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Infections can influence concurrent and subsequent Thl vs Th2 immune responses to Ags. Through pattern recognition of foreign
unmethylated CpG dinucleotides, the vertebrate innate immune system can sense infectious danger and typically replies with a
Thl-polarized adaptive immune response. We examined whether CpG-DNA exposure would influence subsequent responses to
infection and soluble Ags. CpG-DNA injection led to local lymphadenopathy characterized by maintenance of cellular composition
with some biasing toward elevated dendritic cell composition. Sustained local production of IL-12 and IFN+from dendritic cells

and T cells was shown. Prior injection by up to 2 wk with CpG-DNA protected BALB/c mice from Th2 driven lethal leishmaniasis.
CpG-DNA injection by up to 5 wk before soluble Ag challenge resulted in the generation of Ag-specific CTL, Th1 recall responses
to Ag, and Thl-polarized Ag-specific Abs. Thus, CpG-DNA instigated a local predisposition for intense CTL responses and
Thl-polarized immune responses to subsequent infections or Ag challenge. The induction by the innate immune system of a locally
contained hypersensitivity could represent a capacitating immune reaction yielding rapid conditioned responses to secondary
infections. The Journal of Immunology,2000, 165: 1228-1235.

tween infections and the development of Th2-drivenrophages and dendritic cells (DCs) to synthesize cytokines (IL-12,

atopic disorders (1, 2). Some childhood infections culti- IL-18, TNF-«, IFN-«, and IFN), chemokines (macrophage-in-
vate a type | Thl cell immunological environment with IL-12, flammatory protein-& and -13, monocyte chemoattractant pro-
IFN-v, and TNF as predominant cytokines. Because these cytoein-1) and to up-modulate costimulatory receptors (CD 40,
kines inhibit the induction of Th2 responses, the absence of sucltD86), thus promoting Thl-biased T and B cell responses to Ag
infections might release Th2 immune mechanisms and thus pro@9—15). These events could be reproduced with CpG containing
mote atopic disorders. One implication would be that infectionssingle-stranded oligonucleotides, which serve as a powerful adju-
driving Thl responses predispose for reduced Th2 responses t@nt for the induction of Ag-driven Th1 responses (16—19). CpG-
subsequent Ag challenge. Supporting this view, a retrospectiv@NA administration concurrent witheishmania majoinfection
study of Japanese children demonstrated an inverse relationship BALB/c mice results in protection from the normally lethal
between tuberculin delayed-type hypersensitivity and atopy (2)Th2-mediated disease (20). Similar to BCG infection, CpG-DNA
Indeed in murine models, infection with mycobacteria suppresseghen given concurrently or post-allergen sensitization eliminates
allergenic sensitization to Ag (3, 4). the Th2-driven response leading to airway eosinophilia and IgE

It has been established that the deoxynucleotide fraction of baproduction on allergen challenge (21, 22). Thus, exposure to bac-

cillus of Calmette-Glen (BCG)® preparations is immunostimu-  terial DNA recapitulates some immunological aspects of live bac-
latory (5, 6). The vertebrate innate immune system, through pattergerial infection including Thi-biased responses.
recognition of foreign unmethylated CpG dinucleotides (CpG- We have previously shown that an injection of CpG-DNA leads
to an increase in splenic cell count, granulocyte-macrophage CFUs
and early erythroid progenitors (23). In consideration of potential
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E pidemiological studies suggest an inverse correlation beDNA), senses infectious danger (7, 8). CpG-DNA stimulates mac-
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containing a “CpG-motif” marked with bold letters’ (3 CC-ATG-ACG-
TTC-CTG-ATG-CT) and its control non-CpG-DNA (oligodeoxynucle-
otide (ODN) 1720: 5TCC-ATG- AGC-TTC-CTG-ATG-CT) (24, 25).
Both ODNs were phosphorothioate stabilized and synthesized by TibMol-
Biol (Berlin, Germany).

300 4

200 A
Infection model

We have previously described the use of CpG-DNA to cure murine leish- 100 1

maniasis (20)Leishmania majopromastigotes (strain MHOM/IL/81/FE/
BNI) were grown in Click’s/RPMI supplemented with 10% FCS on Novy-
Nicolle-MacNeal agar. PromastigotesX210°) were injected into the right

% Footpad thickness increase
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hind footpad of BALB/c mice. In addition, 5 nmol CpG-DNA in 40 per Weeks post infection

hind footpad were injecte2 h before infection or at either 7 or 14 days

before infection. Swelling in both hind footpads was measured weekly withFIGURE 1. CpG-DNA predisposes for Thl-driven protection from le-
a metric caliper, the uninfected footpad serving as an internal control fothal leishmaniasis. Groups of BALB/c mice were given CpG-DNA on days
non-infection-related swelling. From both values, the percent increase of-14 (A), —7 (4), or O (); an additional group was not given DNA).

thickness was calculated (20). The mice were then challenged with>x210° L. major promastigotes into
Mouse treatment and harvesting cells tgf;serrllg(:tiurjl()i footpad. The mean percent increase of footpad thickness is

To determine the long term effects of CpG-DNA on the cellular compo-
sition of lymph nodes (LN), CpG-DNA was injected s.c. into each hind
footpad of C57BL/6 mice in low endotoxin water (Sigma) at a dose of 5

nmol/footpad unless otherwise noted. LNs were aseptically removed a”Srevioust described (28). Four days post-OVA injection, draining popli-
collected into HBSS (Life Technologies, Gaithersburg, MD). LNS were 5| | N cells were harvested as above. The LN cells were cultured for an
digested fo 1 h at37°C with 400 U/ml collagenase type la (Sigma). Single- aqditional 4 days in Click's/RPMI supplemented with 10% (v/v) heat-
cell suspensions were prepared, and clumps were removed by forcing theactivated FCS, 10 U/ml recombinant human IL-2, BB 2-ME, and
cells through a 10@m pore size filter (Falcon, Becton Dickinson, Moun-  apiipiotics (penicillin G and streptomycin sulfate, both at 100 1U/ml).
tain View, CA). LN cells were washed in PBS containing 2% FCS and gya-specific CTL assays were performed as previously described (29).
counted. . . _The targets weré'Cr-labeled EL-4 cells, EL-4 cells pulsed with 100 nM
For preparation of DCs, draining LN cells were collected as above W'th_SIINFEKL (the KP-restricted immunodominant peptide from OVA) or

the exception that after collagenase treatment LN cells were washed igG_7 cells (EG-7 cells are EL-4 cells transfected with the gene for OVA,
Ca*-free HBSS and handled in buffers containing 2 mM EDTA. For-pos gift from M. Bevan, University of Washington).

itive selection of DCs, LN cells were incubated with anti-CD11c Ab-coated ™ £qr A induction, C57BL/6 mice were injected with CpG-DNA in the
magnetic beads (MiniMACs) and selected according to the manufacturer'g;nq footpads as above and then injected with 3@#100 I OVA (50
protocol (Miltenyi, Bergisch Gladbach, Germany). , wlifootpad) at the indicated times. An OVA boost (306/100u! OVA, 50

To produce LN cells depleted for a given cell population, T cells, B, footpad) was given 10 days after the initial OVA injection, and 1 wk
cells, or DCs were removed from LN cells with magnetic beads (Mini- |ater OVA-specific serum Ab titer was determined by Ab isotype-specific
MACs) coupled with Abs to CD4 and CD8, CD19 or CD11c respectively, g| |sa (16). Endpoint Ab titer was determined by coating 96F plates with
according to the manufacturer’s protocol (Miltenyi). To positively selected o g OVA/well, incubating with serially diluted test sera and Ab detection
CD4" or CD8" T cells, LN cells were depleted of B cells, as above, and with isotype-specific peroxidase-labeled Ab (PharMingen).
positively selected, as above, for CD4 or CD8. CDdnd CD8 T cell For Th recall assays, C57BL/6 mice were injected with CpG-DNA, as
purity was~95% as determined by FACS. above, rested for various intervals, and injected with OVA. On day 7 post-

OVA inoculation, LN cells were harvested, and 2510° cells/ml were

Flow cytometry placed in 96-well culture plates with a restimulating dose of soluble OVA
LN cells were first incubated for 10 min at 4°C with anti-f#iI/Ill mAb (100 pg/ml). The supernatant was harvested, and cytokine ELISA was
(PharMingen, San Diego, CA) to block unspecific Ab binding. mAbs in- performed.
cluded anti-CD11c, -B220, -CD3, and -GR.1 and their isotype controls For adoptive transfer of in vivo presensitized DCs, positively selected

(PharMingen). CD11c cells were harvested from LN 7 days post-CpG-DNA injection as
. . . described above. The DC were pulsed withg/ml OVA in vitro over-
Cytokine production in presensitized LN night, and 2x 10° cells/50ul were injected into each hind footpad of naive

C57BL/6 mice. LN cells were harvested from the injected mice and treated

To determine the long range changes in basal cytokine production withir]g . ) :
. L e . for Th recall as above. Cytokine levels were determined by commerciall
local draining LN post-CpG-DNA sensitization, CpG-DNA was injected in available ELISA Kits (Gerﬁyme (Cambridge, MA) or PharM);ngen). n ad—y

in Cpad f 573115 Mice urlss ohnvie note. Afer varous ne ione el the same ranfe proeco was foloue owerer
intervals, LN cells were prepared as above and placed in culture withou -

addition stimulus. The cells were cultured in Clicks/RPMI supplementedpuIsed DCs, and a CTL assay was performed as described above.

with 10% (v/v) heat-inactivated FCS, %M 2-ME, and antibiotics (pen-

icillin G and streptomycin sulfate, both at 100 1U/ml). After overnight

culture, the supernatants were harvested and assayed foy,IFNF, or ~ Results

total IL-12 by ELISA according to the manufacturer's protocol (Phar- CpG-DNA predisposes for Thl-driven protection from infection
Mingen). Type | IFN was accessed with a bioassay according to the method . . . S
of Diefenbach et al. (26). Additionally, MRNA was immediately prepared I rodent models, it has been shown that BCG infection can inhibit
from isolated CD4 or CD8 T cells and used for RT-PCR. Both ¥liad  the induction of Th2-driven asthma (3, 30). We asked whether
IL-12RB2 expression was accessed in a semiquantitative PCR fsatg preinjection of CpG-DNA, used to mimic BCG, would protect

tin as the housekeeping gene. Primers used for murine ILB2ZRdB-ac- — gnimals from Th2 responses. When BALB/c mice are infected
tin were as previously reported (20). Primers used for l-iNere: sense

73-93, AACGCTACACACTGCATCTTG: antisense 473-453, ATGA locally with L. major, the resultant Th2-dominated response leads
GCTCATTGAATGCTTGG, modified from the work of Montgomery and t0 nonclearance and death (20). BALB/c mice were injected at day
Dallman (27). —14, —7, or 0 with CpG-ODN before footpad infection with

major. Fig. 1 shows that unprotected mice developed unchecked
footpad swelling throughout the first 5 wk, whereas simultaneous

C57hBr';./6d”;'ice Wzre Fl’rei”je‘;]ted with 5 ”Z‘olllfocgs."".d CFI’G'DNA s.C. i”tL‘:jng-ODN injection led to protection. Surprisingly, a dayL4 or
each hind footpad unless otherwise noted. In additional experiments, LPS A . . X
(100 pg), Quil-A (30 pg), or non-CpG-DNA were preinjected. This was 7 preinjection also protected mice (Fig. 1). The protection was

followed by OVA injection at the indicated times. Soluble OVA or lipo- 10ng lived, had the characteristics of a protective Thl response to
somes containing OVA (30Q.g/100ul injection dose) were prepared as L. major, and the mice were protected frolm major reinfection

Functional analysis of presensitized LN
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increase of B220, CD3", and GR.1 cells were similar to fold
- increase in total LN cellularity, but CD1Z1ccells were still over
40 { = ipsilateral LN L. L
——— contralateral LN represented. On day 10, at peak cellularity in the draining LN, the
composition was normal with CD1Z1cslightly overrepresented.

CpG-ODN predispose local draining LNs to respond to Ag

Cell no. (xlO6 )

Because of the Ag presenting cell's (APC) critical role for pro-

ductive T cell responses, we asked whether the numerical and

0 1 2 5 7 10 14 compositional changes observed in the local draining LN would
Day post CpG-DNA injection alter Ag-driven T cell activation. Previously, we described a vac-

FIGURE 2. CpG-DNA induces local lymphadenopathy. Mice were in- cir_lation technique that allows for tk_le analysis of in vivo-generated
jected with CpG-DNA in the hind right footpad. Both left and right pop- primary cytolytic T cells; seMaterials and Method¢28). Here

liteal LNs were extracted, and cellularity was assessedeft LN; W, right ~ We injectéd CpG-DNA into the hind footpads of mice, waited 7
LN (n = 3, mean+ SD). days, and then inoculated the hind footpads with either liposome-

encapsulated OVA (Lipo-OVA) or soluble OVA. Lipo-OVA in-

duced mild CTL activity in non-DNA-sensitized mice (FigAB
(data not shown). These results imply that injection of CoG-DNAHowever, the response was greatly enhanced if the mice were
alters the immune status, predisposing for a Thl-biaseshma-  “presensitized” with CpG-DNA. As expected, soluble OVA alone
nia clearance. We thus attempted to characterize what changes ifid not induce CTL, whereas CpG-DNA-presensitized mice gen-
immune status occurred post-CpG-DNA injection. erated a strong CTL response when inoculated with soluble OVA
(Fig. 3A). Presensitization did not occur when a nonstimulatory
control ODN, LPS, or the adjuvant Quil A was used (Fid).3
We recently described that bacterial CpG-DNA induces extramedThus, CpG-DNA presensitization predisposes for productive CTL
ullary splenic hemopoiesis peaking at day 6 (23). In the course ofesponses to soluble Ags.
these studies, not only splenomegaly but also lymphadenopathy Injection of CpG-DNA triggers within the first 24 h a transient
restricted to the drainage field from the injection site was observedsystemic release of cytokines (32). Elevated serum cytokines could
To characterize the kinetics of lymphadenopathy, mice were inbe expected to mediate effects on distant lymphoid sites. Eg. 3
jected in one hind footpad with CpG-DNA, and cellularity was shows that the presensitization effect was restricted to the local
recorded (Fig. 2). The ipsilateral popliteal LN experienced a in-drainage field. When Ag was injected contralateral to the DNA
crease in cellularity peaking 10 days postinjection and contract- preinjection site, no CTL response could be measured. Addition-
ing thereafter. In contrast, the contralateral LN did not changeally, i.p. CpG-DNA preinjection did not predispose the popliteal
appreciably reflecting the local nature of the response in the pekNs to respond to the Ag (Fig.@. These data imply that CpG-
riphery and also serving as an internal control. Maximum cellu-DNA not only displays acute systemic effects but also presensitizes
larity in the local draining LN thus follows in time to that of the the local draining LN to respond to proteins.
spleen, day 10 vs day 6, respectively (Fig. 2 and Ref. 23). Because the adjuvant effects of CpG-DNA are Th1l biasing (16—

The day 10 LN cell number was 88-fold greater than that of18), we tested whether CpG-DNA inoculation was Th1l predispos-

uninjected mice (Table | and Fig. 2). Table | shows that the majoring. We presensitized mice at day7 with CpG-DNA, injected
cell types, B cells, T cells, DCs, and granulocytes, as defined byg, and evaluated the Ab and Th responses. HigsBows that the
B220", CD3*, CD11c", or GR.I" staining, respectively, all fol  serum Ab response to injected Ag in presensitized mice was both
lowed a similar kinetics of expansion and contraction althoughelevated and biased to IgG2a and IgG2b. This result was in agree-
with notable exceptions. On day 1, B cells were underrepresenteanent with the Thl-polarized response seen when CpG-DNA was
however, CD11¢ cells were overrepresented severalfold aboveinjected simultaneously with Ag (16). Ab class switching to IgG2a
the total cellular increase. This outcome was to be expected if D@s IFN-y controlled; therefore, we tested the Ag-driven Th cell
at the site of injection were activated by CpG-DNA compelling recall response in presensitized animals. C57BL/6 mice were pre-
them to migrate toward the local lymphoid organs (14, 31). By daysensitized at day-7 with CpG-DNA and then inoculated with
2-5, B cells became overrepresented, correlating with CpG-DNAOVA. Seven days later, the LNs were harvested, and an Ag-spe-
induced B cell proliferation that peaked at day 2—3. B cell prolif- cific recall assay was performed. Figz 3hows that Ag induces a
eration was tracked either histologically or in FACS, by Ki-67 or recall response resulting in IFjproduction by cells harvested from
CD71 staining, respectively (data not shown). By day 7, the foldCpG-DNA-presensitized mice. By ELISA, recall IL-4 production was

CpG-DNA induces local lymphadenopathy

Table I. Fold increase for specific cell populations within the local draining LN post-CpG-DNA injéettion

Day All Cells B220" Cells CD3" Cells CD11c" Cells GR.1" Cells
0 1.00 1.00 1.00 1.00 1.00
1 4.68 2.24 5.59 23.87 5.94
2 5.22 7.86 3.71 21.87 4.65
5 15.30 20.39 12.76 56.63 15.27
7 48.76 39.16 54.02 134.72 65.21

10 88.70 71.39 97.57 331.47 83.10

14 21.22 18.55 20.81 134.93 30.65

2 Cells prepared from mice in Fig. 2 were stained for the surface markers listed and analyzed by FACS. Specific cell subtype
numbers were calculated by multiplying the percent positively stained cells by the total number of cells extracted from the LN.
With noninjected mice (day 0) as baseline, division of the cell number harvested from the various LN by the baseline number
yielded a fold increase.



The Journal of Immunology

1231

with CpG-DNA thus fosters a predisposition toward T cell-generated
IFN-y responses to Ag and induces Thl-polarized Ab responses.

40 A 5o B
2 40 N S
230 CpG-DNA presensitization kinetics of LN Ag responses
Q 30 . .
£ 20 Because of the intensity and altered character of the observed Ag-
& 10 l 20 | driven responses, we next analyzed the kinetics of presensitization.
X ‘ U\gﬁw ) 10 . Fig. 4A demonstrates the effect of day 1-7 CpG-DNA presensiti-

0 | o—0—03-5=0| % | zation on the induction of CTL activity. Preinjection of CpG-DNA
— I L
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led to a biphasic response kinetics to subsequent Ag challenge. The
CTL response is diminished at both day 1 and 2 preinjection time
followed by a recovery and overshoot with peak activity at day 4.

Effector:Target Effector:Target

50 ; gC ’ In multiple experiments, the phase of diminished response was
. - EE—— always at day 1; however, the peak of augmented response varied
z " : Eig between day 4 and day 6. The kinetics of nonresponsiveness cor-
& 30 4 R-R-L responds to the early infiltration of DC into the local draining LN
g 20 —— R-LL | (Table I). The recovery correlates with the strong cellular infiltra-
2 - g'}‘i']}g tion observed after day 2 (Table 1). These results demonstrate that

time was required for the predisposed LN environment to be
0 | #=0—t-—s—0—3 established.

We next established the time limits of presensitization by in-
creasing the time between CpG-DNA and Ag injection. Mice were
either simultaneously injected with DNA and Ag or injected with
DNA, rested for 7, 21, or 35 days and then given Ag. The pre-
sensitization by CpG-DNA that allows the induction of Ag-spe-
cific CTL lasted in excess of 35 days (FidB¥ For Ab induction,
both the adjuvant effects and the Th1l biasing of CpG-DNA could
be monitored for in excess of 35 days (Fig)4Th1 biasing could
also be measured by Th cell recall to Ag (FidR)4When animals
were CpG-DNA presensitized for up to 21 days before Ag injec-
tion, the resultant responding T cells from draining LN produced
KT IFN-v in response to in vitro OVA rechallenge. These data were

unexpected and together imply that the Ag responsive environment
once established prevails for extended periods of time.
FIGURE 3. CpG-DNA predisposes local draining LNs to respond to
Ag. A, Mice were mock injectedd, [) or injected with CpG-DNA @, )
into the hind footpads, rested 7 days, and inoculated with OVA in the samepG-DNA in vivo presensitized LN CD11cells transfer CTL
footpads. The mice were injected with either Lipo-OVA,(H) or soluble and Thi responses to naive mice
OVA (O, @), and CTL assays were performed. The results are represen-
tative of several experiments. Intraassay variations 4, is shown as  Adoptively transferring Ag-pulsed DCs induces CTL responses in
+SD. B, LN predisposition was restricted to CpG-DNA. CpG-DNE)( naive mice (33, 34). Because DCs occupy a critical role in initi-
LPS (O), Quil A (¢) or non-CpG-DNA {) was injected 7 days before ating adaptive immune responses, we asked whether CTL induc-
OVA injection and followed with a CTL assaf., LN predisposition was  tion and Thl predisposition could be adoptively transferred via
restricted to the local drainage field. Mice were injected with CpG-DNA at 7-day-presensitized LN DCs. LNs were CpG-DNA presensitized
various sites, OVA was injgcteq at day 7 and foI_Io_vvec_i with a_t CTL assay.in, vivo for 7 days, and then CD11ccells were isolated from the
The code for the legend is: site of CPG-DNA injection - site of OVA swollen LN. These cells were pulsed with soluble OVA overnight

injection - site the LN cells harvested from for CTL,X No CpG-DNA, L . . . . .
R = right hind footpad, L= left hind footpad, or IP= intraperitonealD, and then injected into the footpads of naive syngeneic mice. Fig.

For Ab induction, mice were injected in both hind footpads with CpG- A Shows that adoptively transferlje.d in yitrq OVA-pu.Ised
DNA (M) or PBS (), OVA was injected on day 7, a OVA boost was CD11c" cells harvested from presensitized mice induced primary
injected on day 17, and serum was harvested on day 24. The serum w&sTL in the local LN. The DCs from nonpresensitized mice were
evaluated for OVA-specific Ab end point titers. The results are represennot effective in inducing CTL under these conditions. Although the
tative of three experiments, and the result is shown as me8D,n =2 specific lysis values were low, they were reproducible, and it must
mice. E, For assessment of Th polarization, mice were injected in the hindyg emphasized that the assay determined primary CTL response.
footpads with CpG-DNAM) or PBS (), injected with OVA onday 7,the k53 shows that the OVA response generated in naive mice
draining LN cells harvested on day 14 and restimulated in vitro with OVA. . . o
) inoculated with nonsensitized CD1.cells developed a Th2-po
IFN-vy in the culture supernatants was measured by ELISA. Values ar(f ized I in that hiah f1L-4 and IL-10 b
given as mean- SD,n = 3 mice. arized recall response, in that high amounts of IL-4 and IL-10 but
low amounts of IFNy were produced. On the other hand, the
presensitized CD1Iccells initiated a Thl-biased response, i.e.,
high IFN-y and low IL-4 and IL-10. Thus, Ag-pulsed DCs from
not measurable in either nonsensitized or presensitized animals (dafaday CpG-DNA-presensitized LNs were able to induce Ag-driven
not shown). Additionally, it was determined that both CDdnd CTL and Thl responses in naive animals but nonpresensitized DCs
CD8" T cells contributed to Ag-specific recall IFj-production  bias to Th2 responses. These data infer that in vivo-presensitized
(G.B.L., unpublished data). This result suggests that both Th1 and DCs were able to convey the information for CTL induction and
cytotoxic (Tc) 1 responses were generated. Presensitization of animal$i1 biasing to a naive LN environment.
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FIGURE 4. The kinetics of altered Ag response post-CpG-DNA presensitizafiphlice were injected in the hind footpad with CpG-DNA, rested for
the indicated time, and injected with OVA, and then a CTL assay was perfo@nedean specific lysis- SD at the 50:1 ration(= 2 mice/time point).

B, Mice were handled as iA. O, ®, CpG-DNA-injected mice{_], B, non-CpG-DNA-injected miceD, [J, mice injected with soluble OVA®, B, mice
injected with Lipo-OVA.C, Mice were not injected (open symbols) or injected with CpG-DNA (closed symbols), injected with OVA on the indicated day,
and boosted 10 days later, and serum was harvested 7 days later. Ag-specific Ab end point titers are shown@®y lgG2a({¥), IgG2b @), and IgG3

(#). Values are given as mean SD,n = 2 mice/time pointD, Mice were not injected®) or injected with CpG-DNA @) and injected with OVA on

the indicated day; the LN were harvested 7 days later and placed in culture with OVAy V¢ measured by ELISA. Values are given as meadD,

n = 2 mice/time point.

Basal IL-12 and IFNy are elevated in presensitized LNs sociated cells with no stimulus. Fig. 8, and B, shows that the

IL-12 and IFN+y are involved in Thl development. We reasoned bas_al_ production of both IL-12 and IFi-were elevated in the
that alterations in basal IL-12 or IFNroduction could explain draining LN and not the contralateral LN. TNFand type | IFNs

the presensitization. To determine basal cytokine production, wd/€ré not detectable (not shown). FigC 8hows that basal IL-12

injected mice in the right hind footpad, harvested the ipsilateraPrOdUCtion in the ipsi_lateral LN remained elevated for at !east 21
and contralateral popliteal LN 7 days later, and cultured the dis9ayS- Detected by this method, IFNwas elevated only until day
7 and not detectable at day 14 (Fid énd data not shown).

In an attempt to define the cells responsible for IL-12 and H§N-
production from the 7-day LNs, we stained for intracellular cyto-

A kines followed by FACS analysis. Overall, this method proved too
é 15 insensitive and thus inconclusive; however, small numbers of
é 10 CD11c" cells appeared positive for IL-12, and T cells were-pos
3 itive for IFN-vy if the TCR was cross-linked with anti-CD3 (data
& o I not shown). We therefore harvested 7-day presensitized LN cells,
=S

& 05.\ S A
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FIGURE 5. CpG-DNA in vivo-presensitized LN CD1Zccells transfer 01
CTL and Th1 responses to'maimice. C57BL/6 mice were injected in the 036 24 7 14 21

footpads with CpG-DNA (closed symbols, closed bars) or PBS (open sym-
bols, open bars). After 7 days, the draining LNs were harvested, CD11c
cells were prepared and then pulsed with OVA. These cells were thefrIGURE 6. Presensitized local LN spontaneously produced cytokines.
injected into the hind footpads of naive C57BL/6 miéeAfter 4 days, the  C57BL/6 mice were injected in the right hind footpads with CpG-DNA,

LN cells were harvested and cultured for an additional 4 days with IL-2,rested 7 days, and the LN cells were harvested. The cells were prepared and
and a CTL assay was performed. The targets were EL-4 pulsed with theultured with no additional stimulus, IL-12f and IFN-y (B) levels were
OVA-derived peptide, SIINFEKL[(], B), or unpulsed EL-4 cellsJ, @). determined.C, To determine the persistence of elevated local cytokine
The symbols represent measSE,n = 2 mice.B, In additional animals,  production, mice were injected with CpG-DNA in the hind right footpad

LN cells were harvested after 7 days and cultured with OVA to assesand rested for the indicated times; LN cells were harvested and placed in
Ag-specific recall by cytokine release. The results are representative of atulture as above. Spontaneous IL-12 production was monitored from right
least two independent experiments. popliteal LN cells @) and left popliteal LN cells@).
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Discussion
CpG-DNA appears to be a component of infection that acutely
triggers innate non-self pattern recognition and thus the initiation
of immune responses (7, 8). These responses are Thl polarized and
result in heightened hemopoietic activity that may be biased to-
ward myeloid precursors (16—-19, 23). Here we used CpG-DNA to
probe whether pathogen-derived components sensitize and predis-
pose mice for CTL and Th1 responses. We show that aseptic im-
munostimulation with CpG-DNA induced in mice local lymphad-
enopathy associated with long-lasting local immune hypersensitivity,
which promoted CTL and Thl responses to Ag and infection. This
approach allowed us to temporally separate innate immune cell acti-
vation from Ag-driven adaptive immune responses. On first approx-
imation, the results suggest that CpG-DNA triggers locally a lasting
altered immune status which changes subsequent adaptive immune
responses.

Recently, it was demonstrated that prior injection by up to 2 wk
with CpG-DNA protected mice from lethal challenges wiitiste-
ria monocytogenesor Francisella tularensis(35-37). Serum
IFN-vy levels were elevated for 24 h, and IFNwas claimed to be
necessary for protection froiristeria monocytogene3he serum
levels of IL-12, on the other hand, were increased for at least 8
days after a single injection of CpG-DNA. In responsd-tdula-
rensis,B cells were critical for protection; however, both IL-12-
and IFN-y-deficient mice succumbed to infection (36). Whether
the responses were Thl or Th2 dominated was not evaluated. We

FIGURE 7. T cells and DCs from CpG-DNA sensitized LN are spon- Sh.OW here thaF prior injection oprG-DNA predllsposes for a.Thl_
taneous producers of cytoking, C57BL/6 mice 6 — 4) were injected in drlve_n protection of BALB/c mice from Th2-driven lethal leish-
the hind footpads with CpG-DNA, and the LN cells were harvested at da)fnan'as's (F'gj 1). T.he results _SUQQGSt that' extended IL-12 and
7 and pooled. The LN cells were depleted for CD1lar CD4'cDg*  IFN-y production (Fig. 6) predisposes the immune response to
cells, placed in culture with no stimulus, and assayed for cytokine releasd h1-polarized clearance of subsequent infection.
by ELISA. The values are presented as mea8D (n = 3 replicate wells), In the absence of adjuvants, challenge with soluble protein has
and the experiment is representative of two replici#e€, C57BL/6 mice  been reported to induce T cell tolerance rather than productive T
(n = 4) were injected in the hind footpads with CpG-DNA, and the LN ce|| responses (38). CFA, rich in microbial components retained in
Ce::s we;etﬂarveste_f_l atl day|7 at”‘é eooﬁg;hgégcﬁ”s ‘I’I"ere djp'ete_d ofBn oil depot, is believed to simulate infectious non-self and to
cells and then positively selected for r cells, and semi ; : ;
gt 1w etomed o e or Lo a0 ST S Ut et P 0 1), D 0 s
The cDNAs were diluted in 4-fold steps; the experiment is representative . ! . S .
of three independent experiments. tertiary signals necessary to overcome the inactivating signal of Ag
only (41). Injection with soluble hen egg lysozyme failed to induce
recall T cell proliferation or cytokine production; however, com-
depleted for either CD#CD8" or CD11¢" cells, cultured the Pination with IFA yielded a Th2 response, and CFA yielded a Thl
remaining cells with no stimulus overnight, and assessed cytokinESPonse (42). Itwas concluded that the addition of infectious non-
production as in Fig. 6 (Fig.A). IL-12 production was eliminated  S€lf components to the adjuvant resulted in Th1-biased responses.
by the depletion of DCs. Depletion of either T cells or DCs re- Here we show that preinjection with CpG-DNA, a chemically de-
duced IFN« production (Fig. A). Thus, CD11¢ cells appear fined APC-activating “infectious” signal, promotes a long lasting
responsible for elevated basal IL-12, whereas the source ofFN-fertile ground for the induction of both Th1 and CTL responses to
could not be restricted to a single cell type. When Cip¢ CD8"  subsequent Ags injection (Figs. 3 and 4). In the absence of oils,
T cells were purified and RT-PCR was performed, both cell typeg20th strong Th1 and CTL responses ensue in CpG-DNA-presen-
were positive for IFNy mRNA, whereas cells from nonpresensi- Sitized animals.
tized LN were negative (Fig.B). This result confirmed the po- A model has been proposed for the development of tolerance,
tential involvement of T cells in elevated IFfproduction but did ~ Th2 or Th1 responses based on two thresholds in the magnitude of
not rule out DCs as a possible source. “infectious danger” signaling to innate immune cells (42). In es-
Given that IL-12 and IFNy were elevated in CpG-DNA-pre- Sence, the model contends that APC activation attains three levels.
sensitized LNs, the altered environment could be expected to affedl/hen Ag is presented by nonactivated APC, tolerance develops,
the composition of T cells. We purified CD4r CD8" T cellsand  as expected during naturally developing self-tolerance. When the
analyzed for IL-1282 mRNA, a marker for Thl cells. IL-1282 first threshold of activation is breached, costimulation occurs in the
mRNA was elevated in T cells from presensitized LN with a biasabsence of IL-12, and Th2-like responses develop. When the sec-
toward CD8" T cells (Fig. T). Taken together, these data suggestond threshold is breached, in addition to costimulation, the innate
that the elevated Th1l-differentiating cytokine milieu found in the immune system produces IL-12 and causes Thl immunity. Here
ipsilateral LN may at least in part explain the CpG-DNA presen-we show that LN cells from CpG-DNA presensitized mice spon-
sitization effects. The local environmental changes in baselinganeously produced both IL-12 and IFNwithout further stimu-
IL-12 and IFN<y would be expected to influence T cell differen- lation (Fig. 6). Depletion of CD11¢ cells from presensitized LN
tiation in response to subsequent infections or Ag inoculation. cells eliminated IL-12 detection (FigAJ. Additionally, Ag-driven
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Thl induction in naive mice could be adoptively transferred bypredisposed local environment could be adaptive because most

Ag-pulsed in vivo-presensitized CD11ccells (Fig. B). Taken

pathogen clearing responses are of a Thl nature (53).

together, these data demonstrate that DCs of the local draining LNs The idea of long term Thl-polarizing changes in the immune
produce IL-12 for extended periods of time post-CpG-DNA injec- system has been postulated for humans; i.e., suppression of atopy
tion and are sufficient to convey Thl predisposition. If IL-12 is was correlated with exposure and responsBlycobacterium tu-
present at the time of T cell Ag stimulation, Thl differentiation berculosis(2). Because the propensity for atopic disorders is in-
follows (43). Itis thus not surprising that CpG-DNA-presensitized creasing in western societies, there is a need to determine the
LNs respond to subsequent Ag or infectious challenge with polarmechanisms by which Thl-polarizing infections change the sig-

ization toward Thl.

naling setpoints of the immune system, thus predisposing for sub-

IFN-v positively modulates APC-presenting molecules and co-sequent Thl-biased responses. As shown here, the use of CpG-
stimulatory molecules, enhancing Ag presentation and thus th®NA may facilitate these investigations.

likelihood of inducing productive T cell responses (44). We could

not, however, detect the up-regulation of costimulatory molecule%CknOWbdgmems

on DC after the first 3 days post-CpG-DNA injection (54). Alter-
natively, IFN-y and possibly IL-12 positively influence DC mat-

We thank Dr. Stefan Bauer and Dr. Roland Lang for reviewing the manu-
script and Monika Mayer and Sylvia Bendigs for excellent technical

uration resulting from CD40-CD40L engagement (45—47). Bothassistance.

IL-12 and IFN<y were continuously made in presensitized LNs

(Fig. 6), and activated T cells were also present in the LN aReferences
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