C-C chemokine-encoding DNA vaccines enhance
breakdown of tolerance to their gene products and
treat ongoing adjuvant arthritis
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Depending on the method of immunization, a single administration of CFA may result in the devel-
opment of a local inflammatory process or chronic polyadjuvant-induced arthritis (AA). We admin-
istered naked DNA vaccines encoding MIP-10a, MCP-1, MIP-1[3, and RANTES to Lewis rats and con-
firmed that each of these vaccines induced immunological memory to the corresponding gene
product. Upon induction of disease, this memory effectively inhibited the development of the autoim-
mune condition. Self-specific Ab’s developed in DNA-vaccinated animals were neutralizing in vitro
and could adoptively transfer the beneficial effect of each vaccine. Repeated administration of the
constructs encoding MCP-1, MIP-1a, or RANTES inhibited the development and progression of AA,
even when each vaccine was administered only after the onset of disease. This suggests a highly effec-
tive way by which the immune system could be re-educated to generate protective immunity against

its own harmful activities.

J. Clin. Invest. 106:361-371 (2000).

Introduction
Rheumatoid arthritis (RA) is an inflammatory disor-
der characterized by infiltration of leukocytes into the
synovial tissue (ST) and synovial fluid (SF) of the
joints (1). Depending on the method of immuniza-
tion, a single administration of CFA may resultin the
development of a local inflammatory process or
chronic polyadjuvant-induced arthritis (AA), which
histologically and clinically resembles human RA (2).
In both diseases proinflammatory cytokines and
chemokines are believed to play a pivotal role in the
attraction of leukocytes to the site of inflammation
and in the initiation and progression of the inflam-
matory process (for a general review see ref. 3). The
role of proinflammatory cytokines in disease mani-
festation has been studied intensively in experimental
models and explored in clinical trials (4-9). Recently,
the role of chemokines in the regulation of disease has
been the focus of several laboratories, including ours.
Chemokines are chemoattractants that mediate
leukocyte attraction and recruitment at the site of
inflammation (for recent reviews see refs. 10-12).
Based on the positions of the first two cysteines, the
chemokines can be divided into four highly con-
served but distinct supergene families C-C, C-X-C, C,
and C-X3-C. The C-C family is primarily involved in
the activation of endothelium and chemoattraction

of T cells and monocytes to the site of inflammation.
The protective competence of anti-C-C chemokine-
based immunotherapy has been demonstrated in an
experimental model for multiple sclerosis, experi-
mental autoimmune encephalomyelitis (EAE), and
AA. Karpus et al. blocked EAE in mice by immuniz-
ing them with rabbit anti-mouse polyclonal Abs
against macrophage inflammatory protein-1a (MIP-
1a) (13). Gong et al. used an antagonist of monocyte
chemoattractant protein 1 (MCP-1) to inhibit arthri-
tis in the MRL-/pr mouse model (14). More recently,
Barnes et al. used anti-human RANTES to ameliorate
AA in the Lewis rat (15).

We have recently demonstrated that repeated admin-
istrations of DNA vaccines encoding proinflammato-
ry cytokines and chemokines such as TNF-a, MCP-1,
MIP-1a, MIP-1f3, and RANTES may lead to a break-
down of tolerance to their gene products, resulting in
the generation of self-specific neutralizing Ab’s that
neutralize the in vivo function of the product of each
inserted gene (16, 17). Thus far, we have explored the
above strategy only in EAE. A major disadvantage of
this experimental model in the Lewis rat is that both
the active and the transferred form of disease manifest
only a short-term phase of a transient form of disease,
thus rendering this model impractical for experiments
in which DNA vaccines are administered for the first
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time only after the onset of disease. Under our work-
ing conditions, Lewis rats manifest a long-term AA
that includes an acute phase and a long-lasting (more
than 100 days) chronic phase of disease. The current
study explores, we believe for the first time,
chemokine-based naked DNA vaccination in AA and
its therapeutic implications.

Methods
Rats. Female Lewis rats, approximately 6 weeks old, were
purchased from Harlan Laboratories Ltd. Israel
(Jerusalem, Israel) and maintained under clean condi-
tions in our animal facility.

Induction of AA. AA was actively induced, as we de-
scribed in detail elsewhere (18). Severity of the disease
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Figure 1

Prevention of AA by C-C chemokine-targeted DNA vaccines. Six groups of ten Lewis rats were exposed to four weekly administrations of var-
ious naked DNA vaccines including MCP-1, MIP-1a, MIP-1f3, and RANTES. Control rats were injected with either the pcDNA3 vector alone
or with PBS. Three weeks after the last immunization, all rats were immunized with CFA to induce active AA. AA was scored (daily during
the acute phase of disease, weekly during its chronic phase) by an observer blind to the experimental procedure. Leg swelling was also deter-
mined. On day 30, four representative rats per group were sacrificed and joints were removed for histological analysis (see Figure 2 and Table
1). Clinical scores and differences in leg swelling are show as mean of ten rats (days 10-30) or 6 rats (day 31-on) + SE.
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was quantified by scoring each limb on a scale of 0-4,
which indicates the severity of peripheral joint swelling
and erythema: 0 = no signs of disease; 1 = disease evi-
dent in a small number of distal joints of the limb;
2 = disease evident in all of distal joints of the limb;
3 = disease evident in all of the limb; and 4 = severe dis-
ease evident in all of the limb. The arthritic clinical
score was determined as the sum of the scores of all
four limbs from each animal (scores from 0-16). The
degree of arthritis, indicated by swelling, was quanti-
fied by measuring frontlimb and hindlimb circumfer-
ence using a caliper (Lange Skinfold Caliper;
Cambridge Scientific Industries, Cambridge, Massa-
chusetts, USA). Measurements were taken at three
time points during the course of disease: days 20, 60,
and 90, by an observer blind to the experimental pro-
tocol. Measurements are presented as the average of
the difference between swelling diameter of treated
joints and healthy ones.

DNA vaccination. DNA vaccination was performed
using the construct and method we described in detail
elsewhere (17). In addition to C-C chemokine-encoding
DNA vaccine (17) we have used constructs encoding
fractalkine (C-X3-C) and soluble B-actin (cytoplasmic
form). These constructs were obtained using oligonu-
cleotide primers that we have designed according to the
published sequence of each gene as follows: fractalkine,
sense S5'-ATGGCTCCCTCACAGCTCGCG-3', anti-sense
5'-ACTACCATTTCTAGTCAGGGC-3'; soluble [-actin (cyto-
plasmic form), sense 5-ATGGATGACGATATCGCT-
GCGCTC-3', anti-sense 5'-CTACCGGCCAGCCAGACG-3'.
Each PCR product was cloned and sequence has been
verified before being ligated into the pcDNA3 mam-
malian vector to be used as a DNA vaccine.

Purification of Ab’s. Ab’s from rat sera were purified
using a High-Trap protein G column (Pharmacia
Biotech, Piscataway, New Jersey, USA), according the
manufacturer’s protocol. Then, Ab titer to various
chemokines was determined by an ELISA assay as
described below. Before being tested for their in vivo
characteristics (i.e., ability to affect the course of AA),
sera from all DNA-vaccinated rats were subjected to an
additional step of purification. Commercially available
(Chemicon International, Temecula, California, USA)
recombinant MCP-1, MIP-1a, MIP-1[3, or RANTES was
bound to a CNBr-activated Sepharose column accord-
ing to the manufacturer’s instructions (catalog number
17-0820-01; Pharmacia Biotech). Specific Ab’s to the
gene product of each DNA vaccine were (IgG fraction)
loaded on the columns, each consisting of the appro-
priate commercially available C-C chemokine gene
product bound to CNBr, and then eluted by an acidic
elution buffer (glycine pH 2.5). Isotype determination
of the purified Ab (using ELISA) revealed that purified
Ab’s are mostly of the IgG2a isotype (data not shown).

In vitro chemotaxis assay. In vitro chemotaxis assay was
conducted as described previously (17). The same pro-
tocol was also used for the detection of activated T-cell
migration (1.2 x 10° cells from our CD4" purified pro-

tein derivative-specific [PPD-specific| T-cell line) with
the modification of using a different pore size (8 pm)
of polycarbonate filters (Osmonics Laboratory Prod-
ucts, Livermore, California, USA).

Selection of antigen-specific T-cell lines. CD4* PPD-specific T-
cell line was selected using the protocol that we used for
the selection of MBP-specific T-cell lines (17), with the dif-

Figure 2

DNA vaccination with C-C chemokines reduces the severity of histo-
logical changes in the acute phase of AA in rats. Representative sec-
tions from Table 1 are presented. (a-g) Representative synovial joints
(%5). (h-n) Representative synovial tissue (%40). Parts a and h show
naive rat joint; b and i show an arthritic joint; ¢ and j show joint from
rat vaccinated with pcDNA3 vector alone; d and k show representa-
tive joint from rats vaccinated with MCP-1; e and | show representa-
tive joint from rats vaccinated with MIP-10; f and m show represen-
tative joints from rats vaccinated with MIP-1B; g and n show
representative joints from rats vaccinated with RANTES. The arrow-
heads point to the synovial lining. Histological evaluation was done
by an observer blind to the experimental protocol. b, bone; nb, new
bone formation; s, synovial membrane.
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Table 1
DNA vaccination with C-C chemokines reduces the severity of histo-
logical changes in the acute phase of AA in rats

tions are also presented in Figure 2. At this time, all
four detected vaccines led to a significant reduction (P
<0.05) in the histological manifestation of disease. Yet,
among the C-C chemokine DNA-vaccinated rats,

DNA vaccine AA induction Histological score 1) 5se subjected to the MCP-1 DNA construct mani-
) . 301 0 fested the lowest histological score, which was signifi-
pcDNA3 alone + 2.8+0.18A cantly reduced not only from each control group (P <
MCP-1 + 0.83 + 0332 0.01), but also from MIP-13 DNA-vaccinated rats (P <
l\'\;:mg :: 1'; i 8%; 0.05), which excreted the moderated effect of all
RANTES + 1.5 +0.24¢ detected chemokines. A similar pattern of results was

Thirty days after the induction of disease, representative rats (four rats per
group) of AA rats subjected previously to various naked DNA vaccines (as
described in Figure 1) were histologically analyzed. Histological score was
determined on a scale of 0-3 as explained in Methods. Mean of 12 sections +
SE is shown. P < 0.001 for the comparison of D with A; P < 0.05 for the com-
parison of D with B; P < 0.002 for the comparison of C with A; P < 0.05 for
the comparison of B with A.

to a significant (P < 0.01) reduction in the severity of
the acute phase of disease (on day 20, 6.8 + 0.93,5.1 +
0.7,6 £ 1.2, and 6.8 + 1.3 for treatment with MIP-1q,
MCP-1, RANTES, and MIP-1[3, respectively, versus 11
+1.39and 10 + 1.1 in rats treated with PBS or pcDNA3
alone, respectively). However, during the chronic phase
of disease (day 60 and 90) DNA vaccines encoding
MIP-1a, MCP-1, RANTES, but not MIP-1f3, were pro-
tective (P < 0.01 compared with each control group).
Representative joint sections from all experimental
groups (four animals per group) were obtained on day
30 and screened for histological inflammatory
mononuclear cell infiltrate in the synovial membrane,
thickness of the synovial lining, joint-space narrowing,
and periosteal new bone formation. Histological
scores are summarized in Table 1. Representative sec-

Table 2
Blockade of leukocyte chemotaxis by C-C chemokine-specific Ab’s generated in DNA-vaccinated rats

obtained during the chronic phase of disease (Figure
1). Taken together, our results show that C-C
chemokine DNA vaccines can be used effectively to
prevent AA. They also demonstrate that whereas the
MCP-1-encoding DNA vaccine is the most potent
inhibitor of disease, the construct encoding MIP-1p is
the less effective one, particularly during the chronic
phase of disease.

Self-specific Ab’s developed in DNA-vaccinated rats are neu-
tralizing, capable of inhibiting delayed-type hypersensitivity
response in vivo and of transferring the protective effect of each
vaccine. DNA vaccination can elicit potentially both
cellular and humoral responses against products of a
given construct (21-25). We have assessed the contri-
bution of the humoral response to the state of AA
resistance that follows DNA vaccination. At first,
DNA-vaccinated AA rats were followed for the pro-
duction of self-specific Ab’s to the gene product of
each DNA vaccine. Our results show, we believe for the
first time, that even without being subjected to naked
DNA vaccination, rats that developed poly-arthritis
(but not a local DTH response resulting from a foot-
pad administration of CFA) displayed a significant (P
< 0.05) appearance of self-specific Ab titer to proin-

Purified Ab’s (IgG) from:

Chemoattractant: - AArats pcDNA3 MIP-1a MCP-1 MIP-13 RANTES
DNA DNA DNA DNA DNA
vaccinated vaccinated vaccinated vaccinated vaccinated
AA rats AA rats AA rats AA rats AA rats
Chemotaxis of activated macrophages
Medium 48+ 6 467 5012 49 +10 49+7 44+ 6 508
fMLP 160+ 19 16217 18023 158+ 18 153+£13 16015 161 £20
MIP-1a 148 +18 145+13 15012 34+68 89+ 114 140+9 146 £ 12
MCP-1 123 £25 135+16 125+17 1109 3078 131+£9 135+£15
MIP-1(3 137 £19 136 £15 135+18 125+ 6 131£15 48 + 98 140+ 18
RANTES 144 + 22 142 £ 20 146 £ 10 142 +14 143 +16 14015 39+ 58
Chemotaxis of an activated T-cell line
Medium 608 54+10 50+£12 5010 619 57+8 61+12
fMLP 19015 159 £ 21 19012 209+ 14 137 £ 20 147 £ 22 171+ 11
MIP-1a 165+18 149 +17 155+18 48 + 118 79 £ 194 157 £ 11 1495
MCP-1 146 £ 12 141 +12 144 £ 11 1379 44 + 118 132+9 151+ 11
MIP-13 132+17 12912 135+18 1309 143 £12 40 £ 128 14515
RANTES 154+£13 146 £ 11 143 £15 145+ 14 15417 15015 35+78

Self-specific Ab’s obtained in DNA-vaccinated AA rats (Figure 4) were evaluated for their competence to inhibit the migration of oil-induced peritoneal macrophages
or PPD-activated CD4" line T cells in a Boyden chemotaxis chamber assay. Cells (1.2 x 106, either macrophages or T cells) were added to the upper well. Com-
mercially available (Chemicon) MIP-1a (200 ng/mL), MCP-1, MIP-13, and RANTES (100 ng/mL each) were used as chemoattractants. fMLP (107M; Sigma Chem-
ical Co., St. Louis, Missouri, USA) was used as a positive control for chemoattraction. Purified Ab’s (IgG purification) were added at a concentration of 10 pug/mL.
Results are shown as mean of triplicates + SE. AP < 0.05. 8P < 0.001.
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Breakdown of tolerance to selfin DNA-vaccinated rats leads to the production of self-specific Ab’s. Lewis rats were subjected to the subse-
quent administration of various C-C chemokine DNA constructs, as described in Figure 1. Control rats were injected with pcDNA3 alone or
with PBS. Three weeks later these rats were separated to subgroups that were administered CFA in two different ways: footpad injection to
induce a local DTH response and tail-base administration to induce poly-arthritis. On day 20 anti-self Ab titers in serum were determined
by ELISA. Results are shown as mean of three different serum samples + SE.

ference of using PPD as a target antigen for selection. After
three selection cycles, specificity of the line was verified by
an in vitro proliferation assay. At this time FACS analysis
confirmed that more than 95% of the line cells are CD4".

Delayed-type hypersensitivity. Rats were immunized
intradermally into the dorsal surface of the ear with 10
pg PPD (Connaught Laboratories, Toronto, Ontario,
Canada) in 25 JL of PBS (or with PBS alone). Ear thick-
ness was measured using a caliper and determined as
the mean of five repeated measurements plus or minus
SE. The ear thickness at time 0 was subtracted from the
24-hour measurement to give the amount of delta ear
swelling in response to PPD (19).

Evaluation of anti-chemokine Ab titer in sera of DNA-vacci-
nated rats. A direct ELISA assay has been used to deter-
mine the anti-C-C chemokine Ab titer in DNA-vacci-
nated rats as we described in detail elsewhere (17).
Results of experiments conducted in triplicate were cal-
culated as log, Ab titer plus or minus SE.

Histopathology. Joints were removed from rats 30 or 90
days after disease induction, fixed with 10% buffered
formalin, decalcified in 5% ethylenediaminetetraacetic
acid in buffered formalin, embedded in paraffin, and
sectioned along the midline through the metatarsal
region (20). Sections were stained with hematoxylin
and eosin and analyzed by a histopathologist who was
a blind observer to the experimental procedure. Evalu-

ation was made based upon inflammatory mononu-
clear cell infiltrate in the synovial membrane, thickness
of the synovial lining, joint-space narrowing, and
periosteal new bone formation. Histological score was
determined as follows: 0 = no evidence of disease;
1 = mild lymphocytic infiltrate; 2 = widespread
mononuclear inflammation and thickening of the syn-
ovial lining; and 3 = severe bone destruction, new bone
formation, and destruction of the synovial lining (20).

Statistical analysis. Significance of differences was
examined using Student’s ¢ test. A P value of less than
0.05 was considered to be significant. One-way multi-
ple range ANOVA test with significance level of P val-
ues less than 0.05 was performed for multiple compar-
isons of Ab titers to various C-C chemokines in naked
DNA-vaccinated rats.

Results

Prevention of AA using C-C chemokine naked DNA vaccines.
Under our working conditions AA manifests a long-
lasting form of disease that includes an acute phase,
peaking around day 20, and a chronic phase that per-
sists for more than 90 days (Figure 1). First, we evalu-
ated the ability of various C-C chemokine-encoding
DNA constructs to prevent AA (i.e., vaccines were
administered before the induction of disease). Each of
the four C-C chemokine-encoding DNA vaccines led
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Anti-MCP-1 . Anti-MIP-10 (Figure 5). Then we evaluated the competence of each
AD to inhibit leukocyte migration in vitro (Table 2), as
well as to block DTH to PPD (Figure 6b). Finally, each
Ab was evaluated for its competence to provide a high
state of disease resistance when adoptively transferred
to AA rats (Figure 6a). Figure 5 shows that C-C
chemokine DNA-vaccinated rats develop a highly spe-

24

g cific titer against homologous antigen: MCP-1, MIP-
2 T e o o 0 it w4 e e 1O, MIP—lB, and RANTES (Exgure 5; P <0.001 for the
S , _ comparison of self-specific titer to each gene product
3 Anti-MIP-1 Anti-RANTES

24 compared with the other chemokines). MCP-1
DNA-vaccinated rats, however, exhibited a notable
cross-reactive Ab titer against MIP-1a (Figure Sb).
16 Then, Ab’s were purified (IgG fraction, protein G
purification) and evaluated for their ability to inhibit

20

12 ) . o .
the migration of oil-induced peritoneal macrophages
8 (Table 2) or PPD activated CD4* T cells (Table 2) in a
7 Boyden chemotaxis chamber assay. Self-specific Ab’s

0 T T T T T 0t v T T T T 1 . .
0 15 30 45 60 75 90 0 15 30 45 60 75 90  generated in DNA-vaccinated rats could profoundly
Day block both monocyte and T-cell chemotaxis induced by
each relevant chemokine (Table 2) and to a much less-
Vaccination

er extent (if at all) chemotaxis induced by antisera from

—a—N PB . . . . .
one (PBS) rats previously subjected to DNA vaccination with

—&—pcDNAS3 alone

—e—pcDNA3-MCP-1 other C-C chemokine constructs. The acceptance of a
—a—pcDNA3-MIP-1a partial blockade of chemotaxis mediated by MIP-1a
~—0—pcDNA3-MIP-1j using antisera from MCP-1 DNA-vaccinated rats
—o—pcDNA3-RANTES could, however, be attributed to the partial cross-reac-

Figure 4 tivity to MIP-1a in MCP-1 DNA-vaccinated rats as
Self-specific Ab’s to the gene product of each DNA vaccine are con- shown in Figure Sb and previousl}/ (se§ 1.‘ef. 17). Thfese
tinually produced during the acute and the chronic phase of disease. Ab’s were then evaluated for their ability to provide
Lewis rats were subjected to the administration of various C-C
chemokine DNA constructs, as described in Figure 1. Control rats

were injected with pcDNA3 alone or with PBS. Three weeks later a b
these rats were administered CFA to induce poly-arthritis. At differ- 20 MIP-1o vs. others 29 MCP-1 vs. others
ent time points the kinetics of anti-self Ab appearance in serum was 20 -
determined by ELISA. Results are shown as mean of three different 18- 7
serum samples + SE. 16
147

flammatory chemokines (Figure 3). This notable 129 =

increase in chemokine-specific titer during AA was, 107

however, not sufficient to prevent the development g via D7

and progression of the inflammatory condition in AA MIP-10 MCP-1 M|pl_1[3 RANTES
(Figure 1). After induction of AA, the chemokine-spe-

cific Ab titer profoundly increased in rats subjected c MIP-1p vs. others d  RANTES us. others
22 22

previously to DNA vaccines encoding each relevant .
gene product (Figure 3; log, Ab titer of 20 + 0.55, 19 + _ 201 . 201 77
0.33,19.5 + 0.55, and 20 + 0.47 to MCP-1, MIP-1a, £ 8] ? i

MIP-1B, and RANTES, in MCP-1-, MIP-1a-, MIP-1B-, £ 1°] I

or RANTES-DNA vaccinated rats, respectively. P < §3 124 101

0.001 for the comparison of each Ab titer to the titer - 1o- 10

developed in AA rats subjected previously to pcDNA3 ] = % r 1z % I

alone or PBS). Each elevated titer continued to persist g% % % g% % %

during the chronic phase of disease (Figure 4), as did MIP-1c MCP-1 MIP-1B RANTES ~ MIP-1a MCP-1 MIP-1B RANTES
the clinical effect of these vaccines (Figure 1).

Several experiments were then conducted to explore Figure 5

. . . Specificity of anti-chemokine Ab’s generated in DNA-vaccinated rats.
the possible contribution of each Ab to the high state Self-specific antibodies from DNA vaccinated rats (see Figure 3) were

of resistance obtained in DNA-vaccinated rats (Figure o 4jyated for possible cross-reactivity between the four relevant C-C

1). At first, we determined possible cross-reactivity chemokines: MCP-1, MIP-1q, MIP-1B, and RANTES by ELISA.
between Ab’s from various DNA-vaccinated AA rats  Results are shown as mean of three different sera samples + SE.
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Anti-chemokine Ab’s produced by DNA vaccina-
tion block DTH response and provide subsequent
protection from severe AA. (a) Eight groups of six
rats each were immunized with CFA to develop
poly-arthritis. Seven, 10, and 12 days after the
active induction of disease, these rats were chal-
lenged (intravenously) with 200 pg of IgG (protein
G purification, CNBr purification) from the dif-
ferent groups described in Figure 3. Control rats
were injected with either PBS, 1gG from naive rats,
1gG from AA or from AA rats previously adminis-
tered pcDNA3 alone. AA was scored daily by an
observer blind to the experimental procedure.
Results are shown as mean clinical score of six rats
in each group + SE. Five to 7 days after the last
administration of neutralizing Ab’s to each of the
above chemokines, disease severity regained the
level of control AA rats (not shown). (b) Inhibition

Only PES 1 = of adoptively induced DTH by anti-C-C

1gG from AA rats immunized with pcDNA3-RANTES 4 HH chemokine Ab’s. Lewis rats were intravenously
IgG from AA rats immunized with pcDNA3-MCP-1 ¢]4 administered 107 activated CD4* PPD-specific T
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groups of five rats each. One hour later each

IgG from A rats immunized with pcDNAS-MIP-1B {—— — +[4 group was subjected to an in vivo administration
IgG from AA rats immunized with pcDNA3 H (intravenously) of various Ab’s, as described above

(a). Each rat was then immunized intradermally

19G from AA rats - H+ into the dorsal surface of the ear with 10 pg PPD

IgG from naive rats - Lol in 25 PL of PBS (or with PBS alone). Results are
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protection from severe ongoing AA (Figure 6a) and to
inhibit adoptively induced DTH response to PPD (Fig-
ure 6b). Before being tested for their in vivo character-
istics, sera from all C-C chemokine DNA-vaccinated
rats were purified on Sepharose columns, each consist-
ing of the appropriate commercially available C-C
chemokine gene product bound to CNBr, as described
in Methods. Repeated administration of neutralizing
Ab’s from MCP-1 and MIP-10 DNA-vaccinated rats led
to a marked reduction in disease severity as compared
with all control groups (P < 0.001 at all time points
between the onset of disease and day 16). Except for a
single time point (day 16), neutralizing Ab’s from
RANTES DNA-vaccinated rats also had a beneficial
effect on disease manifestation (P < 0.05 compared
with the effect of antisera from pcDNA3 vaccinated
rats). Clinical evaluation of each experimental group
was also determined by measuring swelling of limbs
and by an histological evaluation (not shown). Five to
7 days after the last administration of neutralizing Ab’s
to each of the above chemokines, disease severity
regained the level of control AA rats (not shown). This
further emphasizes the advantages of naked DNA vac-
cination over neutralizing Ab therapy. In another
experiment, rats were administered a CD4* T-cell line,
which we established in response to PPD, and evaluat-
ed the in vivo ability of each Ab to inhibit DTH induced
by immunization of PPD to the ear (Figure 6b). It
appears that Ab’s to all three protective chemokines

different ears + SE.

(MCP-1, MIP-10, and RANTES), but not to MIP-1j3,
significantly (P < 0.001) blocked PPD-induced DTH, as
compared with antisera from pcDNA3 AA rats. DTH is
dependent on transmigration of antigen-specific T
cells and on the activity of macrophages that follow
these T cells. Because self-specific Ab’s to MCP-1, MIP-
la, and RANTES can potentially block the migration
of macrophages and activated T cells (Table 2), it is not
clear which of the two characteristics contributes more
to DTH blockade, as observed in Figure 6b. Neverthe-
less, these findings may explain, in part, the protective
competence of MCP-1-, MIP-10-, and RANTES-
encoding, and (to a much lesser extent) MIP-1B-encod-
ing, DNA vaccines in AA (Figures 1 and 2 and Table 1).

Treatment of an established disease by naked DNA vaccines
encoding C-C chemokines. In the first set of experiments,
MCP-1-encoding DNA vaccine was evaluated for pos-
sible ability to inhibit an ongoing disease (Figure 7a).
Lewis rats were immunized with CFA to induce active
AA and were separated into three random groups of 12
rats each. Two of these groups were then subjected to
three repeated administrations of either pcDNA3 alone
or of the MCP-1 construct (300 Ug per rat) every other
day beginning at the onset of disease (day 10). The
third group was inoculated with PBS. Whereas all con-
trol and pcDNA3-treated rats continued to develop
severe AA, those administered with the MCP-1 DNA
vaccine exhibited a markedly reduced form of disease
(Figure 7a; day 25, mean maximal score of 11 + 1 and
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Figure 7

Treatment of established AA by C-C chemokine DNA vaccine. (a) Lewis
rats were immunized with CFA to induce active AA and then randomly sep-
arated into three groups of 12 rats each. At the onset of disease (day 10)
and on days 12 and 14 two of these groups were subjected to three repeat-
ed administrations of 300 [g per rat of either pcDNA3 alone or of the
MCP-1 construct. The third group was inoculated with PBS. In a contin-
uing experiment (b) the same protocol was applied on eight groups of 12
rats each treated with either pcDNA3 alone, RANTES, MCP-1, MIP-1a,
MIP-1[3, fractalkine, and soluble B-actin (cytoplasm form) constructs. The
last group was inoculated with PBS. In both experiments AA was scored
daily by an observer blind to the experimental procedure. Results are
shown as mean clinical score of 12 rats + SE. On day 24, rats (five per
group) were evaluated for their ability to mount a PPD-specific DTH
response (c), as described in Figure 6b. Data were determined as mean of

A ear swelling (mm)

five repeated measurements + SE.

11.2 £ 0.9 in rats treated with either PBS or pcDNA3
alone versus 6.2 + 0.76, P < 0.001, for the comparison of
MCP-1 DNA-vaccinated rats to each control group).
Representative joint sections from all experimental
groups were obtained on day 30 and evaluated for his-
tological analysis of synovitis, cartilage loss, and bone
erosion (Figure 8). Sections obtained from AA rats
treated with the MCP-1 DNA construct displayed a
marked reduction in each of the above parameters as
compared with control and pcDNA3-treated AA rats.
The beneficial effect of the treatment was long lasting
and covered not only the acute phase, but also the
chronic phase of disease. Thus, 60 and 90 days after
induction of disease, AA rats treated with the MCP-1
DNA construct manifested a significantly reduced
form of disease as determined by clinical scores (Figure
7a) and by histological analysis of the joints obtained
during the acute (day 30) and chronic (day 90) phase of
disease (Figure 8).

In another experiment we used the same experimen-
tal protocol to compare the therapeutic ability of DNA
constructs encoding each of the various C-C chemo-
kines, a chemokine from a different family (the
chemokine domain of fractalkine, C-X3-C), and a non-
relevant gene product (the soluble form of B-actin). It
appears that the administration of RANTES-, MCP-1-,
or MIP-1a- but not MIP-1B-encoding or C-X3-
C-encoding DNA vaccines remarkably reduced the
severity of ongoing AA (Figure 7b; P < 0.01). Disease
inhibition was associated with a reduction in PPD-

induced DTH (Figure 7¢c; P < 0.001) and with an ele-
vated titer of Ab’s to the gene product of each vaccine
(data not show), which may explain, in part, the pro-
tective competence of these vaccines.

Discussion

The current study uses naked DNA vaccination to gen-
erate protective immunity against self gene products
that are associated with leukocyte migration to a site of
inflammation (i.e., C-C chemokines) and thus interfere
with the development of a T cell-mediated autoimmune
disease of the joints. We show here, we believe for the
first time, that during the course of AA self-specific Ab’s
to proinflammatory chemokines are being generated
(Figure 3). It is not clear whether these Ab’s do manifest
aregulatory role in AA. Nevertheless, their appearance in
association with disease manifestation but not after
footpad administration of the same amount of CFA may
suggest that these Ab’s do manifest a regulatory role in
T cell-mediated autoimmunity. This response is, how-
ever, not sufficient to prevent the development and pro-
gression of the autoimmune disease developed in these
animals. In an attempt to increase this response we
thought to administer DNA construct encoding C-C
chemokines, together with a repeated immunostimula-
tory sequence (ISS) (26, 27). The rationale was that the
addition of this construct might lead to the establish-
ment of a strong immunological memory to the gene
product of each vaccine. We show here that after the
induction of an autoimmune condition this memory is
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indeed “turned on” (Figure 4) to provide protective
immunity (Figure 1). The biological significance of the
association between the development of an autoimmune
condition at a privileged autoimmune site and the
enhancement of anti-self responses against anti-inflam-
matory cytokines/chemokines that is largely produced
at the site of inflammation is apparent. Nevertheless, the
underlying mechanism by which the immune system
distinguishes a gene product transcribed at a privileged
autoimmune site from the same gene product tran-
scribed at a local site of inflammation is still elusive. C.C.
Goodnow and colleagues have demonstrated that
peripheral clonal exclusion of self-reactive B cells occurs
in germinal centers of lymph nodes that drain tissues
lacking immune surveillance (i.e., immune-privileged
areas), where competition for follicular niches do not
exclude self-reactive cells from the recirculating B-cell
repertoire (28). In rats immunized in the hind footpads
with CFA to develop a local DTH response, the inflam-

matory process is indeed limited to the site of immu-
nization, whereas in poly-arthritis an inflammatory
process also occurs in the forelimbs, which have never
been subjected to CFA immunization. Naked DNA vac-
cination, however, increases the generation of memory
lymphocytes, which probably enables the amplification
of such a self-specific immune response. We have shown
previously that in C-C chemokine DNA-vaccinated rats
developing a short-term autoimmune disease (EAE), self-
specific Ab titers regress back to background levels after
recovery (day 40) (17, 29). We now show that in chronic
AA these titers proceeded for 90 days or more (Figure 4).
This further emphasizes the association between the
development and progression of an autoimmune con-
dition at a site with an immune prevalence and the devel-
opment and maintenance of self-specific immunity to
proinflammatory cytokines/chemokines.

Several investigators have already explored neutral-
izing the activity of chemokines as a way to treat

Figure 8

Inhibition of ongoing AA by MCP-1-targeted DNA vaccination modulates histological changes in the acute and chronic phase of disease.
Thirty and 90 days after AA induction joint samples from each of the experimental groups described in Figure 7a (four representative rats
per group) were subjected for histological analysis (12 sections each group). (a, ¢, e, g, i, k, m, and o) Representative synovial joints (X5).
(b,d, f, h,j, I, n, and p) Representative synovial tissue (X40). a and b show naive joints taken, with age matching to the experiment rats (day
30); c and d show naive joints taken, with age matching to the experiments rats (day 90). e and f show arthritic joints taken 30 days after
disease induction, and g and h arthritic joints taken 90 days after disease induction. i and j show pcDNA3-treated joints taken 30 days after
disease induction, k and I show pcDNA3-treated joints taken 90 days after disease induction. m and n show MCP-1-treated joints taken 30
days after disease induction, o and p show pcDNA3-treated joints taken 90 days after disease induction. The arrowheads point to the syn-
ovial lining. b, bone; nb, new bone formation; s, synovial membrane.
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arthritis. In a very recent study, neutralizing Ab’s to
epithelial neutrophil-activating peptide 78 (ENA-78)
were found capable of inhibiting the development of
AA if administered before but not after the onset of
disease (30). In another recent study, Barnes et al. used
anti-human RANTES to ameliorate AA in the Lewis
rat (15). More is known about the role of MCP-1 in
the regulation of arthritis. Gong et al. used an antag-
onist of MCP-1 to inhibit arthritis in the MRL-lpr
mouse model (14). In the model of streptococcal cell
wall-induced arthritis it has been shown that anti-IL-
4 and anti-MCP-1 Ab’s block the disease (31). The
same study demonstrated that neutralizing IL-4 by
itself leads to a marked reduction in MCP-1 mRNA
transcription at the autoimmune site and to inhibi-
tion of the development of disease. This further
implies a role for MCP-1 in arthritis (31). One major
disadvantage in treating an autoimmune condition
by applying an anti-chemokine/cytokine- or
anti-chemokine/cytokine-receptor therapy is that
these diseases, in humans are usually chronic. Treat-
ing chronic diseases with xenogeneic neutralizing
Ab’s or soluble receptors is very expensive, inconven-
ient, and may lead to production of Ab’s capable of
neutralizing these drugs. The therapeutic strategy
suggested here has an advantage over the methods
discussed above, since it resulted in the generation of
immunity to autologous antigens that accelerates
during the course of an autoimmune condition in
accordance with the disease’s progression. This makes
this type of therapy an ideal alternative way to treat
RA and possibly other T cell-mediated autoimmune
diseases (16, 17). The second disadvantage of apply-
ing anti-chemokine/cytokine immunotherapy in T
cell-mediated autoimmunity is that the treatment is
not disease specific and may lead to sup-
pression/alteration of other immunological func-
tions. Indeed, our data show those protective Ab’s
(anti-MIP-10, anti-MCP-1, anti-RANTES, and, to a
much lesser extent, anti-MIP-1p) effectively block
transferred DTH responses (Figure 6). Along with
these observations we show that protective DNA vac-
cines encoding the genes of these products lead to a
significant reduction in PPD-induced DTH response
(Figure 7). Once again, the ability to effectively treat
AA (Figure 7b) was associated with the ability to
inhibit DTH. That is, MIP-1a-, MCP-1-, and
RANTES-encoding DNA vaccines were highly protec-
tive and led to a marked reduction in PPD-induced
DTH, whereas the MIP-13 DNA vaccine was much
less effective in treating AA and also excreted a limit-
ed effect on PPD-induced DTH response. Ultimately,
an ideal DNA vaccine would excrete a maximal effect
on the clinical manifestation of an autoimmune con-
dition with a minimal effect on other immunological
functions. The development of a disease-specific
chemokine/cytokine-encoding DNA vaccine is
dependent on future characterization of organ-spe-
cific/disease-specific proinflammatory factors.

Finally, it is well documented that chemokines share
receptors (for a recent review see ref. 11). For example,
MCP-1, MCP-2, MCP-3, and MCP-4 all bind CCR2,
whereas MIP-1a, MIP-1p3, and RANTES bind CCRS.
Thus, it is rational to believe that neutralizing the in
vivo function of a single chemokine would lead to a
redundancy in the in vivo output. Remarkably, in vivo
neutralization of MCP-1, MIP-1d, or RANTES result-
ed not only in blockade of AA (Figure 1, Figure 6a, and
Figure 7), but also in a marked inhibition of DTH
response to PPD (Figure 6b and Figure 7c). This not
only suggests that all three C-C chemokines manifest
an in vivo role in the regulation of PPD-induced DTH
and AA, but also that regulation of chemokine activity
in vivo could not be interpreted easily using simple
chemokine-chemokine receptor-output analysis.
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