogenes is an intracellular bacterial pathogen which causes bacteremia and has a tropism for
the central nervous system and a propensity to cause maternofetal infection. L. monocytogenes has been shown
to be an effective prophylactic and a therapeutic vaccine vector for viral and tumor antigens in animal models.
L. monocytogenes mutants lacking the ActA protein, which is essential for intracellular movement, are atten-
uated but retain immunogenicity in mice. Given the pathogenic potential of L. monocytogenes, we created an
attenuated mutant strain bearing double deletions in the actA and plcB virulence genes for an initial clinical
safety study of a prototype L. monocytogenes vector in adults. Twenty healthy volunteers received single
escalating oral doses (106 to 109 CFU, 4 volunteers per dose cohort) of this attenuated L. monocytogenes,
designated LH1169. Volunteers were monitored in the hospital for 14 days with frequent clinical checks and
daily blood and stool cultures, and they were monitored for six additional weeks as outpatients. There were no
positive blood cultures and no fevers attributable to the investigational inoculation. Most volunteers shed
vaccine bacteria for 4 days or less, without diarrhea. One volunteer had a late positive stool culture during
outpatient follow-up. Three volunteers had abnormal liver function test results temporally associated with
inoculation; one could be reasonably attributed to another cause. In the highest-dose cohort, humoral,
mucosal, and cellular immune responses to the investigational organism were detected in individual volun-
teers. Attenuated L. monocytogenes can be studied in adult volunteers without serious long-term health
sequelae.

Listeria monocytogenes is a gram-positive bacterium which
has long been studied in mice to elucidate mechanisms of
cellular immune responses to intracellular pathogens (29, 35).
Schafer and colleagues initially proposed that escape of L.
monocytogenes from the phagocytic vacuole into the eukaryotic
cytoplasm might make these organisms efficient vectors for
delivery of antigens to the major histocompatibility complex
class I-restricted antigen processing pathways (48). L. mono-
cytogenes vectors have been used to deliver lymphocytic cho-
riomeningitis virus (LCMV) nucleoprotein antigens to mice,
with subsequent protection against fatal challenge with LCMV
(21, 52, 53). Recombinant L. monocytogenes expressing cotton-
tail rabbit papillomavirus E1 antigen has been successfully
used as a therapeutic immunogen in animals bearing papillo-
mavirus-induced cutaneous tumors (28). L. monocytogenes is
being pursued as a vector for antigens derived from human
papillomaviruses (23) and human immunodeficiency virus type
1 (HIV-1) (40, 41). A murine study showed that oral inocula-
tion of L. monocytogenes expressing HIV-1-gag induced muco-
sal and systemic immunity to this viral antigen (45). After
careful review of available data on oral inoculation of wild-type
L. monocytogenes in primates (17) and farm animals, (34, 42,

43) clinical data available from case series (reviewed in refer-
ence 44), and reports of large outbreaks of listeriosis (2, 10,
47), we designed an initial safety study of rationally attenuated
L. monocytogenes in adult volunteers.

L. monocytogenes organisms are immunostimulatory and
lack lipopolysaccharide, and molecularly defined attenuated
mutants have been studied in animals. Murine studies show
that L. monocytogenes mutants lacking listeriolysin (LLO), a
central virulence factor, are avirulent and cannot protect ani-
mals against subsequent challenge with wild-type organisms (4,
62). However, mutants lacking ActA (responsible for actin
polymerization and resultant movement within eukaryotic cells
and intercellular spread) are attenuated but retain immunoge-
nicity (5, 7, 12, 15, 30). ActA mutants have been repeatedly
shown in studies to be highly attenuated, including studies with
germ-free (38) and interferon (IFN)-deficient mice (25), and
they were a logical choice for an initial safety and feasibility
study with humans. In the absence of any prior studies on
humans and in order to begin safety studies with a double
deletion mutant with lower potential for reversion, we added a
second attenuating mutation to a well-studied ActA mutant
strain. The plcB gene, which encodes a phospholipase or leci-
thinase (59), has been demonstrated to be important for sec-
ondary vacuolar escape (39), neurovirulence (49), and NF-�
B-mediated inflammatory responses in mice (51). We gener-
ated a mutant of the serotype 1 strain 10403S with defined
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in-frame deletions in both actA and plcB. This new mutant,
designated LH1169, was more attenuated than wild-type or-
ganisms or either single deletion alone. The safety of oral
inoculation of single, oral escalating doses of L. monocytogenes
LH1169 was evaluated for 20 adult volunteers, and we report
here safety, shedding, and early immunogenicity data for hu-
mans.

(This work was presented in part at Vaccines for Enteric
Diseases 2001, Tampere, Finland, 12 to 14 September, 2001.)

MATERIALS AND METHODS

Bacterial strains. L. monocytogenes 10403S, a serotype 1 strain widely used in
laboratory research, was used as a parental wild-type strain. Defined, in-frame
deletions were created within the actA and plcB genes by allelic replacement as
described previously (52); the resultant genotype is shown in Fig. 1. This strep-
tomycin-resistant strain was chosen in part in order to allow inclusion of strep-
tomycin in blood agar plates to inhibit the many confounding beta-hemolytic
organisms present in human fecal samples. Oligonucleotide primers used to
amplify the actA locus were AAG CTT GGG AAG CAG TTG and TGC TTT
TAT CGT TAC CGG. For the plcB locus the primers used were AGA CCG
CAC CAA AGC TAG and TTT TAA GCA TTT TCA TAG ATG. All se-
quences shown are 5� to 3�, with forward primers listed first.

Preclinical evaluation. Virulence was assessed in vivo in female BALB/c mice
inoculated intravenously in accordance with policies and procedures of the In-
stitutional Animal Care and Use Committee at the University of California, Los
Angeles (46). Intercellular spread was assessed in vitro in a fibroblast-like cell
line (L929 cells; American Type Culture Collection, Rockville, Md.) plaquing
assay designed to measure cell-to-cell spread of L. monocytogenes over 5 days
(55). Short-term intracellular growth within the macrophage-like cell line J774
(American Type Culture Collection) was measured by using a 30-min infection
with a multiplicity of infection of 10:1 (55).

Volunteer study. (i) Human subjects and volunteer screening. All clinical
procedures were reviewed and approved by the Institutional Review Board at
Massachusetts General Hospital, Boston, prior to implementation. Healthy

adults 18 to 45 years old were recruited by advertising and were medically
screened with a complete physical exam and standard laboratory procedures as
described previously (27), with the following minor additions. Women of child-
bearing potential were excluded, given the known risk of listeriosis in pregnant
women and the unknown potential duration of shedding of attenuated L. mono-
cytogenes. Subjects with any risk factors for complications of bacteremia, chronic
pain syndromes (e.g., headaches), or close contact with immunosuppressed in-
dividuals or pregnant women were excluded. Potential volunteers must have
previously tolerated a course of therapy with penicillin or ampicillin. Volunteers
were required to have normal iron studies (Fe, total iron binding capacity,
ferritin) and a prestudy stool sample which was negative for routine enteric
pathogens, ova and parasites, and L. monocytogenes (see below). Control samples
were obtained for immunological assessments from two additional groups. Ex-
cess sera from 5 patients with culture-proven clinical listeriosis were obtained
from clinical laboratories at Massachusetts General Hospital. Healthy uninocu-
lated volunteers were enrolled to provide lymphocytes or paired normal human
serum samples for enzyme-linked immunosorbent assay (ELISA) studies, as
previously described (1).

(ii) Inoculum preparation. L. monocytogenes strain LH1169 was grown in
Trypticase soy broth (Difco) at 37°C with rotary shaking for 16 h, pelleted by
centrifugation, washed twice with normal saline, and resuspended at a specific
turbidity for administration to volunteers in 25 ml of normal saline. Volunteers
ingested 2 g of sodium bicarbonate USP in 150 ml of distilled water just prior to
inoculation. Actual doses given were confirmed by counting colonies from trip-
licate spread plate cultures.

(iii) Clinical assessments and samples. Subjects were admitted to the General
Clinical Research Center at Massachusetts General Hospital for 14 days and had
frequent clinical exams, with vital signs taken at least four times a day. Volun-
teers had routine safety laboratory tests (complete blood count with differential,
platelets, serum transaminases, alkaline phosphatase, total bilirubin, and BUN/
Cr) done on study days 0, 4, 7, and 10 and additionally as deemed appropriate for
subjects with values outside normal ranges for the hospital clinical laboratory.
Peripheral blood mononuclear cells (PBMC) were isolated from heparinized
blood via Ficoll gradient separation on days 0, 4, 7, 10, and 28. After being
discharged, volunteers returned once a week for 6 weeks for symptom history,
clinical check, stool sample, and immunology samples. Serum samples were
obtained on days 0, 7, 10, and 14 and at each weekly outpatient visit.

FIG. 1. Genotype of actA/plcB-deleted L. monocytogenes LH1169. In-frame-defined deletions (denoted by white segments) were created as
shown for the actA and plcB genes. The photograph shows a 1% agarose gel of PCR-amplified loci from wild-type L. monocytogenes 10403S (WT),
a clinical isolate (C), the vaccine strain LH1169 (V), and the last fecal isolate obtained from volunteer 20 (#20). Lanes designated V and #20 show
the expected truncated versions of amplicons spanning the actA locus (1.3 kb versus 2.3 kb for WT) and the plcB locus (1.1 kb versus 1.8 kb for
WT). Std, 1-kb molecular size standard.
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(iv) Microbiological assessments. Volunteers had daily blood cultures (10 ml
of blood per Bactec 9240 bottle; each set has an aerobic and anaerobic bottle).
All stools passed were graded (33); up to three stools per day were sent for L.
monocytogenes culture. Fecal samples were plated around the clock directly onto
Oxford Listeria agar (Difco, Sparks, Md.) and Columbia nalidixic acid agar
(Difco) containing 5% defibrinated horse blood (Remel, Lenexa, Kans.) and 100
�g of streptomycin/ml (Amresco, Solon, Ohio). Stool samples were also heavily
inoculated (�5 g) into 10 ml of UVM Listeria enrichment broth (Difco) (14) and
were incubated overnight. Aliquots of suspension were then inoculated onto
Oxford and Columbia nalidixic acid/horse blood agar plates. If no stools were
passed by 8 p.m. on a given day, a rectal swab was obtained and incubated
overnight in UVM enrichment broth. All microbiology samples were incubated
at 37°C. Quantitative colony counts were not performed. Both blood cultures and
selective agar plates were held for a minimum of 7 days, and plates were
examined daily for suspicious colonies. Bacterial isolates from fecal samples were
confirmed to be L. monocytogenes by standard phenotypic tests (beta hemolysis,
Gram stain, catalase test, and motility test) and automated biochemical (VITEK;
BioMerieux, Hazelwood, Mo.) assays. Isolates were confirmed to be the vaccine
strain by isolation of genomic DNA (Easy DNA; Invitrogen, Carlsbad, Calif.)
and by PCR demonstration that the anticipated genetic deletions shown in Fig.
1 were present.

Laboratory assessments. (i) Antigen preparation. Antigens for use in immu-
noassays were generated in the laboratory. Killed bacterial cells were overnight
shaker cultures of wild-type L. monocytogenes 10403S grown in brain heart
infusion broth, pelleted, washed twice with normal saline, suspended to an
optical density at 600 nm (OD600) of 1.0, and killed by incubation for 6 h at 65°C.
The suspension was stored at �20°C in phosphate-buffered saline (PBS) with
50% (vol/vol) glycerol. A recombinant fusion protein of maltose binding protein
(MBP) and the 411 aminoterminal amino acids of LLO was purified from
Escherichia coli from a clone, kindly provided by J.-P. Gaillard (Institute Necker,
Paris, France), as described previously (20). Recombinant 6-histidine-tagged
LLO was purified from E. coli via nickel affinity chromatography from a clone
kindly provided by Daniel Portnoy (University of California, Berkeley) (19). A
soluble sonicate suspension was prepared from whole, wild-type L. monocyto-
genes 10403S as described previously (38).

(ii) ELISPOT studies. ELISPOT studies were performed as described previ-
ously (26) by using freshly isolated PBMC. Cells were incubated atop Millipore
HA cellulose ester membrane-bottom plates coated with 10 �g of recombinant
proteins/ml and sonicate or 0.1 ml of heat-killed L. monocytogenes suspension.
Spots were counted at 20� magnification by using a dissecting microscope and
were reported as mean values/106 PBMC; �6 spots/106 cells was considered a
positive result in this assay (26). Tissue culture supernatants from PBMC were
also harvested for quantification of soluble vaccine-specific immunoglobulins by
ELISA, as previously described in detail (11).

(iii) ELISA and Western blotting. Serum samples were studied to quantify
immunoglobulin G (IgG) and IgA directed against heat-killed bacteria and
recombinant his-tagged LLO. ELISA protocols were developed within the lab-
oratory to compare subjects’ samples before and after inoculation. Because
volunteers were not selected in any way based upon possible prior Listeria
exposure or serum antibody detection, each individual served as his own preim-
mune control. Antigens were suspended in PBS and used to coat Nunc-Immuno
Polysorp 96-well plates (Nalge Nunc International, Roskilde, Denmark) over-
night at 4°C. Wells were then washed three times after this and all subsequent
steps with PBS. Nonfat dry milk (5% [wt/vol]) in PBS with Tween 20 (0.05%
[vol/vol]) was used as a blocking solution (1 h, room temperature). Sera were
diluted in blocking solution and serially diluted twofold across microtiter plates.
Alkaline phosphatase-labeled secondary antibody (goat anti-human IgG at
1:20,000 dilution or goat anti-human IgA at 1:5,000) was added. Plates were
developed with 2 mg of para-nitrophenylphosphate/ml in 1 M Tris buffer, pH 8,
and read at 405 nm with a Vmax kinetic microplate reader (Molecular Devices,
Sunnyvale, Calif.). Endpoint dilutions are reported as the highest dilution at
which a serum sample was �0.15 OD units, an arbitrarily chosen cutoff value.
Fourfold or greater increases in endpoint titer were considered a positive result.
The differences between geometric means between groups were compared sta-
tistically with the Mann-Whitney test.

Western blotting was performed with commercially available reagents and
6-his-tagged LLO or the fusion protein of MBP and the 411 amino acid fragment
of LLO as target antigens. A goat anti-human secondary antibody conjugated to
horseradish peroxidase was used with a chemiluminescent detection system to
develop blots per the manufacturer’s instructions (LumiGLO substrate and sec-
ondary antibodies were from KPL Laboratories, Gaithersburg, Md.).

(iv) Cellular immunology. IFN-�-secreting cells were quantified by ELISPOT
after exposure to Listeria-specific antigens using a modification of techniques

described by others (31, 58). For these studies, previously frozen aliquots of bulk
PBMC isolated on days 0 and 28 after inoculation were thawed, revived over-
night in RPMI tissue culture medium with 10% human AB serum (Sigma, St.
Louis, Mo.), and exposed for 48 h to recombinant LLO, the MBP-LLO fusion
antigen, or a control mitogen phytohemagglutinin or tetanus toxoid at various
concentrations (1 to 10 �g/ml). Antigen-exposed cells were then evaluated for
IFN-� secretion by a capture sandwich ELISPOT technique using a monoclonal
antibody to IFN-� (Endogen, Woburn, Mass.) applied to Millipore Immobilon-P
membrane-bottom wells. Nonadherent cells were removed by being washed, and
IFN-� secreting cells were enumerated by being developed with a second anti-
IFN monoclonal antibody labeled with biotin and visualized with a streptavidin-
alkaline phosphatase conjugate, 5-bromo-4-chloro-3-indolyl-phosphate (BCIP)
and nitroblue tetrazolium (both from Bio-Rad, Hercules, Calif.).

RESULTS

Preclinical evaluation. Passage of the strain in vitro demon-
strated that the actA and plcB deletions were stably maintained
over 30 serial passages on agar medium. PCR analysis of chro-
mosomal DNA from passaged strains demonstrated the ex-
pected, smaller amplification products (data not shown). Al-
though formal clinical break points are not available for all
agents tested, strain LH1169 was demonstrated to be resistant
to streptomycin but susceptible to the clinically useful antibi-
otics gentamicin, tobramycin, penicillin, ampicillin, and tri-
methoprim-sulfamethoxazole and by disk diffusion testing and
microtiter broth dilution for beta-lactam agents (data not
shown). The wild-type parental strain, single actA- or plcB-
deleted strains, and actA/plcB double mutants were compared
in a macrophage survival assay and also in a 5-day assay of
cell-to-cell spread in L929 fibroblasts. Over a 6-h time frame,
survival of the mutant bacteria in J774 cells was nearly indis-
tinguishable from that of the wild-type parental control strain
(Fig. 2), indicating efficient phagosomal escape and unim-
paired intracytoplasmic growth of the mutant strains (55). As
expected, the single and double mutants demonstrated graded
decreases in the ability to spread from cell to cell, reflected by
plaquing ability within L929 fibroblast cells (Fig. 2). The actA/
plcB-deleted strain LH1169 was attenuated in the BALB/c
mouse, a standard model for evaluation of L. monocytogenes
virulence (50% lethal dose [LD50] for strain 10403S, 3 � 104

CFU per BALB/c mouse; LD50 for strain LH1169, 4 � 107

CFU per BABL/c mouse).
Clinical outcomes. Volunteers were inoculated with escalat-

ing single oral doses (shown in Table 1). No serious adverse
events occurred. There were no fevers during the 2-week in-
patient observation period (maximum temperature for all was
99.3°F). No bacteremia was detected. No volunteers had diar-
rhea, though 3 out of 20 had slightly looser than usual stools
(taking the shape of the container but not being a liquid)
within the first 24 h after inoculation only. No volunteer re-
ceived antibiotics in order to treat clinical listeriosis or symp-
toms suggestive of listeriosis. Subjects 1 and 8 (106 and 107

CFU, respectively), who were studied during the winter sea-
son, had febrile illnesses (temperatures, 101 to 102°F) during
the 6-week outpatient follow-up period and had additional
outpatient clinical and laboratory examinations, including ad-
ditional blood cultures. Volunteer number 1 had coryza,
cough, headache, and prominent myalgias 4 weeks after inoc-
ulation, without photophobia or other evidence of neurological
involvement by history or exam. The clinical diagnosis was viral
respiratory infection, possibly influenza. Two blood cultures
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were performed and subsequently were negative, and a com-
plete blood count with differential was unremarkable; influ-
enza antigen testing was not done. These complaints resolved
within days with symptomatic therapy only. Volunteer 8 (age
19) had a febrile illness with sore throat, malaise, and promi-
nent cervical adenopathy 7 weeks after inoculation. Pharyngeal
erythema was prominent, but there was no exudate. A throat
culture, heterophile antibody, 3 blood cultures obtained over
24 h, and HIV viral load were all negative. The subject re-
ported prior episodes of streptococcal pharyngitis and was
presumptively treated with 10 days of amoxicillin. One volun-

teer, number 19, in the highest-dose cohort was well at day 28
and declined to return for any further follow-up evaluation; all
others completed all study visits.

Clinical bacteriology. Naturally occurring L. monocytogenes
was not detected in fecal samples of any of the 40 potential
subjects who completed medical screening to the point of sub-
mitting a sample for prestudy culture. No other enteric patho-
gens or parasites were detected in those who participated in
the full study. After inoculation, L. monocytogenes was de-
tected in fecal samples from the majority of subjects (15 out of
20); in 5 individuals the investigational strain was never de-
tected. Stool culture results are shown by volunteer in Fig. 3.
Most subjects shed bacteria for 4 days or less, and in many
stool samples the strain was only detectable after overnight
incubation in UVM enrichment broth. By studying fecal sam-
ples spiked with known inocula of LH1169 (target inocula of 2,
20, and 200 CFU) we found that the enrichment culture tech-

FIG. 3. Fecal cultures by volunteer and day. The numbers repre-
sent the total number of stool samples positive for L. monocytogenes on
that day. Shading denotes days on which at least one sample grew L.
monocytogenes. A bolded outline represents days on which at least one
culture was positive by direct plating of feces, an indication of larger
organism burden. On days without bolded outlines, enrichment broth
incubation was needed to detect the organism. Five volunteers
(dashed) never had L. monocytogenes detected in any fecal sample.
Volunteers with abnormal transaminases are noted (LFT). a, Only one
volunteer (number 4) had a late positive culture at the sixth outpatient
follow-up visit, after multiple previous samples had been negative (see
the text for details).

TABLE 1. Cohorts and doses

Cohort n Dose (CFU)

1 4 1 � 106

2 4 1.2 � 107

3 4 3.7 � 107

4 4 1.2 � 108

5 4 0.5 � 109 to 1.0 � 109a

a Cohort 5 was completed in three groups of 2, 1, and 1; hence, the range of
doses is from three preparations.

FIG. 2. Survival of isogenic L. monocytogenes mutants within mac-
rophage-like J774 cells and plaquing within fibroblast-like L929 cells.
(A) J774 cells were infected for 30 min with wild type (WT), single
mutants, or double mutants at a multiplicity of infection of 10:1 and
were subsequently treated with gentamicin (20 �g/ml) to eliminate
extracellular bacteria. Cells were lysed and bacteria were serially di-
luted and spread plated for CFU determinations on brain heart infu-
sion agar. Data are presented as means of 3 wells 	 standard errors.
(B) L929 cells were similarly infected and overlaid with soft agar
containing gentamicin (20 �g/ml). After 4 days of culture cells were
overlaid with agar containing vital red dye, which stains live cells, for
another day. Unstained, devitalized cell plaques are measured in mil-
limeters. Mean plaque sizes 	 standard errors of 10 plaques/strain are
reported. Percentages reflect the percent of wild-type plaque size for
mutants and show that the double mutant is highly limited in cell-to-
cell spread, more so than either single mutant.
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nique used was able to detect 20 to 80 CFU of the vaccine
organism in �5 g of feces approximately 70% of the time (data
not shown). Up to 3 stools per day were cultured to maximize
likelihood of finding the investigational strain, if present. No
volunteer passed more than 3 stools per day on any day, so in
fact every stool passed was cultured. Volunteer 4 in the lowest-
dose cohort had a late positive stool culture obtained at the last
outpatient follow-up visit, 8 weeks after inoculation. He re-
ceived 3 days of oral amoxicillin and had 6 subsequent fecal
cultures which were negative for L. monocytogenes. This late
isolate, and all other last-positive samples from other volun-
teers, was analyzed genotypically by PCR; in each instance
fecal clones were found to contain the anticipated deletions in
both actA and plcB (a representative example is shown in Fig.
1).

Laboratory safety data. No volunteer had leukocytosis, lym-
phopenia, or left shift of the leukocyte differential after inoc-
ulation. One volunteer (number 7) had a small, transient
monocytosis only on day 4 after inoculation in the absence of
an absolute leukocytosis (total leukocytes, 4,600/mm3; 51%
neutrophils, 26% lymphocytes, 8% reactive lymphocytes, 3%
eosinophils, and 12% monocytes, with 11% being upper nor-
mal percentage; the volunteer had an absolute monocyte count
of 600/mm3, with upper normal being 400/mm3). There were
no abnormalities in renal function in any volunteer over the
inpatient stay as measured by serum blood urea nitrogen and
creatine (all determinations within normal ranges). Three vol-
unteers had abnormal serum transaminases temporally associ-
ated with receipt of the vaccine inoculum, as shown in Fig. 4.
For volunteer number 17, we believe that these increases could
have been caused exclusively by initiation of vigorous exercise
(calisthenics and a stationary bicycle used for diversion during
the tedious inpatient stay), as reported for other healthy sub-
jects in vaccine studies (36). This individual had been seden-
tary, began to exercise to the point of muscle soreness, and was
found to have a concurrent increase in serum creatinine phos-
phokinase (CPK) which was fourfold greater than his baseline,
though still within the normal range. Both transaminases and
CPK decreased rapidly after cessation of exercise. Additional
longer-term follow-up of these values were not obtained for
this individual, as he felt completely well.

Volunteer numbers 7 (107 CFU) and 20 (109 CFU) had
transaminase elevations which could not be otherwise ex-
plained and were attributed to the inoculation. Volunteer 7
was asymptomatic. Volunteer 20 had mild intermittent right-
upper-quadrant abdominal symptoms: transient pain and mild
punch tenderness on exam without hepatomegaly on days 7 to
9 after inoculation, as well as mild malaise and lack of energy.
This individual had no fevers or bacteremia and no diarrhea or
neurological symptoms over the entire course of the study.
Transaminases resolved without any therapy for both of these
subjects. Volunteer 20 resumed weight lifting upon discharge
and had a small second increase in transaminases. Both sub-
jects were immune to hepatitis B at onset of the study. Both
subjects were hepatitis C seronegative at the onset of study and
after transaminase elevations were found, and there were no
symptoms or exposures suggestive of other viral or toxic causes
of transaminase elevations. There were no temperature trends
or other clinical findings in these subjects suggesting bactere-

mia or active infection. Additional diagnostic workup was not
pursued, given the spontaneous resolution.

Immune responses. (i) ELISPOT studies. Clinical studies of
attenuated gram-negative organisms suggest that detection of
vaccine-specific lymphocytes in peripheral blood shortly after
oral inoculation is a sensitive surrogate marker of mucosal
immune responses. Surprisingly, no volunteer had IgA-bearing
cells specific for vaccine antigens detected after inoculation.
One volunteer had a robust IgG response (volunteer 18; see
below). Volunteer 11 had 27 lymphocytes directed against re-
combinant LLO detected on day 0 before receipt of the vaccine
inoculum but not at any point afterwards. This was a repro-
ducible finding in multiple wells and dilutions, and negative
control wells had no spots. This individual was one of five who
never had a fecal culture positive for the vaccine organism. He
had no preadmission illnesses by history, and screenings of
fecal cultures were not positive for L. monocytogenes. Patients
with high anti-streptolysin O (ASLO) titers may have antibod-
ies which cross-react with LLO (20). We speculated that this
subject could have had asymptomatic listerial or streptococcal
infection before admission, having documented such anteced-
ent, asymptomatic competing or cross-reacting infection in one

FIG. 4. Time course of serum alanine aminotransferase (SGPT)
and CPK in three volunteers with abnormal findings. Volunteers were
inoculated on day 0 and had serum studies performed on the days
indicated. (A) Volunteer 17, who received approximately 109 CFU,
had a reasonable alternative explanation for aminotransferase eleva-
tions (vigorous exercise) and a concurrent elevation in CPK, a muscle
enzyme. This individual was asymptomatic, and abnormalities resolved
promptly with cessation of exercise. (B) Volunteer 7 (107 CFU) and
volunteer 20 (109 CFU) were not exercising during the inpatient stay
and had CPKs below 100. Volunteer 20 was minimally symptomatic,
with intermittent right-upper-quadrant discomfort (horizontal bar);
volunteer 7 was asymptomatic. Alkaline phosphatase and bilirubin
determinations were within normal ranges for all subjects. Aspartate
aminotransferases (ALT/SGOT) paralleled changes in SGPT in mag-
nitude and time course and are not shown.
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prior study of an attenuated Salmonella enterica serovar Typhi
vaccine (26).

We and others (1, 8, 11) have also measured vaccine-specific
Igs in culture media supernatants from lymphocytes cultured at
high density (107 cells/ml) for 48 h after isolation. We have
hypothesized that these latter studies may be more quantita-
tive, less subjective, and perhaps more sensitive than those
involving counting of spots. In prior studies IgG was more
easily detected in these assays than IgA (1). Two of four vol-
unteers (numbers 18 and 19) in the highest-dose cohort only
had increases in supernatant IgG antibody specific for L.
monocytogenes antigens detected on study days 7 and 10 com-
pared to the baseline (Fig. 5). One of these, volunteer 18, also
had a modest positive response in the traditional ELISPOT
assay, with a maximum of 192 IgG-bearing cells directed
against recombinant LLO on study day 10 (last day per-
formed).

(ii) Serum antibodies. Although antibodies are not the pri-
mary protective mechanism against listeriosis, seroconversion
can be demonstrated after acute infection with L. monocyto-
genes, and antibodies may contribute to protection (16, 17, 42,
43). Serum IgG and IgA were assessed before and after inoc-
ulation. Baseline levels of IgG directed against whole L. mono-
cytogenes and recombinant LLO varied widely among healthy
volunteers (endpoint titer range, 1:20 to 1:20,480). Baseline
values did not correlate obviously with shedding, immune re-
sponses, or transaminase elevations. None of our inoculated
volunteers nor any of a panel of 20 paired sera obtained 14 to
18 days apart demonstrated a fourfold or greater increase in
titer directed against whole L. monocytogenes 10403S (Fig. 6).
There was a suggestion of a trend toward and increase in

geometric mean titer in inoculated volunteers (preimmune
versus peak) compared with that of paired sera from uninocu-
lated healthy blood donors, but this was not statistically signif-
icant (Fig. 6). Titers of IgG directed against recombinant his-
tidine-tagged LLO increased more than fourfold in 1 of 20
volunteers (volunteer 18, 1:80 to 1:640) and in 1 of 20 sets of
paired serum samples from healthy uninoculated individuals
(1:20 to 1:80). The time course of volunteer 18’s response (i.e.,
low on screening visit and day 0, increasing gradually until day
21 and remaining persistently elevated) was suggestive of a
bona fide serological response. Only 2 of 5 of the positive
control sera from patients with microbiologically confirmed
listeriosis had marked positive immune responses in these se-
rological assays; all others were comparable or less reactive
than our healthy volunteers at baseline. All of these individuals
were elderly and/or immunologically abnormal hosts; there
were no young healthy subjects without risk factors for listeri-
osis in this group.

There were no detectable changes in serum IgA directed
against whole organisms or recombinant LLO after inoculation
(data not shown). Western blotting using either histidine-
tagged full-length LLO or MBP-LLO fusion protein did not
provide any apparent advantages over ELISA studies (data not
shown).

FIG. 5. Measurement of soluble IgG directed against recombinant
LLO or heat-killed L. monocytogenes (H.K. Listeria) by ELISA in
tissue culture supernatants. PBMC were isolated from volunteers on
the days designated and were cultured at 107 cells/ml for 48 h. Tissue
culture media were aspirated, centrifuged free of cells, and applied to
ELISA plates coated with vaccine antigens; peroxidase-labeled goat
anti-human antibody was used to develop wells. Data shown are OD450
values (mean value of 2 wells). Control wells without antigens had OD
values of �0.05. None of the 18 other volunteers had increases over
day 0 values in this assay. Numbers in parentheses are mean IgG-
bearing cells by traditional ELISPOT assay in the one volunteer who
had positive results in those assays. We have arbitrarily designated a
threefold or greater increase over baseline as a positive result in prior
studies of this type; although these results are encouraging, they do not
consistently meet that criterion, with the exception of volunteer 18’s
response to recombinant LLO.

FIG. 6. Serum IgG by ELISA directed against L. monocytogenes
10403S. Sera on study days 0, 4, 7, 10, and 14 and weekly thereafter for
6 weeks were serially diluted twofold across ELISA plates coated with
heat-killed wild-type L. monocytogenes. Total IgG was detected by
addition of phosphatase-labeled goat anti-human IgG and para-nitro-
phenylphosphate substrate. Endpoint titers were defined as the final
dilution at which OD405 was �0.15. Preimmune (Pre) and peak values
of reciprocal titers are plotted for inoculated subjects. Control subjects
were healthy, uninoculated individuals who agreed to provide serum
samples on two separate occasions 14 to 18 days apart. Geometric
mean titers are represented by horizontal bars. No subject in either
group had a fourfold or greater difference in titer, and the differences
between groups (day 0 versus day 14, preimmune to peak values, and
day 0 versus preimmune) were not statistically significant by the Mann-
Whitney test. The datum for one patient with bacteremic clinical lis-
teriosis who had a prominent response in this assay is also plotted (Pos.
Control).
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(iii) Cellular immunology. A secondary goal of this study
was to begin to develop measurements of cellular immune
responses to L. monocytogenes. Increasingly, both CD4� and
CD8� T-cell-mediated immune responses are being quantified
by intracellular cytokine staining and ELISPOT studies (31, 54,
61). These assays typically evaluate responses to specific pep-
tides or peptide pools, but they have also been performed with
larger secreted bacterial protein antigens, such as ESAT-6 and
the purified protein derivative of Mycobacterium tuberculosis
(58). Despite a plethora of murine data, there are no specific
immunological correlates of protection or specific T-cell
epitopes of L. monocytogenes known in humans, so we were
unable to focus on specific peptide targets. We elected to
examine production of IFN-� in response to soluble listerial
antigens in our top two dose cohorts, those receiving �108

CFU of attenuated L. monocytogenes, by using bulk PBMC
collected before and 28 days after inoculation. We had diffi-
culties in reproducibly reviving frozen PBMC for these assays,
and results from the fourth cohort were not interpretable. For
subjects receiving 109 CFU we found that, compared with
results for no-antigen control wells, all four individuals had
levels of detectable IFN-�-producing cells in response to liste-
rial antigens which were unchanged between pre- and postvac-
cination samples (days 0 and 28; Table 2).

DISCUSSION

To our knowledge, this is the first reported human safety
study of a rationally designed L. monocytogenes vector. The
strain used was attenuated in mice and relevant in vitro assays.
Despite the pathogenic potential of wild-type L. monocyto-
genes, there were no fevers or evidence of bacteremia or sys-
temic illness in any volunteer. These data are consistent with
clinical investigations of outbreaks which show that even when
large doses of presumably virulent wild-type Listeria are in-
gested, immunocompetent subjects generally do not become
systemically ill (2, 10). No subject had gastroenteritis, which
has been reported after ingestion of large inocula in foodstuffs.
One previous dose escalation study of female cynomolgus
monkeys (3 to 5 kg) receiving 105 to 109 CFU of wild-type L.
monocytogenes showed that only those receiving the highest
dose became febrile, visibly ill, and bacteremic (17). Only one
of our subjects had a minimal monocytosis, and none had a
leukocytosis or lymphopenia, as noted in the primate study.
None of our subjects had any suggestion of neurological diffi-

culties or late sequelae of inoculation in the 8-week follow-up
period.

In murine models Listeria organisms are rapidly cleared by
the liver after intravenous inoculation (9), and humans with
iron overload and liver disease are more susceptible to listeri-
osis. For these reasons and as a matter of routine safety mon-
itoring, liver function tests were monitored. In the absence of
any other reasonable explanation, we attributed transaminase
elevations to the investigational inoculum in two subjects (vol-
unteers 7 and 20). For volunteer 17, another credible explana-
tion was apparent: vigorous exercise (36). This attribution is
supported by an otherwise unexplainable, concurrent elevation
in serum CPK. A concurrent elevation of hepatic transami-
nases related to the investigational inoculum cannot be ruled
out, but this would seem to violate rules of parsimony in diag-
nosis. We found a single study from 1967 in which multiple
serum enzymes indicative of tissue damage were measured
after intraperitoneal inoculation of mice with L. monocyto-
genes. These authors described elevations in transaminases and
lactate dehydrogenase without increases in CPK, and therefore
they believed the serum abnormalities to be hepatic in origin.

No subject with transaminase abnormalities was acutely ill.
One was very mildly symptomatic. Hepatic involvement has
been described for cases of severe clinical listeriosis. Listeriosis
is an unusual cause of granulomatous hepatitis, but hepatic
involvement is common in overwhelming neonatal infection
with L. monocytogenes, also known as granulomatosis infanti-
septicum. There are rare case reports of acute listeriosis pre-
senting with a picture consistent with acute hepatitis (18, 24,
63). Unlike our subjects, these patients were severely ill and
bacteremic, and most had transaminases in the thousands,
presumably related to diffuse bacteremic seeding of the liver.
There are also reports of hepatic abscesses (single or multiple)
caused by L. monocytogenes (6), in one case in an asymptom-
atic individual (37). In these descriptions, liver function tests
reflect the more cholestatic laboratory findings typically noted
for bacterial hepatic abscesses, e.g., modest elevations in alka-
line phosphatase and fairly normal transaminases. None of our
subjects had elevations in alkaline phosphatase.

We are uncertain of the mechanism by which our inoculum
caused transaminase elevations over approximately 2 weeks in
subjects 7 and 20. It is possible that these subjects had micro-
scopic seeding of the liver via the splanchnic circulation, which
was not evident clinically nor captured on peripheral venous
blood culturing. Transaminase elevations could reflect lysoso-

TABLE 2. IFN-�-secreting cells after exposure to antigens, before and after inoculation

Subject
no.

Spot-forming cells per well on days 0 and 28 for the following antigen or reagenta

Control PHAb T-tox LLO-MBP Sonicate

0 28 0 28 0 28 0 28 0 28

17 0 0 TNTC TNTC 1 1 5 6 1 1
18 5 3 TNTC TNTC 7 7 13 15 8 8
19 0 0 TNTC TNTC 17 16 30 50 3 2
20 0 0 TNTC TNTC 4 6 7 7 8 10

a Results shown are means of two wells, each containing 2 � 105 PBMC. PHA, phytohemagglutinin; T-tox, tetanus toxoid; sonicate, soluble sonicate of L.
monocytogenes 10403S.

b Responses in well containing PHA were confluent and too numerous to count (TNTC).
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mal autolysis (56), neutrophil-mediated lysis of infected hepa-
tocytes (9), or an inflammatory or toxic reaction to L. mono-
cytogenes or listerial products without actual infection of the
liver (56). LLO is a potent cytolysin capable of lysing erythro-
cyte membranes at concentrations in the nanograms-per-mil-
liliter range under reducing conditions in vitro (60). We hy-
pothesize that in vivo production of LLO could be responsible
for transaminase elevations in the absence of other evidence of
acute bloodstream or hepatic infection. Published reports of
acute gastroenteritis outbreaks after ingestion of L. monocyto-
genes do not, unfortunately, comment on measurement of he-
patic enzymes (2, 10, 47).

Most of our subjects shed detectable L. monocytogenes in
feces for 1 to 4 days. Our fecal culture techniques were repro-
ducible and designed to detect fecal shedding in a time frame
acceptable for clinical decision making. Our techniques were
not as exhaustive as those of some food safety studies, where
samples are passed twice in enrichment broth or incubated for
up to 7 days in the cold or in enrichment broth (13). We
cultured up to 3 stools daily (by happenstance, we cultured
every stool passed) in order to enhance our ability to find
organisms. There was no evidence of mutation or alteration of
strains at the deletion loci in vivo. We detected the vaccine
organism 8 weeks after inoculation in one individual who re-
ceived the lowest dose tested, suggesting that this may be a
phenomenon related to the individual rather than to the dose.
Unlike other enteric pathogens, there are no good clinical data
on the duration of shedding of Listeria organisms in healthy
adults, though it may be found in fecal samples of approxi-
mately 1 to 5% of adults (22, 50). Our study suggests that the
occasional adult may be colonized asymptomatically by L.
monocytogenes at levels evading detection for long periods.

Our immunological data are limited by the absence of good
positive and negative control samples, and we can only specu-
late about their significance. Virtually all the patient samples
available from clinical cases of listeriosis are from immuno-
compromised or debilitated elderly patients. Most of the sam-
ples we obtained were found to have assay values below those
of healthy adults. Similarly, negative controls simply reflect
healthy individuals without known listerial infection, but it is
likely that most adults are exposed at some point, perhaps
frequently, to L. monocytogenes. One European study based
upon culturing typical foodstuffs calculated that average adults
may ingest 105 L. monocytogenes organisms nearly four times
annually and 106 organisms about once annually, though of
course this would be heavily dependent upon diet. Healthy
subjects’ titers against listerial antigens were highly variable in
the assays we developed; this could be due to both prior asymp-
tomatic colonization as well as cross-reaction with other gram-
positive pathogens or proteins. For example, others have
shown that sera with high ASLO titers (evidence of prior
streptococcal infection) cross-react strongly with recombinant
LLO (20).

We were somewhat surprised that we were not able to detect
IgA-bearing cells directed against listerial antigens after oral
inoculation, as this is a sensitive early test of immune response
to Salmonella and other gram-negative bacteria that is admin-
istered orally (3, 26, 57). Perhaps these responses are a func-
tion of the entry of these other pathogens via M cells and
Peyer’s patches into the gut-associated lymphoid tissues. This

pathway is not preferentially utilized by L. monocytogenes,
which invades systemically through the intestinal mucosa via
binding of the bacterial surface protein internalin with E-cad-
herin on eukaryotic enterocytes (32). A recent paper evaluat-
ing the mucosal immune response to L. monocytogenes 10403S
actA mutants in germ-free mice showed that Listeria-specific
IgA production by intestinal and mesenteric lymph node frag-
ments peaked relatively late in the course of infection, days 21
to 59 after inoculation (38). Although it is difficult to extrap-
olate from this animal model to humans, perhaps future stud-
ies should include later time points in ELISPOT assays.

This study was not designed to measure cellular immune
responses but rather to serve as a pilot study to investigate the
feasibility of evaluating such responses in the future. The lack
of positive controls, the absence of known immune targets and
epitopes, and the lack of a correlate of protection in humans
were practical difficulties. We also found recombinant His-
tagged LLO highly toxic to cells and difficult to fully inactivate.
Volunteers 18 and 19, who had the largest numbers of IFN-�-
secreting cells, also had detectable Listeria-specific IgG pro-
duced by unstimulated lymphocytes (Fig. 5). Volunteers 17 and
20, who had liver function test abnormalities, did not have
prominent responses in this assay. IFN production by bulk
PBMC in response to complex, large antigens may represent
CD4� or CD8� responses, and we did not have adequate
frozen samples to further pursue these studies.

Our data demonstrate that actA/plcB-deleted attenuated L.
monocytogenes may be administered without serious sequelae
to carefully monitored adult volunteers. Transaminase eleva-
tions occurred in 3 out of 20 volunteers. The pathophysiolog-
ical mechanism and significance of this finding are uncertain.
These clinical data and correlation with in vitro studies may
serve as a reference point for other investigators interested in
the study of L. monocytogenes vectors. We plan to engineer
clinically acceptable derivatives of this actA/plcB-deleted strain
which will express discrete viral antigens. These strains will be
used to more definitively evaluate human immune responses to
specific cellular immune epitopes delivered by attenuated L.
monocytogenes.
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