CLINICAL AND DIAGNOSTIC LABORATORY IMMUNOLOGY, July 1998, p. 456-462

1071-412X/98/$04.00+0

Vol. 5, No. 4

Copyright © 1998, American Society for Microbiology. All Rights Reserved.

Diagnostic Value of Proteins of Three Borrelia Species
(Borrelia burgdorferi Sensu Lato) and Implications for
Development and Use of Recombinant Antigens for

Serodiagnosis of Lyme Borreliosis in Europe

ULRIKE HAUSER,* GISELA LEHNERT, anp BETTINA WILSKE

Max von Pettenkofer-Institut fiir Hygiene und Medizinische Mikrobiologie der
Ludwig-Maximilians-Universitit Miinchen, D-80336 Munich, Germany

Received 5 January 1998/Returned for modification 11 February 1998/Accepted 19 March 1998

More and more assays for the serodiagnosis of Lyme borreliosis (LB) are based on recombinant antigens.
However, so far, there is no consensus as to which are the most specific and sensitive proteins and how they
should be used in combination to obtain tests with the best discrimination abilities. The present study was
preceded by a detailed analysis of Western blots (WB) using whole-cell lysates of Borrelia burgdorferi sensu
stricto strain PKa2, B. afzelii PKo, and B. garinii PBi (U. Hauser, G. Lehnert, R. Lobentanzer, and B. Wilske,
J. Clin. Microbiol. 35:1433-1444, 1997). For the present work, the data bank from that study, containing
information about the reactivities of 330 sera (from patients at different stages of LB [z = 189]; control group,
n = 141), was reused. The specificities and sensitivities of various combinations of proteins from different
strains were calculated for different interpretation criteria. For immunoglobulin G (IgG) WB, the recom-
mended combination of antigens available to date as recombinant proteins included p83/100 of PKa2, p83/100
of PKo, p39 of PKo, p39 of PBi, and OspC of PBi (interpretation criterion, at least one reactive band required
for a positive WB; specificity, 96.5%; sensitivity, 56.1%). The further addition of p58 of PKo, p17 of PKo, or p14
of PKo was most favorable in terms of both a considerable gain of sensitivity and little loss of specificity. IgG
Western blotting with a whole-cell lysate of strain PKo might be improved by the addition of OspC of PBi. For
IgG WB, the best combination, out of all bands, was p83/100, p58, p39, p30, and p21 of all three strains and
OspC of PBi, p17b of PBi, p56 of PKa2, p43 of PKo, p17 of PKo, and p14 of PKo (interpretation criterion, at
least two reactive bands required for a positive WB; specificity, 97.2%; sensitivity, 61.4%). An interpretation
criterion of at least two reactive bands is more reliable than one of only one reactive band. For IgM WB, the
best combination was OspC of PKo, OspC of PBi, p39 of all three strains, p17 of PKo, and strong reactions
with p41 of all three strains (interpretation criterion, at least one reactive band required; specificity, 97.9%;

sensitivity, 47.0%).

Lyme borreliosis (LB) is a global disease caused by the
tick-borne pathogen Borrelia burgdorferi sensu lato. This disor-
der develops in stages and with different manifestations involv-
ing mainly the skin, the central nervous system, and the joints.
In Europe, three species pathogenic for humans (3) and at
least eight outer surface protein A (OspA) serotypes of B.
burgdorferi sensu lato (40, 43) are known, demonstrating both
the inter- and intraspecies heterogeneity. The diagnosis of
Lyme disease is based on the recognition of typical clinical
signs and is assisted by laboratory tests, especially if the clinical
picture is not clear. Since culture is laborious and insensitive
and PCRs are still deemed controversial (27), routine testing
comprises mostly serological methods.

Several strategies have been developed to increase both the
sensitivity and specificity (i.e., the discriminating ability) of
these tests. These include preabsorption of cross-reactive an-
tibodies with Treponema phagedenis (48), the use of detergent
extracts of B. burgdorferi sensu lato (5), and the use of purified
flagella (17) or various recombinant antigens (7, 32, 35, 41, 42).
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In the United States, the Centers for Disecase Control and
Prevention recommend a two-step protocol for the evaluation
of sera: an enzyme immunoassay should be used for screening,
and positive results should be confirmed by Western blotting
(1). However, the interpretation criteria for a positive Western
blot (WB) recommended by the Centers for Disease Control
and Prevention cannot be used for serodiagnosis in Europe,
since in this region the immunoreactivity of the sera is rather
restricted, especially in the early stages of the disease, and the
heterogeneity of European strains further complicates the sit-
uation (2, 9, 18, 30).

The present work was preceded by a study leading to the
development of interpretation criteria for WB with three Eu-
ropean species (18). However, this method should be used only
if sufficient resolution of bands and careful performance and
interpretation are ensured. WB prepared by using recombi-
nant antigens are easier to interpret, and as a further advan-
tage, antigens derived from different species can be used (42).
However, in our experience, assays using the antigens available
to date as recombinant proteins do not reach the same sensi-
tivities as tests using whole-cell preparations of B. burgdorferi
sensu lato (unpublished data).

Our preceding analysis of WB of whole-cell lysates (18)
included identification of a series of key proteins with mono-
clonal antibodies and densitometric determination of the mo-
lecular masses of all visually distinguishable bands separately
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FIG. 1. Representative WB strips of the indicated borrelial strains incubated
in our broadly reacting reference serum (obtained from a patient with arthritis).
All bands referred to in this article are indicated (certain bands were not rec-
ognized by this serum). For details of band identification, see reference 18.

for each of the three strains. In that study, a database contain-
ing information about the reactivities of 330 sera in both im-
munoglobulin G (IgG) and IgM WB with three strains each (a
total of six assays per serum sample; more than 40 bands per
strain were distinguished) was created.

For the present work, this database was reused to analyze
the following issues. (i) What are the specificities and sensitiv-
ities of the antigens molecularly characterized to date and,
thus, presently available as recombinant proteins? (ii) What is
the optimal combination of these antigens in WB in terms of
both specificity and sensitivity? (iii) Which proteins should be
added to increase the discriminating ability further? (iv) Could
assays using whole-cell preparations be improved by addition
of individual antigens from heterologous strains? (v) What
would be the optimal combination of antigens if they were all
available as recombinant proteins? All these questions were
evaluated for both IgG and IgM assays. Although these anal-
yses are based on data obtained by Western blotting of native
antigens and the immunoreactivity of recombinant proteins
might be somewhat different, this work should give important
implications for further development of improved serological
tests.
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TABLE 1. Specificities and sensitivities of various individual
proteins and combinations of homolous proteins in IgG WB

Category” Antigen Strain Sp?(%f)iflty Ser(li/g)lylty
I p83/100 PKa2 100.0 28.0
p83/100 PKo 100.0 27.5
p83/100 PBi 99.3 328
p83/100 All 3 strains? 99.3 344
p58 PKa2 99.3 37.0
p58 PKo 97.2 46.6
p58 PBi 99.3 34.4
pS8 All 3 strains? 97.2 50.3
p39 PKa2 97.9 16.9
p39 PKo 98.6 37.6
p39 PBi 100.0 354
p39 All 3 strains? 96.5 40.7
p30 PKa2 96.5 27.5
p30 PKo 99.3 24.9
p30 PBi 97.9 28.6
p30 All 3 strains? 95.7 333
OspC PKa2 97.2 14.3
OspC PKo 99.3 14.3
OspC PBi 97.9 20.6
OspC All 3 strains? 94.3 30.7
p21 PKa2 100.0 25.4
p21 PKo 100.0 233
p21 PBi 100.0 28.6
p21 All 3 strains? 100.0 30.7
11 p75 PKa2 90.1 24.9
p75 PKo 922 19.0
p75 PBi 88.7 27.0
po6 PKa2 100.0 11.1
po6 PKo 95.7 7.4
po6 PBi 97.9 8.5
p60 PKa2 92.2 212
p60 PKo 95.7 5.8
p60 PBi 90.8 233
p4l PKa2 64.5 53.4
p4l PKo 78.7 45.5
p4l PBi 65.2 56.6
OspA PKa2 99.3 0.5
OspA PKo 97.9 2.1
OspA PBi 95.7 4.8
111 p56 PKa2 100.0 29.6
p43 PKo 93.6 38.6
p35 PKo 97.2 12.7
pl7a PKa2 100.0 13.2
pl7 PKo 96.5 40.7
pl7b PBi 99.3 15.9
pl4 PKo 99.3 29.6

“ Category I, highly specific antigens with sensitivities of >14%; homologs of
all three strains known. II, well-known antigens with low specificity and/or low
sensitivity; homologs of all three strains known. III, antigens identified in only
one strain; interesting as additional diagnostic antigens.

® Specificities were determined with the data of 141 sera of the control group.

¢ Sensitivities were determined with the data of 189 sera from patients at
different stages of LB.

¢ A positive result in the combination means that at least one of the antigens
was reactive.
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TABLE 2. Optimal combinations of proteins, available as recombinant antigens to date, in IgG WB*

Combination of homologous protein(s) of strain

p83/100 p39 OspC Specificity (%) Sensitivity (%)
PKa2 PKo PBi PKo PBi PKa2 PKo PBi
+ + + 100.0 41.8
+ + + + 99.3 45.5
+ + + + 98.6 46.0
+ + + + 97.9 52.9
+ + + + + 97.2 53.4
+ + + + + 97.2 53.4
[+ + + + + 96.5 56.1 |
+ + + + + + 95.7 56.6
+ + + + + + 93.6 571
+ + + + + + + 92.9 57.7
+ + + + + + + 92.9 57.7

“ At least one reactive band was required for a positive WB. The recommended combination is boxed.

MATERIALS AND METHODS

For this work, a data bank created during a previous study was reused, and no
additional laboratory investigations were performed. Thus, materials, laboratory
methods, and identification and designation of bands in WB have already been
described in detail previously (18).

Sera. Sera of the following study groups, comprising patients with LB (n =
189) and controls (n = 141), were investigated. A total of 66 serum specimens
were obtained from unselected, untreated patients with erythema migrans. A
neuroborreliosis group (n = 83) included 39 patients in which B. burgdorferi
sensu lato was isolated from the cerebrospinal fluid (CSF) and 44 other patients
with typical signs of acute neuroborreliosis, CSF pleocytosis, and specific CSF/
serum IgG ratios of =2.0 (39). A late-stage LB group (n = 40) comprised 30
patients with acrodermatitis chronica atrophicans and 10 patients with Lyme
arthritis. Possible differential diagnoses had been excluded. The control group
consisted of 120 healthy blood donors, 11 patients with stage II or III syphilis,
and 10 patients whose sera contained rheumatoid factor at =45 IE/ml. The
healthy blood donors had no history of frequent tick bites, erythemas, neurolog-
ical symptoms, or joint disorders.

Preparation of antigens. Borrelial strains PKa2 (B. burgdorferi sensu stricto,
OspA serotype 1), PKo (B. afzelii, OspA serotype 2), and PBi (B. garinii, OspA
serotype 4) (43) were used for antigen preparations. Only passages of strains
abundantly expressing OspA and OspC were taken for this study.

Western blotting. Cell lysate was electrophoresed (24) on 12.5% polyacryl-
amide gels of 17 cm in length. Proteins were transferred to nitrocellulose by
semidry blotting (23). After blockage of nonspecific binding sites with a solution
containing 50 mM Tris-OH-HCI (pH 7.4), 200 mM NaCl, 0.1% Tween 20, and
5% nonfat dry milk for 1 h at 37°C, the membranes were incubated overnight in
sera diluted 1:200 (for IgG WB) or 1:100 (for IgM WB), washed, and incubated
with horseradish peroxidase-conjugated anti-human IgG or IgM antibodies, re-
spectively (Dakopatts, Copenhagen, Denmark) (dilutions, 1:1,000 for IgG and
1:500 for IgM). Color was developed by adding diaminobenzidine and H,0O,.

Analysis of WB and evaluation of various interpretation criteria. Blots were
assessed blindly, always by the same person, after reproducible identification of
all bands was established. Band intensities were determined semiquantitatively
by visual comparison with WB of defined control sera and defined as very faint
(interpreted as negative), weak (interpreted as positive), strong, or very strong.
Data (reactivities with all visually distinguishable bands, i.e., more than 40 bands
per strain) were imported into a data bank for further analyses. For the present
study, interpretation criteria consisting of combinations of reactive bands were
evaluated systematically. This was achieved by means of queries which selected
subsets of data from the database. Specificities were calculated on the basis of the
reactivities of the control group sera (n = 141), and sensitivities were determined
from the data of all sera from LB patients (n = 189 for IgG WB, n = 149 for IgM
WB; sera from patients with late LB were not tested for IgM). For example, the
criterion stating that for a WB to be positive, there must be at least one reactive
band of p83/100 of PKa2, p83/100 of PKo, and p39 of PBi resulted in a specificity

of 100% and a sensitivity of 41.8%. For a subset of n bands, a total of 2"
combinations are possible. Calculations were performed with Microsoft Excel,
version 5.0, as well as self-written programs using Borland Turbo Pascal, version
7.0. Putative criteria were sorted according to the resulting overall sensitivities
and specificities. From all band combinations resulting in the same specificity,
only those with the highest sensitivities were extracted for the tables shown in
Results.

Statistics. When appropriate, results were analyzed by one-sided x? tests (loss
of specificity and gain of sensitivity [see Tables 4 and 5]).

RESULTS

Figure 1 shows representative WB strips of the three strains
which were incubated in the reference serum. All bands re-
ferred to in the present study are indicated. Homologs of
proteins p83/100, p75, p66, p60, p58, p4l, p39, OspA, p30,
OspC, and p21 were identified in all three strains. p56 and
pl7a are expressed only by strain PKa2; p43, p35, p17, and p14
are unique for strain PKo; and pl17b was identified only in
strain PBi.

Table 1 summarizes the specificities and sensitivities of var-
ious individual proteins or combinations of proteins in IgG
WB. Bands p75, p66, p60, p41, and OspA were either nonspe-
cific, insensitive, or both. The most sensitive (>35%) of the
remaining (individual) antigens were p58 of PKo, p17 of PKo,
p43 of PKo, p39 of PKo, p58 of PKa2, and p39 of PBi in order
of decreasing sensitivity. No false-positive reactions were ob-
tained with p83/100 of PKa2, p83/100 of PKo, p39 of PBi, any
of the homologs of p21, p56 of PKa2, or pl17a of PKa2. With
the exception of p43 of PKo, all other bands reached specific-
ities of more than 96%.

Table 2 summarizes the evaluation of various combinations
of proteins available to date as recombinant antigens for use in
IgG WB. Only combinations of the highly specific bands p83/
100, p39, and OspC were listed in this table. For this evalua-
tion, an interpretation criterion of at least one reactive band
for a positive WB was used. The combination of p83/100 of
PKa2, p83/100 of PKo, p39 of PKo, p39 of PBi, and OspC of
PBi (boxed in the table) seemed to be the most favorable and

TABLE 3. Specificities and sensitivities of IgG WB of whole-cell lysates of different strains by use of proposed interpretation criteria®

Strain Interpretation criterion Specificity (%) Sensitivity (%)
PKa2 =1 reactive band of p83/100, p58, p56, OspC, p21, and pl7a 96.5 50.8
PKo =2 reactive bands of p83/100, p58, p43, p39, p30, OspC, p21, p17, and p14 97.9 56.1
PBi =1 reactive band of p83/100, p39, OspC, p21, and p17b 97.2 56.1

“ Results of preceding study (18).
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TABLE 4. Evaluation of addition of various antigens to IgG WB
containing the protein combinations” shown in Table 2

Antigen/strain L.OS.S of de of
specificity (%) sensitivity (%)

p58/PKa2 0.7 1.6-4.2
p58/PKo 2.8 6.9-9.0
pS8/PBi 0.7 1.6-2.6
p30/PKa2 35 1.6-3.2
p30/PKo 0.7 1.1-2.1
p30/PBi 2.1 2.1-3.7
p21/PKa2 0.0 2.1-3.2
p21/PKo 0.0 1.1-1.6
p21/PBi 0.0 1.6-3.2
p56/PKa2 0.0 0.5-2.1
p43/PKo 5.0-6.4 9.0-11.1
p17/PKo 2.8-3.5 8.5-11.6
p14/PKo 0.7 5.3-6.9

“ Calculated for combinations with specificities of >95%.

resulted in a specificity of 96.5% and a sensitivity of 56.1%.
The inclusion of other bands (p75, p66, p60, p41l, OspA, and
p35 of PKo) and the use of an interpretation criterion requir-
ing at least two reactive bands for a positive WB led to much
lower sensitivities (data not shown).

Table 3 shows the results of the preceding study of WB of
whole-cell lysates (18) and was included for comparison pur-
poses only.

In Table 4, the theoretical outcomes of the addition of var-
ious antigens to the protein combinations listed in Table 2 are
shown. The results for IgG WB were calculated using basic
combinations (Table 2) with specificities of greater than 95%.
The most favorable additional antigens in terms of both spec-
ificity and sensitivity were pl4, pl7, and p58 of strain PKo.
Addition of p21 of strain PKa2 or PBi led to an increase in
sensitivity of up to 3.2% without a loss of specificity. The
addition of p43 of PKo as well as p17 of PKo to the boxed
combination in Table 2 resulted in a significant increase in
sensitivity (P < 0.05), whereas the loss of specificity resulting
from the addition of p43 of PKo was also significant (P < 0.05).
The addition of any of the other proteins did not lead to
significant changes.

Table 5 shows the theoretical outcome of the addition of
various antigens from heterologous strains to IgG WB of (con-
ventional) whole-cell lysates of different strains. If strain PKa2
was used for the basic test, addition of p58 of PKo was most
favorable, resulting in a 6.3% gain in sensitivity and a loss of
specificity of only 1.4%. A conventional WB with strain PKo
would gain 6.9% in sensitivity and lose 2.1% in specificity by
the addition of OspC of PBi. (However, these are the results
for the interpretation criterion stating that for a WB to be
called positive, there must be either a reactive OspC of PBi or
at least two reactive bands among p83/100, p58, p43, p39, p30,
OspC, p21, pl7, and pl4 of strain PKo.) Western blotting of
strain PBi lysate would improve most by addition of p14, p17,
or p58 of strain PKo. None of the additional antigens listed in
Table 5 led to a significant gain in sensitivity, whereas p43 of
PKo led to a significant loss of specificity (P < 0.05) when
added to a WB of strain PKa2 or PBi lysate.

Table 6 summarizes the theoretical optimal combinations of
antigens for IgG WB, assuming that they were all available as
recombinant proteins. This analysis was based on the require-
ment of at least two reactive bands for a positive WB. The most
favorable combinations, resulting in the highest discrimination
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abilities, were obtained if only OspC of PBi, but not OspC of
the other two strains, was used.

Table 7 shows the evaluation of various combinations of
proteins in IgM WB. OspC of any of the three strains was the
most immunodominant protein for IgM detection. OspC of
PBi was the most sensitive of the homologs of the three strains
(35.6%). However, combination of OspC of PBi with OspC of
PKo, p41 (only strong reactions were evaluated) of all three
strains, p39 of all three strains, and p17 of PKo increased the
sensitivity up to 47.0% without a loss of specificity. Further
addition of p35 of PKo led to a considerable decrease in
specificity (94.3%) and only a slight increase in sensitivity
(49.0%).

DISCUSSION

This study gives an impression of the probable proficiencies
of serological tests with various combinations of individual
antigens of three strains representing the three species of B.
burgdorferi sensu lato that are pathogenic for humans in Eu-
rope.

In a first step, the specificities and sensitivities of a series of
immunodominant antigens in Ig WB were determined (Table
1). These included molecularly and immunologically well-char-
acterized proteins like p83/100 (21, 25, 31, 33), p66 (6), p60 (a
homolog of GroEL of Escherichia coli) (16, 26, 36, 37), p4l
(flagellin) (14, 38), p39 (BmpA) (32, 34, 35), OspA (4, 43), and
OspC (12, 22, 44, 47). p75 in our WB is presumably identical to
the heat shock protein, homologous to DnaK of E. coli, de-
scribed by Luft et al. (26) and Coleman and Benach (8). As had
been recognized for years, p75, p60, and p41 were rather non-
specific (8, 16, 46). OspA was not very sensitive, as was also
found earlier, at least in European studies (9, 29, 45, 46).
Homologs of p83/100, p39, and OspC of all strains were highly
specific (>97%) and, thus, are useful as recombinant antigens
for Western blotting or other serological tests. This has already
been shown successfully in diagnostic Western blotting (32, 41,
42). In addition to these proteins, a series of specific and
sensitive antigens were identified. p43, p35, p17, and p14 were

TABLE 5. Evaluation of addition of various antigens from
heterologous strains to IgG WB of whole-cell lysates of
different strains

Basic test: WB with whole- Additional Loss of Gain of
cell lysate of strain®: antigen/strain  specificity (%) sensitivity (%)°

PKa2 p58/PKo 14 6.3
p43/PKo 6.4 8.5
p39/PKo 14 53
pl7/PKo 35 6.3
pl14/PKo 0.7 32
p39/PBi 0.0 32
OspC/PBi 21 4.2

PKo OspC/PBi 2.1¢ 6.9¢
OspC/PKa2 2.8° 2.6°

PBi p58/PKo 2.8 6.9
p43/PKo 5.7 7.4
pl7/PKo 35 7.9
pl14/PKo 0.7 4.8

“ Results obtained in the preceding WB study (18); see Table 3.

® Only additional antigens leading to a gain of sensitivity of at least 3% are
included.

¢ Results for criterion of a reactive OspC of strain PBi or at least two reactive
bands among p83/100, p58, p43, p39, p30, OspC, p21, p17, and p14 of strain PKo
for a positive WB.
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TABLE 6. Optimal combinations of various antigens from different strains in IgG WB*

Homologs of all three strains (PKa2, PKo, PBi)® Proteins of one strain only
Specificity Sensitivity
OspC p17b ps6 p43 pl7 pl4 (%) (%)

p83/100  p38 p39 p30 P2l OspC (pRiy  (PBi)  (PKa2)  (PKo)  (PKo)  (PKo)
+ + + + + + 100.0 51.3
+ + + + + + + + + 97.9 577
+ + + + + + + 97.2 58.2
+ + + + + + + + + + + 96.5 61.4
+ + + + + + + + + 99.3 577
+ + + + + + + 98.6 58.2
+ + + + + + + + + + + 972 614 |

“ At least two reactive bands were required for a positive WB. The recommended combination is boxed.
® At least one of the homologs of the three strains was reactive.

detected only in strain PKo. A 35-kDa protein is one of the binant proteins to date, the combination of p83/100 of PKa2,
diagnostically important bands of the interpretation criteria for p83/100 of PKo, p39 of PKo, p39 of PBi, and OspC of PBi
IgG WB proposed by Engstrom et al. (11). The gene coding for (boxed in Table 2) would be the most favorable for IgG WB.
this protein was characterized in B. burgdorferi sensu stricto The discriminating ability of IgG WB with whole-cell lysate of
strain B31 (15); furthermore, variable expression of this gene strain PKo or PBi was only slightly better (Table 3). However,
could be demonstrated as well (20). p35 of PKo of our WB was interpretation rules requiring at least two reactive bands for a
shown to be a homolog of this protein, and its expression could WB to be positive are more reliable, as discussed later. Our
also be shown in strain PBi (passages other than the one used findings with native p39 are very similar to the results obtained
for this study) (20a). However, in combination with the other =~ with recombinant p39 derived from representatives of these
antigens available as recombinant proteins to date, addition of three species (32). Since p39 is highly conserved within the
p35 of PKo would not lead to an increase in the overall dis- species of B. burgdorferi sensu lato, it might be suggested that
crimination ability for both IgG and IgM WB (not included in in Europe, in general, recombinant p39 of B. afzelii and B.
Table 4 due to a gain in sensitivity of less than 3%). p58, p30, garinii strains would be more sensitive than p39 of B. burgdor-
p21, and p56 of PKa2, p17a of PKa2, p17 of PKo, p14 of PKo,  feri sensu stricto strains (32). In IgG WB, the use of OspC of
and p17b of PBi have not been characterized at the molecular PBi alone among the OspC homologs seems to be better than
level so far. a combination of this protein with the OspCs of the other

Taking into consideration the antigens available as recom- strains. This finding is consistent with the results of a study by

TABLE 7. Evaluation of various combinations of proteins in IgM WB*

Combination of bands of strains

OspC Strong p41® 39 - 035 Spe(cl;gcny Sen(s;on)/ltyc
PKa2 PKo PBi PKa2 PKo PBi PKa2 PKo PBi (PKo) (PKo)

+ 97.2 29.5
+ 98.6 30.9
+ 97.9 35.6
+ + 97.2 322
+ + 96.5 36.9
+ + 97.9 36.9
+ + + 96.5 376
+ + + 97.9 383
+ + + 97.9 38.9
. . + 97.9 383
+ + + + + 97.9 39.6
. n + 97.9 37.6
+ + + 97.9 39.6
. + + 97.9 376
4 + + 97.9 39.6
+ + + + + + 97.9 43.6

+ + + + + + + + + 97.9 470 |
T T T + + T + T T T 96.5 477
+ + + + + + + + + + 94.3 49.0
+ + + + + + + + + + + 91.8 49.7

“ At least one reactive band was required for a positive WB. The recommended combination is boxed.
> Band intensity equal to or greater than that of a strongly reactive control serum sample.
¢ Sensitivities were determined with the data of 149 sera from patients with erythema migrans or acute neuroborreliosis.
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Mathiesen et al., who reported also that OspC of the B. garinii
strain utilized by them was as sensitive alone as in combination
with the OspCs of the representatives of the two other species
(28). However, in an evaluation of IgG WBs with recombinant
OspCs derived from the three species, OspC of PKo was the
most sensitive and OspC of PBi was the least sensitive (42).
The highest sensitivity was obtained with a combination of all
three OspCs (42).

The next step of this study was to estimate the theoretical
benefit of the addition of other antigens not yet available as
recombinant proteins (Table 4). These results might indicate
which antigens are worth the effort of future molecular char-
acterization. The most promising proteins were p58 of PKo,
p17 of PKo, and p14 of PKo. No false-positive reactions were
seen with p21 of any of the strains; however, the gain in sen-
sitivity did not exceed 3.2%. p43 of PKo was the most sensitive
of the additional antigens, but due to its rather low specificity,
this protein should be used in IgG WB only if an interpretation
rule requiring at least two reactive bands for a positive WB is
applied. Similar results were obtained when the theoretical
addition of various heterologous antigens to WB of whole-cell
lysates was evaluated (Table 5). A considerable improvement
of Western blotting of strain PKo lysate could result from the
addition of OspC of PBi. This approach could be tested right
away. For example, a line of recombinant OspC of PBi could
be added to the nitrocellulose membrane outside of the gel
area. Furthermore, this supplementation could also be tried
for enzyme immunoassays. If assays based only on recombi-
nant antigens are developed, the concentration of each protein
can be optimized to obtain the best discrimination ability for
the whole test. For this study, the intensity of antigen recog-
nition was only critical for the evaluation of IgM WB.

Our analyses were based on data obtained during a very
detailed previous WB study including a total of 330 sera (18).
Although this is a rather large panel in terms of performance
of a study, it is still a small number of samples for an analysis
relying so much on statistics. Considering the strategy by which
the criteria were defined, the few sera of the control group that
react with certain highly specific bands had a strong influence.
In other words, one single sample can be crucial for the dele-
tion of a sensitive band of a combination. However, a differ-
ence between specificities of 99 and 100%, for example, will
never actually be statistically significant unless a control group
consisting of at least 500 sera is tested (estimation by one-sided
x> analysis [P < 0.05]). The probability that a control group
sample will recognize two highly specific bands (by chance) will
be much lower. Thus, interpretation rules requiring at least two
reactive bands for a positive WB will be more reliable. In a
final analysis, optimal combinations of various antigens in IgG
WB were determined also on the basis of this premise (Table
6). Due to the rather restricted immune response, especially in
European patients in the early stages of LB, it is not possible
to define interpretation criteria requiring as many bands as the
criteria for positivity recommended in the United States (1, 10,
11).

For the evaluation of IgM WB (Table 7), any implementa-
tion of a rule requiring more than one reactive band for a
positive WB resulted in a significant loss of sensitivity. Detec-
tion of specific antibodies is based mainly on the use of OspC.
However, sensitivity can be increased considerably by the ad-
dition of p39 and p17 of PKo as well as evaluation of strong
reactions with p41. Addition of antigens not yet available as
recombinant proteins was not shown to be favorable. Another
approach might be the use of internal fragments of p41 (7, 19,
41, 42) representing the most heterogeneous region of the
amino acid sequence in comparison to flagellin of other species
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(13, 38). In contrast to our results, Engstrom et al. reported
that p39 was the most sensitive antigen for the detection of
specific IgM in the United States (11). On the other hand, in
the U.S. study of Dressler et al., OspC was the most sensitive
protein (10).

In conclusion, in this study, diagnostically valuable proteins
that might be worth the effort of further molecular character-
ization were identified and implications for the optimal com-
bination of antigens were given.
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