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Immunization against typhoid fever
V. BALARAJ, G. SRIDHARAN, M. V. JESUDASON

INTRODUCTION
Typhoid (enteric) fever is the fifth most common communi-
cable disease in India as reported by the Central Bureau of
Health Intelligence (CBHI), Directorate General of Health
Services.I Between 1979 and 1988, over 300 000 cases were
reported annually with about 1000 deaths a year until 1981.
Thereafter, the number of deaths decreased to about 600 a
year while the number of reported cases remained at the
same level.I The role of antibiotics and better access to
health care services could have contributed to these fewer
deaths. However, as the figures quoted are only of reported
cases they are likely to be underestimates. A typhoid vaccine
field trial carried out in 1973 showed that a control group of
Indian children aged 1 to 15 years had an incidence of
confirmed typhoid fever of7.6 per 1000 per year.' This holds
good for 1991 and if extrapolated to the 1991 population
census, 2.52 million cases of typhoid a year could be ex-
pected to occur in the 1 to 15-year-old age group. For every
case to receive the recommended dose of chloramphenicol
would cost Rs 76 per person. For the 2.52 million cases the
cost would be 193 million rupees. Costs of hospitalization
and loss of revenue for parents who have to nurse sick
children would add substantially to the economic loss.

The Central Bureau of Health Intelligence reports for
1985 show that 22% of reported deaths from typhoid fever
fell in the age group 1 to 4 years, 55% aged 15 to 54 years
and 23% over 55 years of age.I The additional economic
burden caused by the loss of life is difficult to estimate.

Strains of Salmonella typhi (S. typhi) resistant to multiple
antimicrobials have begun to emerge in different parts of the
world and in India. In Shanghai, more than 80% of the
strains are resistant to chloramphenicol, ampicillin and co-
trimoxazole.' Strains resistant to these three drugs have also
been reported from India.t-' Drug resistance can complicate
the disease process especially when the majority of cases
receive treatment empirically and without the benefit of a
culture and tests for antimicrobial susceptibility. An increase
in complications will most likely lead to an increase in
mortality. The cost of treatment with the newer, more expen-
sive antimicrobials, will definitely increase.
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In this article we briefly describe the antigenic structure
of S. typhi, its pathogenicity in human beings, immunity in
typhoid fever, a review of past and current vaccines against
typhoid fever and potential vaccines for the future.

ANTIGENIC STRUCTURE OF Salmonella typhi
So far, four distinct antigens have been identified. The
capsular Vi antigen is a linear homopolymer of alpha 1-4
linked galactose aminouronic acid which is variably acetyl-
ated at the C3 position. This antigen is believed to inhibit
phagocytosis and complement C3 activation thus inhibiting
non-specific opsonization," The flagella of S. typhi are made
of a protein 'flagellin' which is antigenic and called the 'H'
antigen.' The outer L-layer underlying the capsular material
has the lipopolysaccharide (LPS) called the '0' antigen. This
'L' layer also has certain proteins called outer membrane
proteins (OMP) which are antigenic. These OMPs include
both porin (OMP F and OMP C) and non-porin substances.
Porins are pore-forming channels which help in solute up-
take and non-porin proteins are structural proteins (Fig. 1).8
These antigens are highly immunogenic and there is a good
antibody response to all these antigens in patients with
typhoid fever."

PATHOGENESIS AND PROTECTIVE IMMUNITY
Man is the only natural host for S. typhi and there are no
animal reservoirs of infection. Humans seem to get infected
orally and transmission is primarily food- or water-borne.
Hornick et af. have shown the infective dose 50 (ID50) to be
107 and the IDl00 to be 109 organisms among adults'? but
doses of 1<Y'or more are believed to be infective.' After entry
via the mouth, the organisms reach the small intestine,
invade the epithelial cells and reach the lamina propria
within 24 hours. They are ingested by polymorphonuclear
leukocytes (PNL) and macrophages (MO) where the organ-
isms multiply. From the submucosa the organisms reach the
mesenteric lymph nodes, multiply and enter the blood via the
thoracic duct. This causes primary bacteraemia and the liver,
gall bladder, spleen, bone marrow and kidney get infected
within 7 to 10 days of ingestion. Further multiplication
results in a heavier secondary bacteraemia (-20 bacteria/ml
of blood) and coincides with the onset of clinical symptoms.
The incubation period is 10 to 14 days. The intestines are
further invaded from the gall bladder, especially the Peyer's
patches, leading to tissue necrosis, ulcer formation and per-
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Fig. 1. Antigenic structure of Salmonella typhi
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Fig, 2. Interaction of the immune mechanism at different steps in the pathogenesis of typhoid

foration. This complicates the course of the illness. The fever
and illness can last for 3 to 4 weeks before remission takes
place.'

The immune system has many opportunities to intercede
and abort the infection. The first is at the mucosal surface
where specific secretory IgA (SIgA) is capable of aggregat-
ing and immobilizing the organism thus preventing it reach-
ing the villous surfaces of the enterocytes. The second is at
the lamina propria. Specific T-cells, if present, are activated
by antigen contact and produce gamma interferon (IFN)
which, in turn, activates the macrophages. The 'activated
macrophages' can kill intracellular bacteria.I I Failing this,
serum immunoglobulins (Igs) kill the bacteria by comple-

ment mediated bacteriolysis during the primary and secon-
dary bacteraemia. Moreover, there is evidence for an IgA
driven antibody dependent cell mediated cytotoxicity
(ADCC).12This type of immune mechanism mediated by K
cells at the lamina propria level can augment the role of the
Tvcell-macrophage combination. Intestinal aspirates of pa-
tients with typhoid fever have been shown to have some
specific IgG and IgM antibody but no IgA, whereas all three
classes of antibody are elevated in the serum. This raises the
possibility that individuals lacking an effective mucosal
SIgA barrier are more prone to develop typhoid fever (Fig.
2).13 Persons with raised antibodies to '0' and 'H' antigens
following natural infection are known to relapse." Thus, the
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protective immunity to typhoid fever is complex and in-
volves different limbs of specific and natural immune mecha-
nisms.

EARLY TYPHOID VACCINES
Prior to the advent of the animal model for testing typhoid
vaccines, human volunteer experiments were popular. In
1896, Wright injected heat and phenol inactivated typhoid
bacilli into 2 volunteer Indian medical officers of whom one
ingested S. typhi but did not develop typhoid fever. This led
to the assumption that the immunization was successful."
This study was followed by poorly controlled trials among
army volunteers in India and in southern Africa which did
not .conclusively prove the efficacy of the vaccine. In 1904,
Carroll tested an oral typhoid vaccine on volunteers. Eight of
the 10 developed clinical typhoid fever and in one the blood
culture was positive. Carroll's vaccine had not been inactivated
adequately resulting in the ingestion of viable S. typhi by the
volunteers." In 1946, among people who drank contami-
nated orange juice, the typhoid attack rate was 12% among
the non-immunized and less than 0.5% among those who had
received at least one dose of typhoid vaccine.'? This conclu-
sively proved that the killed parenteral typhoid vaccine
could protect against clinical disease.

VACCINES OF THE 1960s
In the 1960s well controlled clinical trials were conducted
with various 'whole-cell-inactivated' parenteral and oral
vaccines. The parenteral vaccines were either acetone-
inactivated, heat-phenol-inactivated or heat-inactivated al-
coholised vaccines. All these were in the dried form as an
earlier liquid form used in Yugoslavia was found to be
unstable. 18

Acetone-inactivated vaccines
Four acetone-inactivated vaccine trials (Table I) used the
two dose immunization schedule. Children received a total
of 1000 million bacteria and adults 2000 million bacteria.
These trials were conducted on different age groups and for
different periods of follow up. The British Guiana study had
the second longest follow up (4 years) and the highest
vaccine efficacy (94%) while the Tonga study had the lowest
efficacy (52% at I year; 41% at 7.5 years). The Yugoslavian
study (efficacy 79%) had an attack rate 6 times higher
among the non-volunteer population. As vaccine efficacy
was calculated using only the volunteer population, 'the
results are questionable.

In the British Guiana study, many subjects did not receive
the second dose and the vaccine efficacy among the single
and double dose recipients was the same over a 1 year follow
up. This is supported by a similar finding from the Polish
study.'? However, in Tonga, single dose recipients had a
rapidly declining duration of protection and at the end of the
follow up period (7.5 years) there was no protection.

Heat-phenol-inactivated vaccines
Table I shows the results of 3 trials conducted with the
phenol-inactivated vaccine. This vaccine was administered
in a two-dose schedule with children receiving a total of
1000 million bacteria and adults 2000 million bacteria. In 2
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Table I. Summary of important field trials with typhoid vaccines

Country Duration Age Follow Efficacy
group -up (%)
(years)

I.Killed parenteral acetone-inactivated vaccine
Two doses Yugoslavia" 1960-63 5-60 2.5 79

Brit. Guiana" 1960-64 5-15 4.0 94
Poland" 1961~3 5-15 2.0 87
Tonga" 1966-67 ()...{j() 1.0 52

1966-68 2.0 54
1966--73 7.5 41

Single dose Tonga" 1966-67 ()...{j() 1.0 55
1967~ 2.0 39
1967-73 7.5 0

2. Killed parenteral heat-phenol-inactivated vaccine
Two doses USSR" 1962-{)3 7-16 1.5 73

Yugoslavia" 1960-63 2-60 2.5 51
Brit Guiana" 1960-64 5-15 4.0 73

3. Killed parenteral heat-inactivated alcoholized vaccine
Two doses USSR" 1962~ 7-18 0.8 63

4. Killed oral vaccine
Three doses India' 1968-{)9 1-15 1.0 0

Newer vaccines that have been field tested
5. Vi polysaccharide parenteral vaccine

Single dose S. Africa" 1985-87 5-16 1.8 64
Nepal" 1986-88 5-44 1.5 72

6. Ty21a live attenuated oral vaccine
-In one week
Three doses Egypt" 1978-79 6-7 3.0 96

(Liquid formulation)
Three doses Chile" 1983-86 5-9 3.0 59

(Enteric capsules) 1983-86 10-14 3.0 69
1983-86 >14 3.0 85

Three doses Chile" 1983-86 5-18 3.0 19
(Gelatin capsules and
bicarbonate)

-Three weekly intervals
Three doses Chile" 1983-86 5-18 3.0 31

(Gelatin capsules and
bicarbonate)

studies the efficacy was 73% while in the third it was 51%.
All these heat-phenol-inactivated vaccine studies showed a
lower efficacy than the acetone-inactivated vaccine studies
(except from Tonga).

Heat-inactivated alcoholized vaccine
One trial from the USSR used a heat-inactivated alcoholized
parenteral vaccine. The total dose of the vaccine admini-
stered had 8 x 108 S. typhi and 2 x 108 S. paratyphi B. Two
doses of this vaccine had a lower efficacy (63%) than the
acetone-inactivated vaccine.

Killed oral vaccine
Killed oral vaccine in enteric-coated tablets was used in a
placebo-controlled field trial in India. Each tablet had 300 x
109 acetone-inactivated S. typhi. Three tablets were given
per patient, one on three consecutive days. However, the
vaccine provided no protection.
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FIELD TESTED NEWER VACCINES
Vi capsular polysaccharide vaccine (Vi CPS)
A single dose of 25 ug purified Vi CPS vaccine was used in
two field trials (Table I). In the Nepal study, the control
population received pneumococcal polysaccharide vaccine
while in the South African study meningococcal polysaccha-
ride vaccine was administered to the controls. Vi CPS was
administered to II 384 children aged 5 to 16 years in the
South African study. Vaccine efficacy calculated from the
period 6 weeks following immunization for a 21-month
follow up period was 64% when compared to the control
group and '81% when compared to those who were non-
immunized. However, this figure should be viewed with
caution as various differences existed between the non-
immunized and immunized groups.

In Nepal, an older age.group was studied (5 to 44 years).
After 18 months follow up, an efficacy of 72% was obtained
for a single dose (25 ug) of the vaccine. The geometric mean
titre (GMT) of the Vi antibody increased four-fold or more in
77% to 79% of vaccine recipients.

Ty21 a live attenuated oral vaccine
Ty21a is a Vi negative S. typhi mutant' with a deficiency of
the enzyme uridine~diphosphate-galactose-4-epimerase. In
the absence of an external supply this strain cannot incorpo-
rate galactose into the lipopolysaccharide of the cell wall.
.Hence, it is unable to exist intracellularly and has a low
virulence.

Two field trials have been conducted using this vaccine
(Table I). In the Egyptian trial, 1-3 x 1()9organisms of the
Ty21a strain were administered per dose in a reconstituted
liquid form, along with bicarbonate. In Chile, the same dose
was given as enteric coated capsules to one group, and to a
second group as gelatin capsules with bicarbonate in two
schedules: 3 doses with a two-day interval between doses
and 3 doses with a three-week interval between doses. The
bicarbonate and enteric coating were meant to protect the
live bacteria from the low pH of the stomach.

The results from the Egyptian trial showed a three-dose
efficacy of 96% after a 36-month follow up. In the Chilean
trial, the enteric coated vaccine capsules given in 3 doses at
two-day intervals gave the best results among recipients over
15 years of age (85%). Efficacy rates of 69% and 59% were
recorded in the 10 to 14 year and 5 to 9 year old groups,
respectively.

NEWER VACCINES TESTED IN LABORATORY
ANIMALS OR HUMAN VOLUNTEERS
WR 4103 vaccine
This vaccine is a live, oral, Vi-positive Ty21a strain of S.
typhi that has been transformed with a recombinant vector
containing the ViaB locus from the Ty2 strain of S. typhi.
This strain expresses the Vi antigen. Trials in mice produced
a Vi antibody response and effective protection against
challenge with virulent S. typhi."

Ty21a-01 1naba oral-vaccine
The Ty21a vaccine expressing the Vibrio cholerae Inaba
lipopolysaccharide was shown not to protect against a chal- .
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lenge dose of V. cholerae, but reduced the severity of
disease. Thus, Ty21a can be used as a carrier for the 01 Inaba
antigen, making it a bivalent vaccine."

Typhoid-Shigella sonnei bivalent vaccine
Volunteers were treated with Ty21a modified to express the
10 polysaccharide antigen of S. sonnei. Challenge with
pathogenic strains of S. sonnei gave a 40% protection against
diarrhoea."

More studies are needed on human volunteers before field
trials can be carried out, but the ease of administering oral
vaccines and the good protective effect of the Vi antibody
elicited by a potential vaccine like WR 4103 would be
advantageous in countries such as India.

Ty21 a is a good vector for genes of other enteric patho-
gens of public health importance rendering it possible to
determine potential polyvalent vaccines against enteric dis-
eases.

SIDE EFFECTS
Whole cell inactivated parenteral vaccines
Heat-phenol-inactivated alcoholized vaccine trials in the
USSR produced pyrexia in 70% of recipients, erythema in
19% and local swelling in II % of vaccines."

In the Yugoslavian trials, the first dose caused pyrexia in
23% on the second day following administration of the
acetone-inactivated or the heat-phenol inactivated vaccine .
In both groups, local pain occurred in 34% and erythema in
II %.18All side effects were reduced with the second dose.

In the Polish study, between 57% and 67% had local
erythema and a swelling of more than 10 cm in diameter
with the acetone-inactivated vaccine."

The study from Tonga recorded the lowest overall fre-
quency of side effects from the acetone-inactivated vaccine.
Fewer side effects were seen after administration of the
second dose.

Overall, the Tonga trials recorded a lower frequency of
side effects than the other studies with the same vaccine."

Polysaccharide vaccine
In the South African study, pain at the site of immunization
was observed in 61%, erythema in 8%, induration in 2% and
fever in I%. The frequency of side effects was higher in the
control group that received meningococcal CPS vaccine."
Two out of 3457 subjects who received the vaccine in the
Nepal trial had temperatures over 37.8°C within 48 hours of
injection that could have been attributed to the vaccine; 25
had local reactions lasting 24 hours." So far, the trials show
that Vi CPS vaccine has a lower frequency of side effects
than the whole cell inactivated vaccines.

Ty21a live attenuated oral vaccine
A comparative trial in adult volunteers on the clinical and
immunological responses to Ty21a and the traditional paren-
teral TAB vaccines found that Ty21a was well tolerated and
free of side effects while 65% of subjects administered TAB
vaccine reported fever, headache, malaise and local tender-
ness at the injection site." The Egyptian and Chilean trials
reported very few adverse reactions. In the Egyptian trial,
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vomiting, fever and abdominal pain occurred in less than
1%.28.29

IMMUNE RESPONSE

Earlier measurements of the human immune response to
different typhoid vaccines were made using the Widal test
for 0 and H antibodies. More recently, ELISA and radioim-
munoassay have been employed to measure the 0 and Vi
antibody responses. With heat-phenol-inactivated parenteral
vaccines the antibody response to 0 antigens appears to peak
in 7 days and last for 6 months after vaccination." H anti-
bodies peak one month after vaccination and persist for up to
a year. Earlier studies have shown H antibody to persist for
long periods and correlate well with protective efficacy." A
study conducted at Vellore has shown that typhoid vaccine
has a good immunogenic effect even in 6 month-old in-
fants." The Vi capsular polysaccharide vaccine produces a
good antibody response in both adults and children with
antibodies persisting up to 12 months. Oral Ty21a vaccine
elicits a good secretory IgA response in the gut and a
measurable cell mediated immune response. Table II sum-
marizes currently available data on the immune response
induced by Ty21 a and parenteral TAB vaccine.

Table II. Comparison of immune response induced by Ty21a and
parenteral TAB vaccine

Vaccines

Parameters Ty21a TAB

Cell mediated immunity
Anti·LPS, IgA and

anti-flagellin in faeces
ADCC
Serum Igs

o
o

+
++

(8 months),,·))·)4
IgA mediated

+/0
IgG mediated

+++

LPS Lipopolysaccharide ADCC Antibody dependent cell mediated cytotoxicity

Interestingly, gut IgA activity to both S. typhi LPS and
flagellin was seen for up to 8 months following oral Ty21 a
vaccination but the serum antibody response is meagre. The
parenteral vaccine does not induce an immune response in
the gut but elicits a good systemic immune response. Despite
differences in the nature of immune responses, the protective
efficacy of parenteral and oral vaccines do not differ signifi-

. cantly. It may be possible to make vaccines which produce
both good gut immunity to interfere with the first step of S.
typhi infection and good systemic immunity to hinder
bacteraemic spread of the organism.
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Cyclophosphamide cardiotoxicity

S. KUMAR, R. K. GUPTA, N. SAMAL

INTRODUCTION
Cyclophosphamide is a useful chemotherapeutic agent ac-
tive against a variety of human neoplasms. I Although antine-
oplastic drugs are targetted against rapidly dividing malig-
nant cells, they are also toxic to normal cells. Drug toxicity is
the principal deterrent to treatment with higher and poten-
tially more effective doses of cyclophosphamide. Conven-
tionally, cyclophosphamide is administered orally in a dose
of I to 3 mg/kg body weight with or without a loading dose.
Alternatively, it is given as a single intravenous dose of 10 to
15 mg/kg. Studies on experimental animals by Bruce et al?
and Skipper et al? suggest that this may not be the optimal
dose schedule and that therapeutic advantage may be gained
from large intermittent doses. Recent studies in monkeys
given high doses of cyclophosphamide (180 to 240 mg/kg)
have demonstrated diffuse non-thrombocytopenic bleeding,
especially in the myocardium.'

In 1970, Storb et al.' investigated the haematological and
pathological effects of various high dose cyclophosphamide
regimens in rhesus monkeys. Those given doses of 240 mg!
kg over one to four days had a greater than 75% incidence of
cardiotoxicity. In 1971 Santos et al? reported the first human
fatality of cyclophosphamide cardiotoxicity, and Buckner et
al? reported cardiotoxicity in 5 patients who received a total
dose of 120 mg/kg and 240 mg/kg cyclophosphamide. One
patient, who received 240 mg/kg cyclophosphamide devel-
oped marked voltage loss on the ECG six days after the first
dose and subsequently died of myocardial failure. Such a
condition has also been reported in monkeys receiving com-
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parable doses.' Patients given 120 mg/kg had no serious
myocardial toxicity, although ECG changes and creatinine
phosphokinase elevation were occasionally noted. Santos et
alY established that cyclophosphamide (total dose 270 mg!
kg) was the cause of death in two patients awaiting bone
marrow transplants.

Studies in canines" have revealed that 500 mg/kg of
cyclophosphamide (in an approximately equivalent dose on
a surface area basis of 240 mg/kg in humans), administered
as a single intravenous infusion resulted in a marked fall in
the voltage of the QRS complex after 2 to 3 hours, and in
deaths from pulmonary oedema and intractable cardiac fail-
ure 60 to 90 minutes later. Light microscopy on the heart of
six of these dogs showed subendocardial or intramural haem-
orrhage in 2, minimal capillary congestion in 2 while the
remaining 2 were normal.

Mullin et al? described transient ECG changes in 4 of 18
patients which consisted of diminution of voltage, ST de-
pression, and T wave flattening or inversion. Some patients
had serum enzyme alterations compatible with myocardial
damage. However, there was no evidence of cardiac dys-
function symptomatically or on physical examination.

Buja et al." have described two patients who developed
fatal cardiac illness characterized clinically by congestive
cardiac failure of low output type and pericardial effusion.
The clinicopathological findings indicated that the primary
cause of myocardial damage was the high dose of cyclo-
phosphamide (180 mg/kg and 270 mg/kg) given as a part of
combination chemotherapy. In both patients, the morpho-
logical features common to the myocardial lesions indicated
severe acute injury. These were myonecrosis with multiple
contraction bands, haemorrhage, microthrombosis and fibrin
deposits in the interstitium and within the muscle cells. In
patients with extensive myocardial damage microthrombosis
was associated with severe damage and disruption of the


