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Abstrak

Salmonella enterica var Typhi menyebabkan penyakit sistemik pada manusia seperti halnya S. enterica var Typhimurium pada
mencit. Pada mencit, resistensi terhadap S. Typhimurium terutama dikendalikan oleh lokus genetik yang menyandi NRAMP-|, suatu
protein yang ditemukan dalam ruang fagosomal makrofag. Dua alel fenotip dari NRAMP-L, yaitu lty" dan lty', menyebabkan mencit
berbeda dalam kepeknannya terhadap S. Typhimurium sampai 10.000 knli lipat. Tidakjelas apakah terdapat alel dengan struktur yang
mirip pada NRAMP-| manusia, walaupun demikian telah dilaporkan adanya keragaman dalam transkripsi NMMP-| manusia. Imu-
nologi dari tifoid murine sampai saat ini dianggap mirip dengan dzmam tifuid manusia. Tetapi perbedaan sifat mutan S. Typhimurium
paàa mencit dan mutan S. Typhi pada manusia yang ditemukan baru-baru ini, menunjukknn bahwa mungkin terdapat perbedàan penting
dalam hubungan pejamu-patogen. Kami tertarik untuk menentuknn sifat kunci dari S. Typhimurium sebagai vektor vaksin, sedemikian
rupa sehingga sifat-sifat yang mirip dapat direknyasa pada S. Typhi yang dilemahkan. Kami telah mempelajari ekspresi fragmen C,
bagian dari toksin tetanus yang protektif dan non-toksik, dan meneLiti kapasitas dari berbagai mutasi S. Typhimurium, replikon elatt

Promoter untuk menghasiLkan respon protektif. Berbagai mutan dianalisa tentang penetrasinya ke organ sentral, seperti hati dan limpu,
setelah pemberian oral, serta kemampuannya untuk menginduksi respons sel B dan sel T yang spesifik Salmonella dan toksoid tetanus.
Terdapat hubungan yang baik antara masuknya dan bertahannya di dalam plak Peyeri dengan kadar antibodi, tetapi tidak ada korelasi
antara respon antibodi dengan invasi limpa. Terdapat hubungan positif antara respon sel T limpa dengan invasi limpa. Sebagai bagian
dai program penelitian yang lebih luas untuk menentukan sel yang berperan pada'induksi dan berpengaruh padn kekebalnn tifuid mur-
inë, penelitian lentang peran makrofag dan indul<si melawan paparan Salmonella juga telnh dilakukan pada mencit. Makrofag mencit
dihilangkan dengan teknik deplesi Clz MDP-macrophage sebelum imunisasi dan/atau sebelum paparan. Mencit yang dihilangkan
makrofagnya sebeLum dan selama imunisasi dengan S. Typhimurium L, AroA/aroD (je. BRD509) yang mengekspresi fragmen C temyata
sangat terproteksi terhadap paparan S. Typhimurium SL 1344; proteksi ini berkurang bila makrofag dihilangkan sebeLum papara,x.
Penghilangan makrofag tidak mengurangi respon antibodi terhadap toksoid tetanus, tetapi sebaliknya, penghilangan makrofag mening-
katkan respon sel T yang spesifik untuk fragmen C. Hasil- hasil tersebut di atas menunjukkan bahwa makrofag bukantah sel penyaji
antigen (antigen presenting cell) yang utama berperan pada kekebalan yang ditimbulkan oleh paparan BRD509 Walaupun demikian,
makrofag merupaknn efektor yang penting pada proteksi terhndap infeksi S. Typhimurium virulen. Hasil penetitian ini menwtjukknn
bahwa masuknya Salmonella ke dalam makrofag tidak penting untuk respon homolog dan heterolog yang disebabknn oleh mutan-mutan
S. Typhimurium dan bahwa banyak dari proses induktifyang berhubungan dengan kekebalan terhadap Salmonellae virulen, mungkin
teriadi di plak Peyeri. JelasLah bahwa hubungan antara Salmonellne dan sel pejamu di dalam plak Peyeri perlu dikaji Lebih lnnjut pada
modeL murine, serta perlu diusahakan untuk menentukan hubungan S. Typhi-makrofag pada manusia.

Abstract

SalmoneLla enterica var Typhi and Typhimurium cause similar systemic tlisease in humans and mice respectively. In mice, resistance
to S. Typhimurium is largely controlled by a genetic locus which encodes NRAMP-l (a protein found within the phagosomal compartment
of macrophages. The nvo phenotypic alleLes of NMMP-I ). Itys and ItyR, cause mice to vary in sentivity to S. Typhimurium by 10,000-foLd.
It is not clear whether there are similar structural alleles in human NRAMP- 1 , but variabiLity in human NRAMP- I transcription has been
reported. The immunology of murine typhoidwas, until recently, thought to closely parallel that of human typhoiclfetter but recent dis-
crepancies in the behaviour of defined S. Typhimurium and S. Typhi mutants in mice and humans respectively, suggest that tlrcre may be
some important dffirences in the host-pathogen relationships. Our interests have been in defining the key properties of S. Typhimurium
as a vaccine vector such tfurt similar properties could be engineered into attenuated S. Typhi. We have studied the expression of C frag-
ment, the protective but non-toxic portion of tetanus toxin, and examined the capacity of dffirent S. Typhimurium mutatiotxs, replicons
and promoters to deliver protective responses. Mutants were analysedfor penetation into central org(ins eg. Iiver and spleen, after oral
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administration, and for their capacity to elicit Salmonellae- and tetanus toxoid-specific T and B cell responses. There was a good cor-
relntion between entry into, and persistence within, the Peyer's patches antl antibody levels, but no correlation betvveen antibody re-
sponses and splenic invasion. There was a positive correlation between splenic T cell responses and splenic inyasion. Studies into the
roLe of macrophnges and the induction of protection against Salmonellae challenge were also conducted in mice, as part of a larger
program to define the ceLls responsible for inducing and effecting immunity in murine typhoid. Mice were depleted of macrophages prior
to immunisation and/or prior to challenge using the Cl2MDP-macrophage depletion techique. Mice depleted of macrophages prior to
and during immunisation with S. Typhimurium aroA/aroD (ie. BRD509) expressing C fragment were highly protected against challenge
with S. Typhimurim SL I344; this protection was reduced when macrophages were removed prior to chalLenge. Macrophage depletion
ditl not reduce antibody responses against tetanus toxoid but, paradoxically, macrophage depletion increased T cell responses specific
for C fragment. This resubs suggest that macrophages are not the primary antigen presenting cell (APC) involved in immunity elicited
by BRD509. Howeve\ macrophages appear to be important effectors in protection againts virulent S Typhimurium challenge infection.
The results from these studies indicate that Salmonella entry into macrophages is not essentialfor homologous or heterologous responses
eLicited by mutants of S. Typhimurium and that much of the inductive processes with respect to immunity ctgainst virulent Salmonellae,
and the heterologous antigens they are engineered to express, may occur in the Peyer's patch. Clearly, the relation between Salmonellae
and host cells within the Peyer's patch should be exploredfurther in the murine model and attempts should be made to define the S.

Typ hi-macrophage relatiorzship in humans.

INTRODUCTION

Infections by Salmonella enterica, especially typhoid
fever, remain significant causes of human morbidity
and mortality at the close of the 20th Centuryl8. 1n

the face of successful vaccination campaigns and im-
proved control of many infectious diseases, why does
typhoid fever remain an important human illness?
Part of the answer must lie in the current vaccines,
which have variable efficacy, our relatively poor un-
derstanding of the pathogenesis of typhoid, and the
absence of well tested immune correlates of protec-
tion, which might be used to define new and im-
proved typhoid fever vaccines.

Studies of S. enterica var Typhi are handicapped by
the very narrow host range of this bacterium, espe-
cially compared with many other S. entericats. S.Ty-
phi has evolved an obligate and close relationship
with humans and can locate to ecological niches, eg.
the gall bladder, that are both unusual and important
to the establishment and maintenance of the carrier
state, the least likely outcome for a host-pathogen re-
lationship. The limited host range for S.Typhi has
meant that most studies in the modern era of immu-
nology, molecular and cell biology have relied on a
murine model of human typhoid which uses the
mouse pathogen S. enterica var Typhimurium. The
predictive value of the murine typhoid model, once
thought to be very good, has been somewhat eroded
by vaccine studies which showed that different at-
tenuated mutants of S. Typhimurium and their S. Ty-
phi homologues (eg. galE mutanlse,tO) behaved dif-
ferently in mice and humans respectively. In many
other studies however, the phenotype of S. Typhi-
murium mutants in mice has closely paralleled the

behaviour of counterpart S. Typhi mutants in humans
1,8,t7,t4,t9,24,25 .

Our studies of murine typhoid have focused on two
questions - (a) how and where are cells which may
mediate immunity engaged and what are the relevant
antigen presenting cells (APCs) for the T cells in
these responses and, conversely, (b) what properties
of an S.Typhimurium vaccine strain are essential to
elicit protective levels of immunity against co-ex-
pressed ie. heterologous antigens and S. Typhi-
mudum. It has long been held that Salmonellae are
intramacrophage pathogenslT. This tenet was devel-
oped largely by analogy with other bacterial patho-
gens, such as Mycobacterium tuberculosis, which are
similarly poorly controlled by antibody responses
alone, and which requires T cells of the TH1 subtype
ie. which produce gamma interferon (IFN-g) for im-
mune protectionl5. The current theory on resistance
to Salmonella reinfection requires that immune T
cells recognise S.enterica-infected cells as de facto
APCs, or professional APCs presenting S. enterica
determinants, produce IFN-y which, in turn, activates
macrophages harbouring bacteria, leading to death of
the bacteria. We were interested in determining the
role of macrophages in both the induction of protec-
tive immune responses ie. as APCs, and their role as

effectors of immunity.

The advent of molecular biology has facilitated the
construction of defined mutants of many bacteria, in-
cluding S. enterica. The pioneering work by Hoiseth
and Stocker8 showed that mutants of S.Typhimurium,
which carried deletions or insertions in genes encod-
ing enzymes of the aromatic biosynthetic pathway,
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coated plates at 2Lflml, or S. typhimurium LPS
(Sigma, St. Louis, MO, USA) coated plates at
lOug/ml. Kinetic ELISA12,26 rates were determined
using Delta SOFT II software (BioMerallics fnc,
Princeton, NJ, USA), with sera diluted 1/100 and
1/1000. Splenic T cells were enriched on nylon-
woolll, cultured in 96-well trays with added irradi-
ated syngeneic APCs, and proliferated with recombi-
nant C fragment-(His)6 purified on nickel affinity
matrix, added at l.251tglml or lOpg/ml, or with con-
canavalin A (Sigma, St. Louis, MO, USA) at 5pg/ml.

Macrophages were depleted from mice using intrave-
nous (i.v.) administration of liposome-encapsulated
CIzMDP (dichloromethylene diphosphonate)27 given
2 days prior to i.v. immunisation with SL1344
LaroA/aroD (BRD509), then weekly thereafter for 6
weeks, and/or 2 days prior to i.v. challenge with
SLl344, and at weekly intervals 1-2 weeks thereafter.

RESUIjTS

Antibody Responses to Different Mutants of S.T!-
phimurium

Groups of five mice were orally immunised with ap-
proximately 1010 bacteria (one of 5 mutants express-
ing C fragment) on days 0 and day 28 and bled at
fortnightly or weekly intervals. Individual sera were
reacted in kinetic ELISAs to detect S. Typhimurium
lipopolysaccharide (LPS)- and tetanus toxoid (TT)-
specific antibodies. The values are the mean kinetic
ELISA rate (mOD/min) for each of the groups at day
74, day 28, day 42 and day 56. The ratios of the two
values is also provided. The aro mutants elicited high
serum antibody levels against both S. Typhimurium
LPS and TT. The cyalcrp mutant expressing C frag-
ment elicited high level responses against TT, but a
low level response against LPS. The purA mtttant of

were both attenuated and protective as vaccines.
These studies led to the construction of aromatic mu-
tants in many unrelated pathogens22 helped refine the
concept of 'rational attenuation' using site-specific
mutation. Subsequent investigations have shown that
pathogenic S. enterica can be attenuated by deletion,
or insertional inactivation, of genes encoding regula-
tory proteins (eg. PhoP, OmpR, Cya, Crp), stress re-
sponse proteins (HtrA), enzymes from other biosyn-
thetic pathways (PurA, PurE, GalE), and putative
macrophage resistance proteins (PagC) t'1,+'0 

"7'9'16. 
In

many cases, mutants are not only attenuated but also
elicit protective immune responses, and the use of
multiple mutations which effect different metabolic
or regulatory pathways has also been examined
(arolhtrA|' we wished to compare the in vivo behav-
iour of defined S.Typhimurium mutants which elic-
ited protective immune responses with mutants that
were incapable of inducing homologous protection,
in an attempt to define properties fundamental to suc-
cessful vaccine strains, and to determine the relative
capacities of the different mutants to deliver a het-
erologous antigen.

MATERIALS AND METHODS

S. enterica var Typhimurium strains were generously
provided by Prof. G. Dougan, Imperial College, Lon-
don (SL1344, AaroA, LaroAlaroD, LompR, LpurA,
LhtrA,), and Prof. Roy Curtiss III, Washington Uni-
versity, St. Louis (SR-11 A,cya/crp). The C fragment
expression plasmid pTETtac4 has been described
previouslys. Bacteria were cultured in LB broth and
enumerated on LB agar plates. Organ counts of vi-
able bacteria were performed on tissues disrupted in
a Seward Stomacher Lab Blender 80.

Antibody levels were determined by ELISA using
tetanus toxoid (CSL Ltd, Parkville, VIC, Australia)

Tâble 1. Ratio of Anti-S;yphimurium: Anti-Tetanus Antibody Responses in infected Mice

Day 14 Day 28 Day 42 Day 56
Mutant

TTb LPSLPS

aroA

aroA/aroD

purA

htrA

cya/crp

2t

22

16

3'7

l4

144

214

2'7

223

225

0. 15

0.10

0.59

0.16

0.06

107

994

39

107

39

265

353

59

350

443

0.39

0.27

0.66

0.30

0.09

186

t45

87

ZJJ

82

371

4t7

110

423

404

0.50

0.35

0.87

0.55

0.20

161

125

t22

t99

772

336

339

131

371

399

0.48

0.37

0.93

0.53

0.18

a.
b.
c.

ELISA kinetic rate value of serum Ig for S.Typhimuriurn LPS (mean, 5 mice)
ELISA kinetic rate value of serum Ig for tetanus toxoid (TT) (mean, 5 mice)
ratio of rate valuës S.Typhimurium LPS/tetanus toxoid
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Thble 2. Spleen to Peyer's Patch Count Ratios ins.Typhimurium-infected mice
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Day 7 Day 74 Day 21
Mutant

SplSplRfPPd Sp1"

aroA

aro,UaroD

purA

htrA

cyalcrp

4.6

5.8

2.8

4.6

5.8

2.9

3.0

2.6

2.4

3.2

1.6

1.9

1.2

1.9

1.8

4.1

4.4

2.0

3.2

4.2

3.1

3.2

3.1

1.6

2.6

1.3

1.3

0.6

2.0

1.6

3.1

3.6

< 0.7

2.2

J.Z

2.5

2.0

2.6

< 0.7

J.J

1.2

1.8

< 0.3

> 3.1

0.9

d.
e.

f.

mean number (log111) of bacteria isolated from Peyer's patches of 3-4 mice
mean number (logd of bacteria isolated from spleens of 3-4 mice
ratio of Peyer's patch counts to spleen counts

S. Typhimurium induced low levels of C fragment
antibodies, which were shown in a separate study to
be non-protective (data not presented).

Ratio of Spleen Counts to Peyer's Patch Counts

The number (logro) of bacteria present in the Peyer's
patches (PP) and spleens (Spl) of mice orally infected
with the different mutants is shown in Table 2. The
highest counts in PP and Spl were observed in mice
infected with the aro mutants and with the cyalcrp
mutant. The purA mutant colonised Peyer's patches
at a low level. In contrast, htrA mutants invaded into
the spleen at relatively low levels. The ratios of the
counts were similar for all mutants at Day 7, suggest-
ing that entry into the spleen early after infection cor-
related with the number of bacteria which had pene-
trated into the Peyer's patches. After this. time point
however, the ability of the mutants to sustain coloni-
sation at the two sites varied. This suggests that the
immune responses elicited by the different mutants
may be different and affect the clearance or persist-
ence of the bacteria.

Correlation between Splenic Counts and Spleen
T cell Proliferation/Cytokine Expression

The ability of the different S.Typhimurium mutants
expressing C fragment to elicit splenic T cell re-
sponses was also examined and correlated with inva-
sion into spleen. Splenocytes, and splenocytes en-
riched for T cells, were removed from orally immu-
nised mice and examined for specific proliferation
(enriched T cells from spleens removed 28 days post
infection) and IFN-yproduction (splenocyte bulk cul-
tures removed 21 days post infection) after incuba-
tion with C fragment. Splenocytes from naive mice
and mice immunised with S. Typhimurium alone did
not proliferate or produce IFN-y when incubated with

C fragment. The best proliferative responses, and the
highest levels of IFN-y production were observed
when mice were challenged with C fragment ex-
pressed from the aroAlaroD mutant.

Thble 3. Bacterial Counts in the Spleen, Splenic T Lymphocyte
Proliferation and Cytokine Production by Splenocytes
from Immunised Mice

aroAlaroD

purA

htrA

cyalcrp

naive

aroAlaroD-C

Mutant Spleen T cell Prolif
countsc (SDh

IFN-y
(ng/ml)'

2t

5

t3

17

1

2

g. number of bacteria in the spleen at day 14,
(ie. peak spleen count)

i. spleen cell cultures were incubated with 10 1tg/mt
C fragment and the amount of IFN-y produced was
quantitated in an IFN-g ELISA

ND not done

Effect of Macrophage Depletion on fmmunity in-
duced by BRD509

Macrophages were depleted from mice prior to i.v.
immunisation with the aroAlaroD mutant of S. Ty-
phimurium BRD509, and or prior to i.v. challenge
with 100 virulent S. Typhimurium SL1344. Mice
were killed 4 days after challenge and the number of
bacteria present in the spleens and livers determined
by viable count. Mice depleted of macrophages at the
time of immunisation were largely protected against

3.2

3.1

1.6

2.6

ND

5.2'.7

1.04

r.00

1.18

0.03

0.03

h. stimulation index;
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Immunisation naive naive 509
depletion at immunisation
depletion at challenge +

challenge whereas mice depleted of macrophages at
the time of challenge were more sensitive that non-
depleted animals, but more resistant that non-immu-
nised controls.

DISCUSSION

Human S. Typhi disease is characterised by systemic
infection and inflammation of primary and secondary
lymphoid tissues. Early vaccine trials with defined
aromatic mutants of S.Typhi suggested that the
strains, though severely attenuated, retained the ca-
pacity to cause a 'vaccinemia' or mild typhoid-like
illness following oral administration, in about l}Vo of
recipients23'2a. Reactogenicity was not observed in
volunteers who received S. fyphi carrying mutations
in aroA and purA suggesting that the purA mltation
further attenuated aromatic mutants of S.Typhitz.
Previous studies of purine mutants in the murine ty-
phoid model had suggested that these strains were
over-attenuated, though the in vivo persistence pat-
tern of the purA mutant was not significantly differ-
ent from the aroA mutantl9. Our study re-examined
the in vivo growth patterns of isogenic aroA and purA
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+
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mutants and compared their organ-specific persist-
ence with other S. Typhimurium mutants which are
known to elicit protective immune responses, with a

view to determining the requirement for systemic in-
fection in protection.

Our observations suggest that colonisation of the
Peyer's patches by vaccine strains is more important
for successful delivery of heterologous antigens than
penetration to the spleen. S. Typhimurium with mu-
tations in aroA./D, ompR, or htrA successfully colo-
nised Pèyer's patches and elicited potent responses
against C fragment, expressed by the mutant Sal-
monellae. In contrast, S. Typhimurium LpurA mlu-
tants successfully colonised the spleen but persisted
poorly in Peyer's patches, and elicited very low titres
(ie. non-protective levels, data not shown) of antibod-
ies specific for C fragment. These results argue
against a requirement for 'vaccinemia' foflowing oral
administration of human typhoid vaccines in het-
erologous protection, but the issue of the splenic in-
vasion and T cell responses remains unresolved.
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Figure 1. Effect of macrophage depletion on immunhation with BRD509 and resistance to challenge with SLI344
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Immunity against reinfection by Salmonellae is
thought to be largely mediated by antigen-specific T
cell responsesls. Mice immunised orally with differ-
ent attenuated mutants of S. Typhimurium, including
the LpurA mutant, displayed specific (C fragment
and Salmonella antigen) proliferative T cell re-
sponses from pools of enriched splenic T cells. Fur-
thermore, bulk cultures of splenocytes from immu-
nised animals produced IFN-y in response to stimula-
tion with C fragment or Salmonella antigen (data not
shown). Studies to-date suggest that the S. Ty-
phimurium LpurA mutant, which invades the spleen
after oral immunisation, is incapable of eliciting a

protective anti-S. Typhimurium response suggesting,
as observed with humoral responses, that the spleen
may not be the major inductive site for T cell re-
sponses. It will be important to study T cell responses
in the Peyer's patch following oral infection, for their
capacity to proliferate following Salmonella antigen
stimulation, produce cytokines and transfer protec-
tion. Such studies are in progress.

The effect of in vivo macrophage depletion on the in-
duction of immune responses by BRD509, the
aroAlaroD mutant of S. Typhimurium, and the capac-
ity of BRD509 to effect protective responses, was
also examined. Depletion of macrophages at the time
of immunisation, ie. during the first 6 weeks follow-
ing i.v. infection with BRD509, neither greatly af-
fected the level of protection elicited by the vaccine
nor level of antibodies specific for J. Typhimurium
LPS or C fragment. Paradoxically, T cell prolifera-
tion to C fragment was increased following macro-
phage depletion (data not shown). In contrast, re-
moval of macrophages from mice at the time of chal-
lenge made them more significantly more susceptible
to challenge with virulent S. Typhimurium, SLl344.
Mice were not fully sensitive to infection however,
suggesting that another immune mediator, perhaps
antibody, played an important role in protection.
These results suggest that firstly, macrophages are
not the primary cells responsible for the induction of
the immune responses achieved by immunisation
with attenuated S. Typhimurium and secondly, that
macrophage-mediated killing is not the sole mecha-
nism of protection in the murine typhoid model. The
former of these conclusions is supported by many re-
cent studies which show that dendritic cells are the
only cells capable of activating naive T cells; the in-
crease in T cell responses following macrophage de-
pletion might reflect enhanced access by dendritic
cells to bacteria in depleted mice. The fact that the
killed whole cell typhoid vaccine, which elicits weak
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if measurable T cell responses, is partially protective
supports a role for antibodies in protection.

Most studies of murine typhoid use inbred mice. In-
bred strains of mice are either very sensitive, or
1000-fold less so, to infection by virulent S. Ty-
phimurium (eg. SL1344, C5) because of allelic vari
ation in a single gene known as NRAMF-1. The two
murine phenotypes Itys und ItyR (sensitive or resis-
tant to S. Typhimurium infection respectively) are
represented in common inbred strains such as

BALB/c and CBA20,2I. The Ity phenotype has a fun-
damental effect on the response, both innate and ac-
quired, to S. Typhimurium infection, and immunity
against reinfection in the different Ity backgrounds
may well be mediated by different effector popula-
tions. It is important therefore to determine which of
these phenotypes most closely allies that of humans
with respect to S. Typhi infection, only then can true
correlates of protection be defined for use in analyses
of vaccine-mediated protection in the appropriate Itys
or ItyR murine model.

Studies of the immunology of Salmonellae infections
in inbred mice would be greatly enhanced by the
definition of T cell determinants specific for fre-
quently represented (eg. H-2u) murine MHC Class I
and Class II alleles. This would obviate the require-
ment for surrogate T cell targets such as C fragment
or ovalbumin and recombinant Salmonellae, and
would assist in defining correlates of protection
against Salmonella infection. Thus far, only one Sal-
monella determinant has been defined, from the FliC
protein in C3H (ie. Ityn; mice2. This determinant was
shown to be immunodominant in the recall response
of C3H ie. Ityn mice; significantly, subsequent stud-
ies suggest that T cell clones specific for the FliC de-
terminant are not protective. It is interesting to specu-
late as to why an antigen, which is poorly expressed
on the bacterium following invasion, is a major target
of the cellular immune response. Does immunodomi-
nance by a specificity from an antigen poody ex-
pressed post-invasion by S. Typhimurium represent a
novel means of subverting the immune response, or
does the dominance of the non-protective FliC-spe-
cific T cell response in ItyR background reflect the
fact that these animals are naturally resistant to S. Ty-
phimurium infections ?
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