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The genes encoding murine macrophage migration inhibitory factor (MIF), IL-2, IFN-y or TNF-a were cloned individually into

an expression plasmid under the control of the inducible promotemirB and transfected into the aroA"aroD™ deletion mutant
strain of Salmonella typhimurium (BRD509). TheseS. typhimurium derivatives (henceforward called constructs and termed
GIDMIF, GIDIL2, GIDIFN and GIDTNF) expressed their respective cytokines in vitro under anaerobic conditions and stably
colonized BALB/c mice up to 14 days after oral administration. The highly susceptible BALB/c mice that had received the
constructs orally and that had been subsequently infected via the footpad witheishmania major developed significantly reduced
disease compared with control mice administered the untransfecte8almonellastrain (BRD509). Importantly, a combination of
GIDMIF, GIDIFN, and GIDTNF administered orally after L. major infection was able to significantly limit lesion development and
reduced parasite loads by up to three orders of magnitude. Spleen and lymph node cells of mice administered this combination
expressed markedly higher levels of inducible nitric oxide synthase (iNOS) compared with those from mice receiving an equivalent
dose of the control strain ofSalmonella(BRD509). These data therefore demonstrate the feasibility of therapeutic treatment in an
infectious disease model using cytokines delivered by attenuate®hlmonella The protective effect observed correlates with the
induction of inducible nitric oxide synthase in vivo. The Journal of Immunology,1998, 160: 1285-1289.

been demonstrated in a number of disease states includingquired for the induction of inducible nitric oxide synthase

spontaneous and induced autoimmunity, tumor models(iNOS)? in infected macrophages (11-13). However, treatment of
and infectious diseases. The in vivo administration of cytokinessusceptible mice with recombinant IFNin vivo has not demon-
has been conducted using a variety of techniques, the simplest strated significant effects (14). This could be attributed to a lack of
which is injection of recombinant or purified material. This ap- sustained provision of the delivered cytokine in vivo.
proach is often hampered by the short half-life of cytokines in vivo  We report here the construction of faBalmonella typhimurium
(1), reducing the time of exposure and cytokine concentration suchtrains that express cytokines known to be involved in the Thi
that high and multiple doses of injected cytokines are required t@esponses or the activation of macrophages and assess their ther-
have a biologic effect. We have previously demonstrated the poapeutic potential in treating. majorinfection. IFN-y, TNF-«, and
tential of attenuate@almonella typhimuriurfor the in vivo oral  MIF are potent activators of macrophages, while IL-2 is a principal
delivery of sustained biologically active recombinant IB-(2). T cell growth factor. We demonstrate here that each construct ad-

There is currently much interest in attenuaalmonellacon-  ministered to susceptible mice before infection markedly reduced

structs as live heterologous carriers for vaccination (3-5) becausgisease development. Furthermore, a combination of strains ex-
they provide a relatively safe and efficient means of administeringpressing MIF, TNFe, and IFN+ given orally after infection sig-
Ags via the oral route. Infection of susceptible BALB/c mice with npjficantly reduced lesion development and parasite burdens. The

Leishmania majoresults in uncontrolled lesion development, fol- effect of these constructs correlated with the induction of iINOS
lowed by disseminated infection and death (6, 7). Cure from exexpression.

perimental leishmaniasis in resistant mouse strains depends on the

T he therapeutic potential of cytokine administration hasgeneration of a Thl response and the production of 4H8—10),
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Construction of the pnirB/cytokine plasmids Treatment of mice with cytokine constructs

The expression plasmid pTETnirl5 has been described previously (16) andhmediately before administration 8almonellaor PBS, mice were given
modified to include unique restriction enzyme sites downstream of thel00 ul of 5% Na,CO; orally. Mice were then administered orally with an
promoter as previously described (17). The cDNA for IL-2, IFNand overnight culture of X 10*° (in 0.4 mI PBS) GIDIL2, GIDMIF, GIDIFN,
TNF-a were provided by DNAX (Palo Alto, CA) and MIF cDNA was GIDTNF, or the control strain, BRD509. The inoculum dose was verified
reported previously (18). cDNA were modified by PCR to inclixtkd and by plating dilutions of each culture on-agar plates with or without
BarrHI sequences at the and 3 ends respectively. The oligonucleotides ampicillin.

used for PCR (synthesized by Genosys Biotechnologies, Inc., U.K.) were - )

as follows: IL-2, B-GGATCCATATGGCACCCACTTCAAGCTCC-3  Competitive PCR for INOS

and 3-GGATCCAAGACTAGTAGTAGTTACS; MIF, 5-GGTCCTT = o 1asmid containing murine iNOS cDNA was kindly provided by Dr
CTGCCCATATGCCGATGTTC-3 and ~ 5-GGATCCCTGCGGCTCT lan C?harles (The Cruci%orm Project, University of Londi)r? U.K) Toycon.—
TAGGC-3; IFN-y, 5-GAATTCATATGCACGGCACAGTCAT-TGAA-3 truct the INOS competitor thJ I’ mid digested \ElthIRI nd
and 3-GGATCCCCACCCCGAATCAGCAGCG TNF-a, 5-GGATCC ~ Stuct the | competitor, the plasmic was digeste a

ATATGCTCAGATCATCTTCTCAA-Z and 3-GGATCCCATTCCCT BamHI to rg—zlease the_500—bp iINOS c!DNA frag_ment, which was ligated into
TCACAG-5. the plasmid pBluscript. This plasmid was digested v to cause a

300-bp deletion in the middle of the insert before religation with a 134-bp
) . . . Pst fragment fromL. major gp63. The resultant plasmid yielded a PCR
Construction of recombinar. typhimurium product of 334 bp after amplification with INOS primers (see below). This
- _ . . R was gel purified, quantitated by spectrophotometry, and stored in aliquots.
The e.erA 'E.UOD vaccine strain ofs. typhwn_unum BRDSQQ‘ has been The competitive PCR method has been described in detail previously (24).
described in detail elsewhere (19). Bacteria were routinely cultured or]Equal loading was confirmed by PCR usieactin primers (5CTCTT

L-agar or inL-broth (LB) with or without 100ug/ml ampicillin. Plasmids TGATGTCACGCACGATTTC-3 and B5-GTGGGCCGCTCTAGGCAC

were transformed into LB5010 and bacteria selected for resistance to ams ; L )
picillin. Plasmids were transduced to BRD509 using p22 transduction. AmCAA3"). For quantification, an equal amount of cDNA was diuted and 1

picillin-resistant clones were named GIDIL2 (pnirB/IL-2), GIDMIF ::ODll\l(,)Aﬁt/l/i?; mgg':;thii?efgg’:\ggﬁ.gé‘?&ggiggﬂ%%ﬁg:gggﬁdt '5’\_108
(pirB/MIF), GIDIFN (pnirB/IFN-y), and GIDTNF (pnirB/TNFe). ACGCTGAGTACCTCATTGGC-3). A constant amount of diluted cDNA
was placed in seven tubes for PCR along with varying amounts of com-
Induction and detection of cytokines in vitro. petitor template. After the PCR reaction, products were electrophoresed on
n ethidium bromide-stained agarose gel. The point of equivalence in in-
nsity of competitor (334 bp) and wild-type bands (500 bp) was then
designated the concentration of the experimental cDNA for iNOS.

Induction of cytokine expression was conducted as previously describe
(17). Briefly, bacterial colonies were grown overnight at 37°G-ioroth
containing ampicillin and then diluted 1:100 withbroth containing am-
picillin and 4 mg/ml glucose into a closed screw-cap container. Bacteriachallenge withL. major.

were incubated for 40t6 h at37°C before screening. Bacterial lysates were

analyzed on SDS polyacrylamide gels, transferred to nitrocellulose (BioMice were challenged by s.c. injection in the footpad with<110° sta-

Rad Laboratories, Richmond, CA) and proteins were detected with thdionary phasé.. major promastigotes in 5Q.1 of PBS. Lesion development
following Abs: monoclonal rat anti-mouse IL-2 (Genzyme), monoclonalswas measured as an increase in footpad thickness, as described
anti-murine IFN+ (R46A2) or anti-murine TNFx (XT22.11) (both pro-  previously (17).

vided by DNAX), and goat anti-human MIF (18). The relevant horseradish o .

peroxidase-conjugated secondary Ab (Bio-Rad, Hertfordshire, U.K.) wauantification ofL. majorin infected footpads.

then applied, and the blots were developed with horseradish peroxida

. . Kice were killed by cervical dislocation. Footpads were removed above the
color-developing reagent (Bio-Rad).

ankle and diced into small pieces and then homogenized. Serial dilutions of
) the homogenate were made in culture medium on a 96-well tissue culture
Electron microscopy plate that was then incubated at 28°C. Wells with vidi#eshmaniavere

Bacteria were fixed in 4% paraformaldehyde in PBS for 30 min, pelleted;?g\:?:usﬁlal(lg)'. and the parasite loads were calculated as described

and then encapsulated in 10% gelatin in PBS at 37°C, followed by solid-
ifying the gelatin at 4°C. Pieces of the encapsulated pellet were brought t&tatistical analysis

2.3 M sucrose in cold PBS for 45 min after which each was mounted in a

droplet on cryospecimen pins (Leica, Wein, Austria) and plunge-frozen inStatistical significance was analyzed using Studentést.p < 0.05 was
liquid nitrogen. Specimens were cryosectioned using a Reichert Ultracuconsidered significant.

E/FC4D cryoultramicrotome (Leica) at110°C, and 100-mm sections

were collected onto carbon-coated support grids. Sections were immundResults and Discussion

stained with rabbit anti-MIF Ab or normal rabbit serum at 1/20 dilution in

PBS/1% BSA for 1 h, followed by addition of protein A conjugated to 5 nm AttenuatedSalmonellastrain (AroA”AroD ™) transfected with the

gold at 1/100 in the same buffer using washing and blocking procedureplasmid (pnirB) encoding MIF, IL-2, IFNy, or TNF-« produced
described by Griffiths (20). Sections were finally stained and embedded _i'ﬁhe respective cytokines under anaerobic conditions as demon-

methyl cellulose (21)_and examined in a Ze'iss 992 EFTEM electron ml_strated by Western blot. A single band of the appropriate size was
croscope (Hertfordshire, U.K.) by zero-loss imaging to enhance contrast.detected i the bacteria.l (Fig. 1). This was also visualized by im-
Cytokine biologic assays munogold-electron microscopy (data not shown). The cytokines
L2 activi d (22) by its abil _— iteration of produced were biologically active (U/420rganisms): IL-2 (in
- aCthlt'y was measure : y its ability to SUSta'.lnt e proliferation o GIDIL2). 4.400: IFN in GIDIEN). 8.000: TNFe (in GIDTNE

the T cellline, CTLL (American Type Culture Collection (ATCC)). TNE- 1,500 I)\/IIF (in GIDI:AYII(:) activity \)Nas not detect;ble by the)cur-
activity was assayed (22) by its cytotoxicity on the fibroblast cell line, L929 -~ s h ) ¢ e A
(ATCC). IFN-y activity was determined (23) by its ability to induce NO rently available biologic assay, which has a sensitivity limitdf
synthesis by the murine macrophage cell line, J774 (ATCC) in the presencag/ml. MIF was produced at 20 to 25 ng/mifl@rganisms by
of LPS (10 ng/ml). MIF activity was examined using the tautomerase assay| |SA.
as previously described (18). In each case, the appropriate recombinantA : : el .

; ) nalysis of plasmid stability in vivo (Fig. 2) demonstrated that
cytokine was used as standard for constructing a standard curve. . . :

Y 9 all four constructs effectively colonized the MLN, spleen, and liver
of BALB/c mice for up to 14 days after oral administration. They
maintained plasmid stably throughout the period of colonization in
Determination of plasmid stability was conducted as previously describedhe MLN and spleens although some loss of plasmids from

(17). Homogenates of spleen, liver, and mesenteric lymph nodes (MLN . . _—
from mice previously administered withXd 10'° bacteria were plated onto )GIDIFN and GIDTNF was recorded in the liver. These data indi

L-agar plates in the presence or absence of ampicillin to determine théate that cytokine expression would be expected to occur at sys-
number of colonies that had maintained plasmid. temic sites for 1 to 2 wk after administration. However, there was

Plasmid stability in vivo
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FIGURE 1. Western blot analysis of IL-2, IFN; TNF-«, and MIF ex- g 2ol —&— PBS | —— g?g{m
pression in transduced BRD509. Bacteria were cultured, induced, lysed,g : GIDINE 20
and blotted as described Materials and MethodsLane a GIDIL2; b, . i
GIDIFN; ¢, GIDTNF; d, GIDMIF; and e, BRD509. 'S
1.07 10
no detectable cytokine in the serum of administered mice (data not |
shown). Spleen and MLN cells from all the mice produced similar 0% o8
levels of the cytokines when stimulated with a range of concen- o —al 004
trations of Con A (data not shown). This indicates either that cy- o 20 40 60 80 o 20 40 60 80
tokines produced are at too low a level to be detected in the cir-
culation or that they are are confined to the site of colonization. All Days after Challenge

the mice remained in good health, with no apparent gross sidg|,gyrg 3. Prophylactic effect of the cytokine constructs. Mice were
effect, gaining weight at the normal rate, the same as that of contrQigministered orally with a single dose of either control BRD509,&)r (
mice administered with saline alone (data not shown). GIDIL2, (b) GIDMIF, (c) GIDTNF, or (d) GIDIFN (1 X 10*° organisms/

The period of colonization by these strains is less than that remouse). They were challenged 1 wk later in the footpad witk 10° L.
ported previously for the IL-@-expressing strain, which persisted major promastigotes. Lesion development was measured at regular inter-
in vivo for up to 5 wk (2), but is significantly greater than that of vals as increase in footpad thickness (subtracting the thickness of the un-

the IL-4-expressing strain SL7207 (pOmpAmIL-4) which had lessinfected footpad from that of the infected footpad). Data are me&EM,
n = 6, and are representative of two experiments. Control mice adminis-

tered with PBS alone developed disease indistinguishable from those ad-
20000 ministered with BRD509. In accordance with the current U.K. guidelines
MLN for animal experimentation, experiments were terminated by day 42 when

15000 control mice (BRD509) developed necrotic lesions in the footpad.

10000

5000

than 100 bacteria per organ after oral inoculation (25). The reason
0 y ' A for this difference is unclear and could be due to macrophages

25000 activation by locally produced cytokines.

Spleen Pretreatment of BALB/c mice with a single oral dose o<1
10'° organisms of any of the four constructs 1 wk before a chal-
lenge infection withL. major significantly delayed disease pro-
gression (Fig. 3), with GIDIFN having the greatest effect. Admin-
istration of the constructs 1 day before or on the same day as the

20 30 infection was less protective (data not shown). These results dem-
onstrate the capacity of all four constructs to deliver bioactive

150000 Liver cytokine in vivo and further indicate that each of these cytokines

when administered orally can have a beneficial prophylactic effect

upon subsequent infection.

50000 To investigate the potential therapeutic effect of these con-

structs, BALB/c mice were infected with. major and adminis-

o= 10 20 30 tered orally with the constructs 7 days after infection. A modest
reduction in lesion size was observed with only one construct,

Days after administration GIDIFN (Fig. 4a). This was accompanied by a reduction of two
orders of magnitude of parasite load in the footpad (Table I). The
administered orally with X 10" organisms of GIDMIF/mouse. Spleen, othgr three ConStruc.tS provided no Significa_nt protection from in-
liver, and MLN were removed at the times indicated, and C0|0ny-f0rmingfeCtlon' These data indicate that oral cytokine is less effective in

units were assayed on plates with (filled symbol) or without (open symbolycontrolling L. m.ajor infection therapeutically .tha‘n prophylac‘ti-
ampicillin. Each point represents the geometric mearSEM of three  cally. We then investigated whether a combination of cytokines

mice. Results are representative of two experiments. Similar results wer@ould be more effective than a single treatment. From a combi-
obtained with the transductants GIDIL2, GIDTNF, and GIDIFN. nation of all possible pairings among the four constructs (data not

Bactieria per organ

100000 4

FIGURE 2. Plasmid stability in vivo. Groups of BALB/c mice were
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FIGURE 4. Therapeutic effect of the cytokine constructs. Groups of 340 bp

mice were infected in the footpads with> 10° L. major promastigotes
and at 7 days postinfection were given orally with) PBS, BRD509,
GIDMIF, GIDTNF, or GIDIFN (1 X 10 organisms/mouse), o) a

A
GIDMIF+GIDTNF+GIDIFN

combination of GIDMIF and GIDTNF (1:1 mixture, total of ¥ 10'° FI.GURE > . Competitive PCR oleOSOexpresglon in spleens and MLN.
organisms/mouse), or a combination of GIDMIF, GIDTNF, and GIDIFN Mice were given BRDSO9 orally ( 10 organisms/mouse), or a com-
' ! ’ bination of GIDMIF, GIDTNF, and GIDIFN as described in Figure 4.

(1:1:1 mixture, total 1x 10 organisms/mouse). This administration was
repeated on days 14 and 28 postinfection. Lesion development was me pleen and MLN cells were harvested 14 days later and cDNA prepared as

sured at regular intervals as increase in footpad thickness. Data aretmean escribed iMaterials and MethodsA, Lane 1 1-Kb DNA ladder.Lanes
SEM, n = 6, and are representative of two experiments. Experiments wer —5 mice given PBS, BRD509, GIDMIF- GIDTNF, and GIDMIF +

terminated by day 42 when control mice (BRD509) developed necrotic IDT.NF.+ GIDIFN, respectlvelyB, CDNA was 'then ampll.fled na PCR.

) ) . ) L . __reaction in the presence of varying concentrations of an iNOS competitor.
lesions in the footpad in accordance with the U.K. guidelines for animal - . ; -
experimentation Arrows indicate equivalent points. Results are representative of 3

experiments.

shown), GIDMIF plus GIDTNF conferred the best therapeutic ef- ] ) )
fect, and this was modestly but consistently enhanced by the adntracellular parasites (11-13, 26-29). We therefore investigated
dition of GIDIFN (Fig. 4 and Table I). The therapeutic effect whether the therapeutic effect of the constructs was accompanied

waned and lesion began to increase 3 to 4 wk after the withdrawdly @n élevation of iNOS expression in vivo. Spleen and MLN cells
of treatment (data not shown). from mice administered orally 2 wk previously with the various

NO produced by macrophages activated with immunologicconSUUCts were colle_cted, and the e_xpression c_)f iINOS was de-
stimuli is a major effector molecule agairistishmaniaand other ~ t€cted by RT-PCR (Fig. 4). The relative expression was deter-
mined by semiquantitative RT-PCR (FigBp Cells from mice
administered with GIDMIF + GIDTNF or GIDMIF +
GIDTNF + GIDIFN expressed markedly more iNOS message
compared with those from control mice administered with PBS or
BRD509 alone. These results suggest that the therapeutic effects of

Table I. Quantification of parasite loads in the infected footfad

Viable Parasite per Footpad
Treatment of Mice

(Log,o Mean+ SEM)

PBS 5.59+ 0.2
BRD509 5.90= 0.4
GIDMIF 4.89x 0.0
GIDIFN 3.19* 0.6*
GIDTNF 4.89+ 0.9
GIDMIF + GIDTNF 2.79+ 0.0**
GIDMIF + GIDTNF + GIDIFN 2.49=* 0.4**

2Groups of mice were infected with. major and subsequently administered
orally with the cytokine constructs as in Figure 4. Footpads were removed from the

these constructs are likely to be associated with the induction of
INOS expression (13) and, hence, NO synthesis in the
treated mice.

The essential role of GIDMIF in the therapeutic effect in the
present experimental system is also consistent with the demon-
strated functions of MIF as a macrophage activator (30) and me-
diator of delayed-type hypersensitivity (DTH) (31). Data presented
here demonstrate that MIF synergizes with Tha limiting the
replication ofLeishmanian vivo, most likely via the induction of

mice on day 42 after infection and tissues were homogenized. Serial dilutions of thdNO synthesis. TNFx and IFN-y are known to induce NO synthe-

homogenates were cultured in medium as describédaterials and MethodsData
show Log, + SEM of the last dilution containing viable. major from triplicate

cultures,n = 5. Results are representative of three experiments.
* p<0.01, *p< 0.001 compared with control PBS group.

sis synergistically (32) with potent leishmanicidal activities (33,
34). ltis of interest that the combined oral delivery of TiRvith
MIF conferred stronger therapeutic effect than that induced by
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TNF-a with IFN-v. It is unlikely that this is due to insufficient 15
IFN-y being produced, since GIDIFN alone conferred the best
prophylactic effect among the constructs tested (Fig. 3). It may be
that the synergistic therapeutic effect of MIF and ThRavolves
mechanisms additional to NO.

In conclusion, we report here the therapeutic effect of attenuated

Salmonellaconstructs expressing cytokines, particularly MIF, in 17.

an infectious disease model. The lack of toxicity of the attenuate
Salmonellaand the continuous but relatively short duration of cy-
tokine delivery suggest that these and similar constructs may be

useful as potential immunotherapeutic agents against clinical in*:

fectious and autoimmune diseases.
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