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ARTICLE INFO ABSTRACT

Keywords: There are different tuberculosis diagnostic tools available that detect an antigen-specific immune response. The
tuberculin skin test present study aims to evaluate the potential of cross-reactive responses of a CFP-10 and ESAT-6 antigen-based TB
E;)Al_r 1 test using bioinformatics tools. The study found that the presence of the sequences coding for the CFP-10 and

ESAT-6 antigens in mycobacterial genomes is not associated with their pathogenicity, and not even consistent
within a single species among its strains, which can lead to either false positive or false negative test results. The
data that was analyzed included genome assemblies of all available mycobacterial strains obtained from the NCBI
Genome database, while the standalone BLAST and tblastn programs were utilized to detect the presence of the
CFP-10 and ESAT-6 sequences. The findings revealed that a number of non-pathogenic mycobacteria contained
the aforementioned sequences, while some pathogenic mycobacteria did not, indicating that a standard tuber-
culin skin test should be more preferable for detecting various pathogenic mycobacteria compared to antigen-
specific tests. In the Mycobacterium tuberculosis complex (MTBC), the proportion of positive strains varied
within individual species, indicating a complex relationship. Among non-tuberculous mycobacteria (NTMB),
more than half of the analyzed species did not contain these sequences which is consistent with their non-
pathogenicity. Further research is necessary to fully comprehend the relationship between MTBC pathoge-
nicity and the CFP-10 and ESAT-6 sequences. This could lead to a conclusion that a standard tuberculin skin test,
although non-specific due to the undefined antigen content, may be able to detect various pathogenic myco-
bacteria in a more reliable manner than antigen-specific tests.

cross-reactivity
false results
diagnostics

1. Introduction

Currently used tuberculosis (TB) diagnostic tools are aimed either at
(a) identifying the pathogen in the body (e.g., bacterioscopy, liquid or
solid medium cultivation, PCR), (b) detecting the immune response
(tuberculin skin test, indirect hemagglutination test for the detection of
antibodies, ELISA, IGRA, Diaskintest®), or (c) detecting any signs of
developing infection (clinical signs, X-ray analysis, computed tomog-
raphy). The accuracy of these tools is crucial in preventing false-positive
or false-negative results which can lead to inappropriate prescription of
antibiotics or delayed diagnosis and treatment [1].

One such diagnostic tool is the tuberculin skin test (TST), which
detects immune response — the allergic skin reaction — caused by the
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mycobacteria-derived PPD antigen [2]. However, due to the undefined
antigen composition of PPD, false-positive reactions may occur in in-
dividuals with non-TB mycobacteria or those who have been immunized
with the BCG vaccine that contains a live attenuated M. tuberculosis
variant bovis strain [3,4,5,6].

To address these limitations, interferon T-cell gamma release assays
(IGRAs) have been developed as a potential replacement for TST. IGRAs
detect interferons that are released from T-cells in response to exposure
to specific antigens. IGRAs use either the RD1 (Region of Difference)
antigens or the PPD antigens [2,7]. RD1-based IGRAs are more specific
and reliable, discriminating TB-infected individuals from the BCG-
immunized individuals [8-14] since the RD1 genomic region is absent
in all tested BCG strains that are used for immunization [15]. The ESAT-
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6 (Early Secreted Antigenic Target 6) and CFP-10 (Culture Filtrate
Protein 10) antigens, located in RD1, share the same messenger RNA
transcript, suggesting that their combined use may be effective in TB
diagnostics [16]. However, certain non-TB strains may also contain
these antigens, leading to potential false-positive IGRA results [17].

In contrast to IGRAs, a convenient TB diagnostic tool must meet
several requirements, such as simplicity of the set-up and use, repro-
ducibility, use of inexpensive equipment and reagents, and the ability to
obtain highly informative and easily interpretable results. TST satisfies
these requirements but suffers from the disadvantage of capturing un-
specific reactions and, therefore, producing false positives. To address
this problem, specific efforts were undertaken to develop appropriate
replacements for TST [18].

Diaskintest® (Generium Pharmaceuticals, Russia) is a novel diag-
nostic tool for tuberculosis (TB) that utilizes the recombinant CFP-10/
ESAT-6 antigen, similar to the RD1-based IGRA. This test is adminis-
tered subcutaneously and elicits an immune response in the form of an
allergic skin reaction [19]. While the ESAT-6/CFP-10-based IGRA has
been criticized for its lack of specificity in discriminating between TB
and non-TB infections, the same criticism could apply to Diaskintest®
which demonstrates similar test positivity rates [20]. However, Dia-
skintest® was developed as the first TB diagnostic tool administered
subcutaneously and based on recombinant antigens, enabling differen-
tial TB diagnosis, assessment of infection progression, and treatment
efficacy evaluation [17]. The manufacturer of this test claimed that non-
pathogenic mycobacteria in the environment do not interfere with the
diagnostic process, with potential difficulties only arising when it comes
to M. leprae, M. kansasii, and M. marinum.

There are, nevertheless, other skin tests based on recombinant an-
tigens for detecting TB. One example is the C-Tb skin test, developed by
the Statens Serum Institute, Copenhagen, Denmark, which uses recom-
binant CFP10 and ESAT6 proteins [21]. C-Tb skin test works in a similar
manner compared to conventional tuberculin skin tests by measuring
delayed-type hypersensitivity reactions in response to the specific anti-
gens present in M. tuberculosis. The only difference from Diaskintest® is
that it uses the CFP10 and ESAT6 proteins as separate antigens, rather
than as a single fusion protein with two immunogenic domains. Another
example of a similar TB skin test is a test where the antigenic compo-
nents in the fusion protein are arranged in a reverse order compared to
Diaskintest® [22].

The advent of genome sequencing of Mycobacterium tuberculosis has
enabled identification of TB-specific genomic regions, leading to the
development of recombinant TB antigens for diagnostic purposes [23].
One such region is RD1, which is present in M. tuberculosis variant bovis
and M. tuberculosis, but absent from M. tuberculosis variant bovis BCG
vaccine strains [24]. The deletion of RD1 in BCG has been linked to
attenuated phenotype [25,26]. Diagnostic tools based on RD1, such as
Diaskintest®, have been shown to differentiate between BCG-
immunized individuals and those infected with M. tuberculosis variant
bovis or M. tuberculosis via immune response to the ESAT-6 and CFP-10
antigens. However, the potential of cross-reactivity with non-TB myco-
bacteria, such as M. smegmatis or BCG-mycobacteria, remains a concern.
This issue can be addressed by comparing the genomes of different
mycobacterial strains for the presence of the ESAT-6 and CFP-10
sequences.

2. Materials and methods

This study used data from the Genome section of GenBank as of
August 2022 [27] to investigate the presence of the RD1 region in
various mycobacterial species. The selected species were obtained from
the NCBI Genome database using a specific search query “Mycobacte-
rium [organism]”. Genome assemblies of all currently available strains
were included in the analysis. Hits that were labeled as “group of
uncharacterized isolates” were left out from the total number of selected
species. The same was done for mycolicibacteria, previously belonging
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to the Mycobacterium genus, using the “Mycolicibacterium [organism]”
search query. The dataset for the analysis comprised genome assemblies
of all available strains of the selected species, assigned either to Myco-
bacterium or Mycolicibacterium genera.

Standalone BLAST and tblastn programs [28] were used to detect the
RD1 region, using the amino acid sequences of M. tuberculosis H37Rv
strain for the CFP-10 and ESAT-6 proteins as input queries (GenBank
accession numbers ACH88465.1 and POWNK?7.1, respectively) with €10
as a threshold e-value while all the other parameters were set as default.
Genomic assemblies were classified as representing the same strain if the
strain names coincided in their annotations. The results were manually
curated and grouped into four mycobacterial strain clusters based on
pathogenicity/ecological features: MTBC (M. tuberculosis complex),
opportunistic NTMB (non-tuberculous mycobacteria), saprophytic (non-
pathogenic) NTMB, and pathogenic NTMB (non-tuberculosis mycobac-
teria). All curated results are fully presented in Supplementary Table 1 in
columns representing the total number of assemblies available, the
number of strains sequenced, and the number of strains containing that
RD1 region. The availability of corresponding genomic sequences in the
RefSeq database was also manually checked based on assembly anno-
tations. Supplementary Table 1 provides a comprehensive representa-
tion of all curated results. Some of the mycobacterial species changed
their taxonomic status from Mycobacterium to Mycolicibacterium and
were indicated in the table accordingly.

3. Results

The presence of the CFP-10 and ESAT-6 sequences in some myco-
bacteria, which are normally recognized as markers of pathogenicity,
should imply that the mycobacteria in question are pathogenic, which is
the reason why these antigens are used in Diaskintest®. Nonetheless, the
presence of the CFP-10 and ESAT-6 sequences does not consistently
imply pathogenicity, as some pathogenic species may not contain these
sequences. On the other hand, some non-pathogenic environmental
species may contain these sequences and lead to false positive results on
an ESAT-6 and CFP-10 TB-based tuberculosis skin test.

Briefly, according to the summarized data presented in Table 1, two
out of nine pathogenic MTBC species did not contain the ESAT-6 and
CFP-10 sequences. The data also demonstrate that, on the contrary,
opportunistic NTMB contained these sequences. Similarly, the majority
of saprophytic NTMB was detected with the ESAT-6/CFP-10 present in
the genome.

Once again, the presence of these sequences within a single species of
the same mycobacterial cluster was not uniform. In the MTBC cluster
(Table 1), all M. tuberculosis variant africanum, M. tuberculosis variant
caprae, and M. orygis strains contained the ESAT-6 and CFP-10 se-
quences, whereas some strains of the M. tuberculosis, M. canettii, and
M. tuberculosis variant bovis strains did not. The deletion of the ESAT-6/
CFP-10 fragment in M. tuberculosis variant bovis BCG strain that is used
for the vaccine is confirmed by the present data, as previously demon-
strated in other studies [24]. This underscores the significant advantage
of Diaskintest® which is to exclude the TB-negative BCG-immunized
individuals from the positive test results in the context of mass BCG
vaccination [29]. Moreover, the deletion of the RD1 fragment contain-
ing these sequences in M. tuberculosis variant bovis BCG strain is believed
to cause an attenuated phenotype in this strain [25].

The MTBC cluster showed no straightforward explanation for the
connection between the MTBC (pathogenic properties) and the ESAT-6
and CFP-10 antigens (their sequences). Most of the species that had
these sequences did so in all their strains. Within this cluster, there was
only one exception — M. tuberculosis variant bovis. In this species, most of
the strains were ESAT-6/CFP-10-positive but not all (3 % of the strains
lacked these sequences).

In the NTMB cluster (Table 1), majority of the analyzed species had
the ESAT-6 and CFP-10 sequences although they are, by definition,
considered non-pathogenic. As with the MTBC complex, there were
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Table 1

The presence of the CFP-10 and ESAT-6 sequences in the genomes the pathogenic MTBC (Mycobacterium tuberculosis complex), opportunistic NTMB (non-tuberculous
mycobacteria), and saprophytic (non-pathogenic NTMB). The fields showing the absence of CFP-10 and ESAT-6 in pathogenic species and their presence in non-
pathogenic species are highlighted to emphasize the inconsistency of occurrence of these genes depending on pathogenicity and ecological characteristics of myco-
bacteria. The data was obtained from the NCBI Genome database.

MTBC (Mycobacterium tuberculosis complex) opportunistic NTMB complex saprophytic (non-pathogenic) NTMB complex

species

M. tuberculosis
M. tuberculosis variant africanum
M. canetti
M. tuberculosis variant bovis
M. bovis (BCG)**
M. pinnipedii
M. tuberculosis variant microti
M. tuberculosis variant caprae
M. orygis***
M. celatum
M. kyorinense
M. haemophilum
M. bohemicum
M. arupense
M. xenopi
Muycolicibacterium aurum
Mycolicibacterium chlorophenolicum
Mycolicibacterium chubuense
Muycolicibacterium giloum
M. vanbaalenii
Mycolicibacterium neoaurum
M. phlei
Muycolicibacterium tusciae
Mycolicibacterium smegmatis
Mycolicibacterium thermoresistibile

Mycolicibacterium cosmeticum (M. oesypuim)
Mycolicibacterium aromaticivorans

#of

@
=N
w
N
@
@
N
@

strains 34 31 102 37 3 8 4 3 3 4 5 2 4 11 8 2 60 3

6911*

#of strains
with CFP-10

and ESAT-6

=}
N]
o
[N]
[N]
W
el
®
[N]

60

W

34 31 99 0 3 0 4 3 3 4 5 0 0 1 0

6899*

source

hum
hum
hum
anim, hum
national strain
collection
anim
anim
anim
hum
env, hum
env, hum
env, hum
env, hum
env, hum
env, hum
env, hum
env (soil)
env (soil)
env (soil)
env (soil)
env (soil)
env (soil)
env (soil)
env (soil)
env (soil)
env (soil)
env (soil)

* - The absence of the CFP-10 and ESAT-6 sequences was demonstrated in the experiments on the construction of bacterial artificial chromosome in the M. microti
0V254 strain [30], as well as in microarray and PCR experiments in ATCC strains 35782, 94/2272, 005004, and OV254 [31]. Independent evidence (from the complete
genome sequencing data) on the presence of the ESAT-6 and CFP-10 sequences was provided by other authors [32-36]. ** - M. bovis (BCG) - vaccine strains from
different countries and laboratories. *** - M. orygis was added to the MTBC group of pathogenic mycobacteria in 2014 [37]. Abbreviations for the source: env —
environment, hum — humans, anim — animals.

Table 2

The presence of the CFP-10 and ESAT-6 sequences in the genomes of pathogenic mycobacterial species from the NTMB (non-tuberculosis mycobacteria) complex. The
fields showing the absence of CFP-10 and ESAT-6 in pathogenic species are highlighted to emphasize the inconsistency of occurrence of these genes and the lack of
clear association with pathogenicity. The data was obtained from the NCBI Genome database.

pathogenic NTMB (non-tuberculosis mycobacteria) complex
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* - Two assemblies are available in GenBank for the same strain of M. vulneries. One of them contains both genes of the RD1 region, but it has been suppressed in the
RefSeq database as “contaminated”. Abbreviations for the source: env — environment, hum — humans, anim - animals.
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limited differences in the proportion of strains that were positive for the
ESAT-6/CFP-10 sequences; the sequences were largely either present or
absent within the species. The only exception in this cluster was Myco-
licibacterium cosmeticum.

In the opportunistic NTMB cluster (Table 1), only four out of seven
species contained the ESAT-6/CFP-10 sequences, contradicting initial
expectations that the opportunistic mycobacteria would not contain
these sequences. This observation may be explained by a limited number
of sequenced genomes within this group. In the same manner, nine out
of eleven saprophytic NTMB species had these sequences (Table 1),
despite being non-pathogenic.

Similarly, contrary to what was expected, results for the pathogenic
NTMB group demonstrate that many of the pathogenic strains do not
contain the ESAT-6/CFP-10 sequences (Table 2). The loss of these se-
quences in M. ulcerans was proposed to have occurred due to genetic
variations in RD1 and its proneness to mutations. The function of the loss
was interpreted as helping mycobacteria bypass the host’s immunolog-
ical defense mechanisms. Therefore, this deletion may represent an
ongoing adaptation [38]. Therefore, from all these results one general
observation is evident. This observation is that the number of strains
with the ESAT-6/CFP-10 sequences in a single species is either zero or all
strains contain them (with very few exceptions).

The findings presented in Table 1 and Table 2 of this review suggest
that Diaskintest® may lack specificity not only for M. leprae, M. kansasii,
and M. marinum, as reported by the manufacturer, but also for other non-
tuberculosis species and strains. The presence or absence of the ESAT-6
and CFP-10 sequences in the genomes of pathogenic, opportunistic, or
saprophytic mycobacteria is insufficient to distinguish between these
groups and evaluate the efficacy of Diaskintest®. Furthermore, previous
research has indicated that tests utilizing these antigens may be even less
informative than the tuberculin skin test in some cases [18].

4. Discussion

TST is not recommended for the BCG-immunized individuals due to
potential false positives and reduced ability to distinguish between
allergic skin reactions caused by TB infection and BCG immunization. In
other words, the TST test suffers from the lack of specificity which means
it is unable to avoid false positives successfully. Therefore, RD1-specific
tests are preferred for their HIV-status independence and reduced con-
founds associated with BCG immunization. Although Diaskintest® has
been proposed as an alternative to TST for detecting active TB cases to
avoid false positives and improve specificity in TB diagnostics [18], false
negatives can occur as well. To address this, antigen dose adjustments

Table 3
IFN-y T-cell secretion in the infections caused by different mycobacteria.

Infectious Agent Positive Test Results (% of patients)

M. avium + M. intracellulare (163 patients) 2

M. kansasii (33 patients) 52

M. marinum (12 patients) 58

M. szulgai (3 patients) 33

M. abscessus (2 patients) 0

M. chelonei (1 patient) 0
Table 4

IFN-y T-cell secretion test results in conditions caused by TB and non-TB
mycobacteria.

Assay TB non-TB
mycobacteria

(38 patients) (40 patients)

QuantiFERON-TB Gold test (QFT-G) — PPD
QuantiFERON-TB test (QFT) — ESAT-6/CFP-10
Tuberculin skin test (TST)

89.5 % positive
86.8 % positive
70.6 % positive

34.3 % positive
35.3 % positive
47.5 % positive
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may be necessary to improve the sensitivity of the test and increase its
power to avoid false negatives [19]. Additionally, individuals with im-
munodeficiencies or a latent TB infection may test negative on Dia-
skintest®, which are also treated as false negatives [39]. Although
Diaskintest® might be able to avoid false positives that are related to the
BCG-immunization status, it still suffers from the lack of power to avoid
false positives related to the immune response that was previously
mounted against these antigens due to exposure to environmental, non-
pathogenic mycobacteria. Therefore, although introduced to address
false positives related to the BCG-immunization status, false positives
are still its major limitation.

In the context of the sensitivity of antigen-based tests, recent in-
vestigations have highlighted the potential lack of ability of the tests
utilizing the ESAT-6 and CFP-10 antigens to avoid false negatives, when
the antigen dose is not in question. In a study involving 214 individuals
diagnosed with non-TB mycobacteria (the NTMB) but without any
previous indications of TB in their medical record, interferon T-cell
response was assessed using the ESAT-6/CFP-10-specific QuantiFERON
TB-2G (QFT-2G) test which is ESAT-6/CFP-10-specific [40]. The results
are represented in Table 3. These results indicate that the use of ESAT-6/
CFP-10-based assays for the detection of non-TB mycobacterial condi-
tions is not recommended because of the possibility of yielding false
negative results or non-detection of latent TB infection. Therefore, it is
suggested that these tests should be used in combination with additional
TB detection tools such as the tuberculin skin test. These findings have
led researchers to conclude that caution should be exercised when using
tests based on the ESAT-6 and CFP-10 antigens for TB diagnosis.

In another study, individuals with either TB or non-TB conditions
were tested using 3 different TB diagnostic tests — two IGRAs (PPD and
ESAT-6/CFP-10-based) and TST (Table 4) [41]. The results showed that
even some non-TB positive individuals tested positive on TB. Based on
this observation, the suggestion of expanding the application of the tests
that are based on the ESAT-6 and CFP-10 antigens for the detection of
non-TB mycobacterial conditions is not recommended, since only about
half of these cases can be really detected (even with M. kansasii, where
all genetically characterized strains have the ESAT-6 and CFP-10 se-
quences). In addition to the main disadvantage of the ESAT-6/CFP-10-
based assays which is the possibility of yieling false negative results,
non-detection of a latent TB infection is another disadvantage. These
and other findings have led different researchers to a common conclu-
sion that the tests based on the ESAT-6 and CFP-10 antigens should be
used only in combination with additional TB detection tools such as the
tuberculin skin test, for example [42,43].

The results of this study have important implications for TB detec-
tion. The mere presence or absence of the ESAT-6 and CFP-10 sequences
cannot differentiate between pathogenic, opportunistic, or saprophytic
mycobacteria. Therefore, the function of these antigens may not be
entirely involved in pathogenicity. For example, the RD1 locus in
M. smegmatis, as previously reported, regulates horizontal gene transfer
[44,45].

However, tests based on these antigens, including Diaskintest®, can
still be useful for TB detection. Subcutaneous administration of Dia-
skintest® is an inexpensive and convenient route of test antigen
administration. Lastly, the concept of a specific antigen-based tubercu-
losis skin test merges the advantages of both the TST (subcutaneous
administration) and the ESAT-6/CFP-10-based IGRA (antigen speci-
ficity). Additional diagnostic tools are required to confirm the obtained
results, and the specificity of the assay depends on the antigens used and
the accurate interpretation of the results. The more TB-specific (or even
strain-specific) assay antigens used, the more accurate the detection. For
example, QuantiFERON®-TB Gold uses an additional TB7.7(p4) antigen
to increase the assay specificity in addition to the existing the ESAT-6
and CFP-10 antigens. In practice, the actual specificity of the assay
would depend on the antigens used and the accurate interpretation of
the results.
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5. Conclusions

This paper aimed to assess the potential of cross-reactive reactions of
the CFP-10/ESAT-6 recombinant antigen-based test for tuberculosis
diagnosis by analyzing genome assemblies of various pathogenic and
non-pathogenic mycobacteria. The study reveals that the presence of the
ESAT-6 and CFP-10 sequences in mycobacterial genomes is not consis-
tently associated with pathogenicity or, in rare cases, even with all
strains of a single species, leading to potential false negative or false
positive test results. The findings suggest that the use of ESAT-6,/CFP-10-
based assays for TB detection should not be recommended without
additional diagnostic tools, as certain MTBC strains may lead to false
negatives, while certain non-pathogenic mycobacteria may lead to false
positives. However, the assay can accurately exclude BCG-immunized
individuals from false positives. The study highlights the need for
caution when using tests based on the ESAT-6 and CFP-10 antigens for
TB diagnosis and emphasizes the potential benefits of combining specific
antigen-based TB skin tests with other TB detection tools to increase
assay specificity and accuracy. Additionally, the inclusion of additional
TB-specific antigens in these tests could further improve their reliability.

The study concludes that the use of Diaskintest® may lead to an
untimely identification of individuals infected with pathogenic strains of
mycobacteria that do not contain the ESAT-6 and CFP-10 sequences.
Tuberculin, which contains almost all antigens including ESAT-6 and
CFP-10, is suggested as a more reliable method for detecting TB in-
fections, especially latent TB infections. The study also highlights the
need for further research to determine whether the presence of the
ESAT-6 and CFP-10 sequences implies pathogenicity or the capacity to
gain pathogenic properties.

Taking into account the advantage of excluding the BCG-immunized
individuals from the false positives (thus lowering the total number of
false positives), Diaskintest® appears to be a convenient test in the
setting of mass BCG immunization and limited resources to use IGRA as
a TB diagnostic tool. Nevertheless, the assay does not have the capacity
to clearly and reliably differentiate the conditions caused by the path-
ogenic from those caused by the non-pathogenic mycobacteria.

Additionally, there are some other factors that may play a crucial
role in the performance of Diaskintest®. One significant factor to
consider is the expression level of ESAT-6 and CFP-10 proteins following
infection in different mycobacterial species. Variations in the expression
levels of these proteins can impact the sensitivity and specificity of the
test when the recombinant proteins are administered to an individual
previously exposed to these antigens. Furthermore, this exposure of the
host immune response to these antigens is another critical factor that can
influence test performance taking into account the immune status,
possible co-infections, or genetic predisposition. These variations can
affect the accuracy of the test by affecting the production of antibodies
or cellular responses that are detected by the test. In the end, this can all
affect the ability of these test to accurately detect TB infection
depending on the ability of the host to mount a measurable immune
response that can be captured by the test.
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