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We developed and evaluated a recombinant Borrelia line immunoblot assay based on 18 homologues of seven
different antigens, i.e., p100, p58, p41i, BmpA, VlsE, OspC, and DbpA. Each recombinant antigen can be
detected separately and is distinct even from homologues with identical molecular weights. This blot was
compared to the recently described recombinant Borrelia Western immunoblot assay (U. Schulte-Spechtel, G.
Lehnert, G. Liegl, V. Fingerle, C. Heimerl, B. J. Johnson, and B. Wilske, J. Clin. Microbiol. 41:1299–1303,
2003). To verify sensitivity and specificity, both blots were evaluated for reactivity with Borrelia-specific
immunoglobulin G (IgG) and IgM antibodies with 85 sera from patients with different manifestations of Lyme
borreliosis and 110 controls. According to European interpretation criteria for Borrelia Western blots, which
define a serum as positive when it recognizes at least two bands, sensitivity increased significantly from 70.6%
(Western blot) to 84.7% (line blot) for IgG (P � 0.042) and from 40.0% (Western blot) to 73.8% (line blot) for
IgM (P < 0.005). The increased sensitivity for IgG detection is due to the new line blot technique, whereas the
improvement in detection of IgM is mainly achieved through incorporation of the additional antigens. Notably,
the recombinant VlsE of Borrelia garinii strain PBi displayed the highest sensitivity of all antigens tested for
IgG detection and is also one of the most useful antigens for IgM. Due to its excellent sensitivity and specificity
combined with ease of evaluation, this line immunoblot assay offers a useful improvement in serodiagnosis of
Lyme borreliosis.

Lyme borreliosis, the most common tick-borne disease in
the northern hemisphere, is a multisystem disorder involving
predominantly the skin, nervous system, joints, and heart (4,
26). In Europe, the etiologic agent, Borrelia burgdorferi sensu
lato, comprises at least three human pathogenic species, i.e., B.
burgdorferi sensu stricto, Borrelia afzelii, and Borrelia garinii (2,
6). Diagnosis of Lyme disease typically is based on clinical signs
but frequently requires confirmation by serology. Current
problems with serodiagnosis of Lyme borreliosis are lack of
standardization and poor evaluation regarding sensitivity and
specificity, even of commercially available tests, due in part to
the broad heterogeneity of Borrelia strains causing human dis-
ease in Europe (28, 32–34). To improve specificity, the Centers
for Disease Control and Prevention (Atlanta, Ga.) and the
German Society for Hygiene and Medical Microbiology
(Würzburg, Germany) developed standard criteria for a posi-
tive immunoblot; a two-tiered approach to Lyme serology is
recommended (7, 37). For the latter, an initial screening test
such as an enzyme-linked immunosorbent assay with high sen-
sitivity is followed by an immunoblot with high specificity for
confirmation. However, an important problem that remains is
how to handle the heterogeneity of immunodominant antigens,
especially for the confirmation test. The whole-cell lysate im-

munoblot assay comprises a single strain only. Use of several
strains of different species would considerably increase the cost
of routine diagnosis, since every strain would need to be rep-
resented on a separate immunoblot strip. In addition, stan-
dardization of the whole-cell lysate blot assay has been ham-
pered by differential expression of immunodominant proteins,
and discrimination of specific from nonspecific antigens is dif-
ficult (11, 34). Recombinant antigens of B. burgdorferi sensu
lato for serodiagnosis of Lyme borreliosis offer a promising
alternative to resolve some of these issues. For example, blots
can be designed to comprise only B. burgdorferi-specific anti-
gens or combine various antigens of proven diagnostic value.
These could include homologues from different strains, trun-
cated proteins, or fusion proteins. Such “designer” immuno-
blots are expected to be highly standardized and more easily
interpretable than those currently available.

We have continuously improved and standardized our im-
munoglobulin G (IgG) immunoblot assay using recombinant
antigens of strains that belong to the three defined human-
pathogenic European species, B. burgdorferi sensu stricto, B.
afzelii, and B. garinii (25, 29–31). Our previous version (25)
incorporated the following 14 antigens: p100 (B. afzelii strain
PKo), p58 (B. garinii strain PBi), BmpA (B. burgdorferi sensu
stricto strain B31, PKo, and PBi), VlsE (B. burgdorferi sensu
stricto strain PKa2), OspC (B31, PKo, PBi, and B. garinii strain
20047), p41i (PKo and PBi), and DbpA (PKo and PBr). DbpA,
OspC of strain 20047, VlsE, and p58 have so far been evalu-
ated only for IgG.
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milians-Universität München, Pettenkoferstr. 9a, D-80336 Munich,
Germany. Phone: 49 89-51605225. Fax: 49 89-51604757. E-mail:
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Here, we describe a recombinant IgG and IgM line immu-
noblot assay for serodiagnosis of Lyme borreliosis that allows
simultaneous assessment of antibody reactivity with individual
homologous proteins from different strains, including new

DbpA (B31 and PBi) and VlsE (PKo and PBi) homologues.
The performance of this new line blot assay was compared to
our recently described recombinant Western blot assay (25)
using 85 sera from Lyme borreliosis patients and 110 control
sera.

(This work is part of the dissertation of G. Goettner.)

MATERIALS AND METHODS

Serum panels. Sera were obtained from patients or blood donors from all parts
of Germany but with the largest number originating from southern Germany
where all relevant B. burgdorferi species and OspA types are present (20). Only
serum samples from clinically well-defined cases of Lyme borreliosis were in-
cluded. The erythema migrans (EM) panel consisted of sera from 15 patients
enrolled in a borreliosis treatment study (27). The median time period between
the appearance of EM and the collection of serum samples was 8 weeks (range,
3 to 24 weeks). Sera from 50 neuroborreliosis patients (stage II) with intrathecal
Borrelia-specific antibody production and 20 sera from patients with late mani-
festations (10 patients with acrodermatitis chronica atrophicans [ACA] and 10
patients with Lyme arthritis) were also included. Controls comprised 60 sera
from blood donors without actual or anamnestic dermatological, rheumatologi-
cal, or neurological disease or history of a tick bite. Ten additional control sera
were from syphilis patients, 10 samples came from patients who were positive for
rheumatoid factor, and 30 sera came from patients with fever of unknown origin.

PCR and cloning of DbpA and VlsE. B. burgdorferi sensu lato strains were
cultivated at 33°C in modified Kelly medium (MKP) as previously described (22).
Sources of strains B31, PKo, and PBi as used for DNA extraction have been
described previously (32, 36). Extraction of DNA was performed with the High
Pure Template Preparation kit (Roche, Penzberg, Germany) according to the
manufacturer’s instructions. dbpA of strains B31 and PBi, GenBank accession no.
AF069269 (23) and AJ841673, was amplified using primers described previously
(25), and the following vlsE primers were designed to amplify the vlsE gene of B.
burgdorferi sensu stricto strain B31 (GenBank accession no. U76405) (38): vlsE-
A1-ol (5�-AAAAGCCAAGTTGCTGATAAGGACGACCC-3�), forward; and
vlsE-K6R (5�-CTTC ACAGCAAACTTTCCATCC-3�), reverse. The amplified
part of vlsE from strains PKo and PBi (GenBank accession numbers AJ630109
and AJ630106) is located between the leader sequence and the end of IR6 in the
recombination cassette. The PCR products of the amplified genes were cloned
into the pQE30 vector (QIAGEN, Hilden, Germany) and used to transform
Escherichia coli strain XL1-blue for protein expression.

FIG. 1. Representative IgG line immunoblots of patient and control sera. Strains belong to the following species: B31 and PKa2 to B.
burgdorferi sensu stricto, PKo to B. afzelii, PBr to B. garinii OspA type 3, PBi to B. garinii OspA type 4, and 20047 to B. garinii unknown OspA type.
Sera were obtained from patients with EM, early neuroborreliosis (NB), acrodermatitis chronica atrophicans or Lyme arthritis (late LB), and
controls. *, additional antigen on the IgG line blot.

TABLE 1. Recombinant antigens used in the line
immunoblot assay

Antigen Strain Species
Reference or source

for recombinant
antigen

p100 PKo B. afzelii 29

p58 PBi B. garinii 31

BmpA B31 B. burgdorferi sensu
stricto

24

PKo B. afzelii 24
PBi B. garinii 24

VlsE PKa2 B. burgdorferi sensu
stricto

25

PKo B. afzelii This study
PBi B. garinii This study

OspC B31 B. burgdorferi sensu
stricto

30

PKo B. afzelii 29
PBi B. garinii 30
20047 B. garinii 25

p41i PKo B. afzelii 29
PBi B. garinii 30

DbpA B31 B. burgdorferi sensu
stricto

This study

PKo B. afzelii 14
PBr B. garinii 25
PBi B. garinii This study
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Recombinant antigens. Recombinant antigens in this study, strains used as
source for DNA, and references for antigens described in previous studies are
summarized in Table 1. Expression and purification of recombinant proteins was
performed as described previously (25, 31) In short, expression of the cloned
genes was induced by adding 0.5 mM isopropyl-beta-D-thiogalactopyranoside
(IPTG) to transformed E. coli; cells were incubated at 37°C for 18 h. E. coli cells
were ruptured using a French press (Sim Aminco, Bowman, NY), and antigens
were purified by affinity chromatography on a NiSO4-loaded IMAC column
followed by ion exchange chromatography on a MonoQ column. All purification
steps were performed with a fast-performance liquid chromatography system
(Pharmacia Biotech, Freiburg, Germany).

SDS gel electrophoresis and immunoblotting. For the previously used recom-
binant Western immunoblot, mixtures of the recombinant antigens were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) with a 12.5% polyacrylamide gel and electroblotted onto a nitrocellulose
membrane (25).

For the new line immunoblot assay, each recombinant antigen was individually
dissolved in 250 mM Tris, pH 7.5, and transferred into a separate line of a slot
blot apparatus (Miniblotter 45, Immunetics; Cambridge, MA). Proteins were
then allowed to bind to the membrane. Homologous antigens of different Bor-
relia species or OspA types were combined in groups on the line immunoblot
(compare Fig. 1 and 2). With both blotting techniques, protein binding was
assessed by staining membranes with Ponceau-S. After the membranes were
destained and blocked, they were cut into 3- to 4-mm-wide strips and incubated
overnight at room temperature with human sera diluted 1:200. Bound antibody
was detected with horseradish peroxidase-labeled anti-human IgG or IgM anti-
bodies (Dakopatts, Glostrup, Denmark) and visualized with diaminobenzidine.

Statistics. For statistical analysis, Fisher’s exact test for dichotomous variables
was performed. A P value of �0.05 was regarded as significant.

RESULTS

Expression and purification of new recombinant proteins.
The following new antigens were efficiently produced and pu-
rified: DbpA of strains B31 (B. burgdorferi sensu stricto) and
PBi (B. garinii) and VlsE of strains PKo (B. afzelii) and PBi.
Purity of all recombinant proteins was verified by Western

FIG. 2. Representative IgM line immunoblots of patient and control sera. Strains belong to the following species: B31 and PKa2 to B.
burgdorferi sensu stricto, PKo to B. afzelii, PBr to B. garinii OspA type 3, PBi to B. garinii OspA type 4, and 20047 to B. garinii unknown OspA type.
Sera were obtained from patients with EM, early neuroborreliosis (NB), acrodermatitis chronica atrophicans or Lyme arthritis (late LB), and
controls. [p100], not included in the valuation of the IgM blot results (note p100 reactivity of control sera); *, additional antigen on the IgM line
blot.

TABLE 2. Comparison of the new recombinant IgG line blot assay
with the previous recombinant IgG Western blot and line blot assays

using the same antigens as in the recombinant IgG blot assay

Groupa No. of
sera

No. (%) of positive sera in assay

Western
blot Line blotb

Line blot
with

additional
antigens

EM 15 5 (33.3) 7 (46.7) 8 (53.3)
NB 50 36 (72.0) 43 (86.0) 44 (88.0)
ACA 10 9 (90.0) 10 (100.0) 10 (100.0)
AT 10 10 (100.0) 9 (90.0) 10 (100.0)
All LB cases 85 60 (70.6) 69 (81.2) 72 (84.7)
Controls 110 1 (0.9) 0 (0.0) 1 (0.9)

a EM, erythema migrans; NB, neuroborreliosis (stage II); ACA, acrodermati-
tis chronica atrophicans (stage III); AT, Lyme arthritis (stage III); all LB cases,
Lyme borreliosis. Controls were blood donors (n � 60), patients with syphilis (n
� 10), patients with positive rheumatoid factor (n � 10), and patients with fever
of unknown origin (n � 30).

b Using only antigens already evaluated in the previous recombinant IgG
Western blot assay.

TABLE 3. Comparison of the new recombinant IgG line blot assay
with the previous recombinant IgG Western blot and line blot assays

using the same antigens as in the recombinant IgG blot assay

Groupa No. of
sera

No. (%) of positive sera in assay:

Western
blot Line blotb

Line blot with
additional
antigens

EM 15 6 (40.0) 11 (73.3) 13 (86.7)
NB 50 20 (40.0) 23 (46.0) 35 (70.0)
All early LB cases 65 26 (40.0) 34 (52.3) 48 (73.8)
Controls 110 2 (1.8) 1 (0.9) 2 (1.8)

a For abbreviations, see Table 2, footnote a.
b Using only antigens already evaluated in the previous recombinant IgG

Western blot assay.
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blotting as previously described (25), and a high-titer anti-E.
coli serum did not detect any contaminating antigens (data not
shown).

Assessment criteria and specificity. Representative immu-
noreactivity patterns obtained with the line immunoblot assay
for patient and control sera are shown in Fig. 1 and 2. Distinct
bands for the corresponding protein can easily be identified.
According to the interpretation criteria recommended by the
German Society for Hygiene and Medical Microbiology for
Borrelia Western blots, a serum sample is defined as positive
when there are at least two reactive bands. Therefore, this
two-band criterion was used for the evaluation (37). For IgM,
a strong OspC band alone was also considered to identify a
positive serum sample, while p100 was not regarded as a diag-
nostic antigen as it often exhibited nonspecific reactivity with
controls (note the p100 reactivity of control samples shown in
Fig. 2). Furthermore, assessment of IgM reactivity was re-
stricted to sera from early stages of Lyme disease (EM and
neuroborreliosis) because IgM is not useful for establishing a
diagnosis in late-stage disease (37). Reactivity with homolo-
gous proteins of different strains was judged as one single
band. Specificity of the line blot based on these criteria was
99.1% for the IgG blot and 98.2% for the IgM blot. By con-
trast, use of a one-band criterion resulted in low specificity,
because for both immunoglobulin classes 11 sera of the control
group were reactive (specificity of only 90.0% each).

Sensitivity of the line immunoblot assay. The results that
were obtained for the IgG and IgM line immunoblots are
summarized in Tables 2 and 3, respectively. Comparison to our
in-house recombinant IgG and IgM Western blot assay (25)
revealed a significant improvement in sensitivity for the line
immunoblot assay using additional antigens. IgG detection in-
creased from 70.6% to 84.7% (P � 0.042) and from 40.0% to
73.8% (P � 0.005) for IgM (using only EM and neuroborre-
liosis sera for the latter), while specificity remained unchanged.
When the new line blot assay was used without the additional

antigens, sensitivity rose from 70.6% to 81.2% for IgG and
from 40.0% to 52.3% for IgM antibody detection, but in both
cases the increase was not significant.

The recombinant IgG line immunoblot assay with the addi-
tional antigens was further tested in comparison to the previ-
ous recombinant IgG Western blot assay (25) and to an IgG
whole-cell lysate blot assay based on the B. afzelii strain PKo
(11), with a subpanel of 36 sera from patients with neurobor-
reliosis and 67 control sera (Table 4). While the increase in
sensitivity from the whole-cell lysate blot assay to the recom-
binant Western blot assay was not significant (P � 0.055), the
sensitivity of the recombinant line immunoblot assay when
tested against the whole-cell lysate blot assay was significantly
improved (P � 0.011).

Reactivity of the various antigens. The line blot technique
has the advantage of revealing differences in the reactivity of
sera with homologous proteins from different strains, and it
thus permits an evaluation of the antigenicity of every single
antigen. Tables 5 and 7 summarize the reactivities of the com-
bined homologous antigens in the IgG and IgM line immuno-
blot assay, and Tables 6 and 8 present the reactivity of every
single homologue. The most sensitive protein (including all
homologues) for IgG antibody detection in all stages of Lyme
disease was VlsE, reacting with 78 of 85 (91.8%) patient sam-
ples, followed by DbpA (72.9%), p100 (55.3%), and p58
(55.3%). BmpA, OspC, and p41i were less useful for the de-
tection of specific IgG antibodies. VlsE is especially valuable
for diagnosis of Lyme disease during early manifestations (EM
and acute neuroborreliosis).

Regarding the different homologues in the IgG blot (Table
6), the most sensitive one in all patient groups overall was VlsE
of strain PBi, which was reactive with 76 (89.4%) of the sera
tested. Almost all of the VlsE-reactive sera (76 of 78 samples)
bound to this homologue. Remarkably, VlsE of the B. afzelii
strain PKo reacted poorly with sera from patients with late
manifestations (ACA and arthritis). The most sensitive DbpA
homologue was derived from strain PKo, which detected anti-
body in 38 (44.7%) sera. Of note, DbpAs derived from the B.
garinii strains PBi and PBr were the best antigens in the neu-
roborreliosis panel. The combination of different DbpAs was
highly effective in the IgG blot, since reactivity of the four
homologues complemented each other and cross-reactivity was
low. IgG antibodies directed against OspC were present only in
22 (25.9%) sera but showed a heterogeneous pattern: sera
from patients with late-stage disease reacted best with PKo
OspC, those from patients with neuroborreliosis with B31
OspC, and those from patients with EM with 20047 OspC. The
most relevant BmpA homologue was from strain PBi, whereas

TABLE 4. Comparison of the new recombinant IgG line blot assay
with the previous recombinant IgG Western blot and IgG whole-cell

lysate Western blot assays

Groupa No. of
sera

No. (%) of positive sera in assay:

Whole-cell lysate
Western blot

Recombinant
Western blot

Recombinant
line blot

NB 36 23 (63.8) 31 (86.1) 33 (91.7)
Controls 67 2 (3.0) 0 (0.0) 0 (0.0)

a NB, neuroborreliosis (stage II); controls were blood donors (n � 49), pa-
tients with syphilis (n � 8), and patients with positive rheumatoid factor (n � 10).

TABLE 5. IgG reactivity of at least one of the homologous Borrelia proteins

Groupa No. of
sera

No. (%) of sera reactive with:

DbpA p41i OspC VlsE BmpA p58 p100

EM 15 5 (33.3) 1 (6.7) 3 (20.0) 12 (80.0) 1 (6.7) 1 (6.7) 4 (26.7)
NB 50 39 (78.0) 17 (34.0) 9 (18.0) 46 (92.0) 19 (38.0) 27 (54.0) 26 (52.0)
ACA 10 8 (80.0) 9 (90.0) 4 (40.0) 10 (100.0) 1 (10.0) 10 (100.0) 8 (80.0)
AT 10 10 (100.0) 8 (80.0) 6 (60.0) 10 (100.0) 6 (60.0) 9 (90.0) 9 (90.0)
Controls 110 4 (3.6) 0 (0.0) 0 (0.0) 4 (3.6) 0 (0.0) 1 (0.9) 2 (1.8)

a For abbreviations, see Table 2, footnote a.
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p41i from strain PKo bound antibody more avidly than did
other p41i homologues.

To evaluate the ability of the new line immunoblot assay to
detect IgM, we selected only those sera from EM and neu-
roborreliosis patients, since IgM serology is not recommended
for chronic Lyme borreliosis (37). Previous publications have
demonstrated that OspC is the major antigen for specific IgM
antibody detection (11, 29, 34). In this study, 39 of 65 (60.0%)
patient sera reacted with this antigen. OspC of strains B31 and
PKo were the most sensitive proteins among the four homo-
logues (38 and 30 positive sera, respectively). Reactivity of the
B. garinii strain PBi OspC was remarkably poor, especially for
the neuroborreliosis panel. Interestingly, VlsE turned out to be
a sensitive antigen in the IgM blot as well, reacting with 36 of
65 (55.4%) sera from early manifestations. Of these, 34 solely
recognized the homologue of strain PBi, which was also the
most sensitive antigen in the IgG blot. By contrast, only 11 and
9 sera, respectively, detected the PKo and PKa2 VlsE homo-
logues. It is noteworthy that the B. garinii VlsE exhibited the
lowest specificity in the IgM blot, as 6 (5.4%) of the 110 control
sera reacted with this antigen. p41i of strain PKo showed ac-
ceptable sensitivity for EM and neuroborreliosis, while p41i
reactivity of strain PBi was poor. DbpA detected IgM antibod-
ies only in neuroborreliosis sera, except for one of the 15 EM
samples. For this patient group, the B. garinii homologues
presented by far the best reactivity and, in addition, comple-
mented each other. BmpA homologues as well as p58 rarely
reacted with specific IgM antibodies.

DISCUSSION

Previous studies revealed that serological assays based on
recombinant B. burgdorferi antigens are a promising alternative
to tests based on whole-cell lysates (5, 8, 12, 14, 17–19, 21, 24,
25, 29–31). For immunoblots, recombinant antigens offer sev-
eral major advantages. (i) Inclusion of specific antigens only
prevents confusion by closely located or comigrating nonspe-
cific proteins (e.g., p58/p60). (ii) Truncated antigens that con-
tain only the specific part (like the p41 internal fragment) can
be used. (iii) Antigens, such as VlsE, that are expressed exclu-
sively in vivo can be included. (iv) Homologues from different
species (like OspC or DbpA) can be combined. (v) Standard-
ization and evaluation are easier, since antigen composition
and concentrations can be controlled and do not depend on
the actual expression pattern of a cultured strain (11, 12, 14,
17–19, 24, 25, 28–31, 35).

Here, we describe a significant improvement in Lyme bor-
reliosis serology compared to our previous assays (25, 29–31)
that depends on a new technology combined with additional
homologous antigens.

Comparison of immunoblots. The new recombinant line im-
munoblot assay increases sensitivity significantly for IgG and
IgM antibody detection compared to the previously described
recombinant Western blot and the IgG whole-cell lysate blot
assays, without loss of specificity. This improvement results in
part from the inclusion of additional antigens but the major
reason is that production of the line blot differs fundamentally
from the way the recombinant or whole-cell lysate immunoblot
is made. For the line blot assay, each antigen or homologue is
applied separately to the membrane under optimal buffer con-
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ditions and at the optimal concentration. This allows discrim-
ination between antigens of similar or identical molecular
weight and improves sensitivity, because reactivity of individual
antigens is not impaired by dilution with nonreactive proteins.
Furthermore, it is not necessary to separate and transfer anti-
gens beforehand by SDS-PAGE and blotting, steps that are
carried out under denaturing conditions that possibly result in
antigen degradation or incomplete resolution and transfer of
proteins. Even the line blot assay that did not include addi-
tional antigens already resulted in improved sensitivity over the
whole-cell Western blot assay (Tables 2 and 3). It is likely that
the native, nondenatured proteins used in the line blot assay
are better antigens because of their intact secondary structure
(3, 9), as recently described for a line immunoblot assay for
serodiagnosis of Epstein-Barr virus infections. Nevertheless, to
achieve significant improvement of sensitivity, inclusion of the
additional antigens was required for both the IgG and the IgM
line blot assays.

Furthermore, the line blot assay is cost saving and easier to
standardize, since sources of errors such as SDS-PAGE or
electrophoretic transfer to nitrocellulose membranes are ex-
cluded. Antigens of high and low molecular weights can be
applied to the membrane under the same conditions, because
there is no risk that small molecules may pass through the
membrane driven by electrical force. Finally, the line blot assay
should lend itself to automated analysis, because every antigen
is located at an exactly defined position on the blot strip.
Therefore, the recombinant line immunoblot assay may be
adaptable to routine laboratory analysis when large numbers of
sera need to be tested.

Sensitivity of antigens in the line blot assay. The last im-
provement of our recombinant IgG Western blot assay re-
sulted from addition of DbpA (from strain PBr) and, even
more importantly, VlsE from B. burgdorferi sensu stricto strain
PKa2 (25). The broad heterogeneity of the B. burgdorferi sensu
lato species complex is a confounding problem for the sero-
logic diagnosis of Lyme disease. Hoping to find sensitive and
specific antigens to complement our existing assay, we tested
additional recombinant proteins, i.e., VlsE of B. afzelii and B.
garinii (10) and DbpA of B. burgdorferi sensu stricto and an-
other B. garinii strain (U. Schulte-Spechtel et al., unpublished
results). All new recombinant antigens showed considerable
differences in amino acid composition compared to the ones
used thus far.

In line with the fact that in chronic Lyme borreliosis the
antibody repertoire expands, most of the antigens exhibited
high sensitivity for IgG antibody detection during late mani-
festations such as ACA and Lyme arthritis. ACA is clearly

associated with infection by B. afzelii (6), which is underscored
by the fact that in the United States, where B. afzelii is not
endemic, ACA is not seen. While the 10 sera from ACA
patients reacted well with DbpA, p41i, and OspC derived from
B. afzelii, we were surprised to find that none of the serum
samples recognized VlsE of the B. afzelii strain PKo. The
reasons for this remain unclear, but failure of ACA sera to
bind PKo VlsE could be due to atypical protein folding where
epitopes are not accessible and possibly be related to immune
evasion during the late stages of Lyme disease.

The VlsE proteins of B. burgdorferi sensu lato comprise a
family of variable surface antigens that are thought to be in-
volved in immune evasion. However, during the IgG response,
antibodies recognize a conserved region of the molecule, which
is of diagnostic significance. The conserved VlsE region of B.
burgdorferi sensu stricto appears to be the main antigen to elicit
the IgG immune response and to display high sensitivity for
diagnosis of Lyme borreliosis (1, 15–17, 21). We have demon-
strated that VlsE is a heterogenous protein among B. burgdor-
feri sensu lato strains (10), which explains the different reaction
patterns seen with sera from Lyme disease patients. The
present study clearly identifies VlsE of strain PBi as the most
sensitive antigen for IgG, as well as IgM, detection when com-
pared to other VlsEs. Likewise, Magnarelli et al. (19) de-
scribed VlsE as the most sensitive antigen for IgG (80%) and
one of the most sensitive ones for IgM (40%) detection in an
enzyme-linked immunosorbent assay that evaluated 11 differ-
ent recombinant proteins from B. burgdorferi sensu stricto for
reactivity with 20 sera from American patients with EM. In our
study, the B. garinii VlsE reached comparable detection levels,
while the B. burgdorferi sensu stricto VlsE was less sensitive,
especially in early disease. This discrepancy might be explained
by the predominance of different species in Europe: B. burg-
dorferi sensu stricto is the only human pathogenic species in
North America, which is rarely observed in ticks and patients
in Germany (13, 20, 28, 32). At present, we do not have a
satisfactory explanation for the good reactivity of the B. afzelii
VlsE in early manifestations and poor reactivity in late mani-
festations of the disease. Such discrepancies are not observed
with two other recombinant VlsEs. VlsE is a highly sensitive
and specific antigen that should be included in future recom-
mendations for Lyme disease testing. Nevertheless, further
studies are necessary to determine if VlsEs from Borrelia spe-
cies other than B. burgdorferi sensu stricto should be preferen-
tially used for serologic tests in Europe.

DbpA, formerly also named p17 or Osp17 (14, 35), is a
diagnostically relevant but heterogeneous protein among the
human pathogenic B. burgdorferi sensu lato species in Europe

TABLE 7. IgM reactivity of at least one of the homologous Borrelia proteins

Groupa No. of
sera

No. (%) of sera reactive with:

DbpA p41i OspC VlsE BmpA p58

EM 15 1 (6.7) 9 (60.0) 12 (80.0) 8 (53.3) 0 (0.0) 0 (0.0)
NB 50 22 (44.0) 20 (40.0) 27 (54.0) 28 (56.0) 5 (10.0) 9 (18.0)
ACA 10 4 (40.0) 4 (40.0) 5 (50.0) 7 (70.0) 0 (0.0) 0 (0.0)
AT 10 5 (50.0) 4 (40.0) 6 (60.0) 6 (60.0) 0 (0.0) 0 (0.0)
Controls 110 1 (0.9) 2 (1.8) 2 (1.8) 6 (5.4) 0 (0.0) 0 (0.0)

a For abbreviations, refer to Table 2, footnote a.
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(12, 21, 23) and can be arranged into five groups (Schulte-
Spechtel et al., unpublished). We included four homologues of
DbpA representing the three main human pathogenic species
in our new line blot assay, resulting in considerable improve-
ment in sensitivity for IgG and IgM detection, especially in
neuroborreliosis sera. Notably, addition of DbpA from a B.
garinii strain associated with OspA type 4 was highly effective.
This is of special interest, since OspA type 4 strains are highly
prevalent in European patients with neuroborreliosis (28). The
predominant reactivity of B. afzelii DbpA in patients with ACA
and of B. garinii DbpA in patients with neuroborreliosis sug-
gests that our new line blot assay could aid in the diagnosis of
the infecting species. Even though selective reactivity in our
antigen panel is restricted to certain antigens, this feature
could help to elucidate the epidemiologic situation in Europe
and provide a tool for vaccine development strategies. How-
ever, before our new line blot assay can be used for such novel
applications, it would have to be carefully validated for this
purpose by using patient serum panels where the causative
Borrelia species is known.

In conclusion, the new line immunoblot assay that we devel-
oped for serodiagnosis of Lyme borreliosis achieves high levels
of specificity and sensitivity in all stages of Lyme disease. This
was true for both IgG and IgM antibody detection. Due to its
appearance, the line blot assay is easy to interpret and offers
the possibility of automation. Because the line blot assay tech-
nique eliminates many sources of errors and inconsistencies, it
is easier to standardize, highly reliable, and reproducible.
Thus, this Borrelia line immunoblot assay, which has already
been included in our routine diagnostic tests, offers a useful
improvement in the serodiagnosis of Lyme borreliosis.
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