ORIGINAL RESEARCH | NEUROLOGY

CHEMOKINE (C-C MOTIF) LIGAND 19 AND INTERLEUKIN-23 IN PATIENTS WITH POST-LYME
DISEASE SYNDROME AND NEUROLOGICAL INVOLVEMENT

Baranova NS ¥4, Ostapenko YaS, Baranov AA, Ovsyanikova LA, Spirin NN, Rechkina OP, Zolotavkina SS, Vdovenko OV, Semechkin NV

Yaroslavl State Medical University, Yaroslavl, Russia

Lyme borreliosis (LB) is a naturally occurring transmissible disease caused by Borrelia burgdorferi sensu lato. Some patients develop LB after effective treatment
of the acute stage of the disease with antibiotics, which may suggest involvement of chemokines and cytokines in its pathogenesis. This study aimed to assess
serum levels of chemokine (C-C motif) ligand 19 (CCL19) and interleukin-23 (IL-23) in patients with post-Lyme syndrome (PLS) and neurological involvement, and
to examine their association with clinical manifestations and laboratory parameters. We examined 70 individuals (26 [37.1%] male and 44 [62.9%)] female) with
confirmed LB who presented with neurological symptoms persisting or recurring within 6 months following the recommended antibiotic treatment. The serum levels
of CCL19 and IL-23 were determined using a solid-phase enzyme immunoassay; CCL19 was high in 12 (17.1%) participants, and IL-23 in 10 (14.3%). Significant
positive correlations were established between the concentrations of CCL19 and IL-23 (r = 0.65, p < 0.0001) and their hyperproduction (- = 0.79, p < 0.0001). The
likelihood of developing Lyme disease after treatment increased significantly in association with overproduction of CCL19 and, especially, IL-23: odds ratio — 5.00;
95% Cl: 1.00-24.84, p = 0.04, and 22.42; 95% CI: 1.25-399.93, p = 0.083, respectively. No correlation was found between the concentration of CCL19, IL-23,
and the levels CRP, IgM and IgG antibodies to B. burgdorferi, ass well as IgG antibodies to SARS-CoV-2. A subject matter being discussed in the paper is how
CCL19, IL-23 and other mechanisms participate in post-treatment pathogenesis of Lyme disease with neurological damage.
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JNIUTAHL, 19 XEMOKUHA (MOTUB C-C) N UHTEPNIENKWH 23 Y MALUMEHTOB C NMOCTNANMCKUM
CUHOPOMOM C NMOPAXXEHWUEM HEPBHOW CUCTEMbI

H. C. BapaHosa ™=, 4. C. OcTtaneHko, A. A. Baparos, J1. A. OscaHukoBa, H. H. CrimpuH, O. . PeukuHa, C. C. 3onotaskuHa, O. B. BaoseHko,
H. B. Ceme4kmH

ApOCNaBCKUA rOCYAAPCTBEHHDIN MEOVLIMHCKNIA YHUBEPCUTET, Apocnaens, Poccus

JNainm-6oppenvos (J16) NprponHo-o4aroBoe, TpaHCMCCUBHOE 3aboneBaHme, KOTopoe Bbi3biBaeT Borrelia burgdorferi sensu lato. Y 4acTv naumeHToB nocne
3 PEKTUBHOMO NEYEHNS1 OCTPON CTaamm 60Ne3HN aHTUOMOTUKaMN Pa3BMBAETCS CUHAPOM 60one3Hn Jlaima, B ero natoreHede 06CyXOAETCs yHaCTe XEMOKMHOB U
LMTOKMHOB. Llenb nccnenoBaHms — OLEHUTb KOHLeHTpaumio nvranga 19 xemokuHa (Motne C-C) (CCL19) n nHTepnenkuHa (V1) VI1-23 B CbIBOPOTKE KPOBY Y
NaLeHToB ¢ NOCTNIANMCKIM CUHPOMOM (1C) ¢ NopaXKeHEM HEPBHOW CUCTEMbI, ONPEAENUTL CBA3b C KIMHUYECKMI NPOSIBEHVSIMN 6ONE3HN 1 NabopaTopHbIMM
nokazatensmu. ObcnegosaHo 70 YenoBek (26 (37,1%) Myxx4H 1 44 (62,9%) MeHLWWHbI) ¢ AOCTOBEPHbLIM AvarHo3oM J1Ib 1 Hannm4nem HeBpPONOrMHecKom
CYIMIMTOMATUKN, COXPaHSBLLEVCS U BOHUKLLEN BHOBb B TeYeHVe 6 MecsLEeB Noc/e NpoBeaeHHOrO PEKOMEHIOBaHHOIO Kypca aHTubaKTepuanbHO Tepanmn.
KoHueHTpaumto CCL19 n MJ1-23 B CbIBOPOTKE KPOBYW OMPeaensnv ¢ NMoMoLLbio TBepaodasHoro MMmMyHoepMeHTHOro Metofda. Bbicokne 3HadeHnss CCL19
BblsiBNeHbl y 12 (17,1%), a UJ1-23 — y 10 (14,3%) YenoBek. YCTaHOBMEHb! 3Ha4VMbIe MOMOXKUTENbHbIE KOPPENALMM Mexay KoHueHTpauvein CCL19 n NJ1-23
(r=0,65, p < 0,0001), a Takxke ux rmnepnpogykumen (r = 0,79, p < 0,0001). Mpwn runepnpopykumn CCL19 n, ocoberHo, J1-23 noCcTOBEPHO yBENMHMBaANach
BEPOSITHOCTb Pa3BUTUS cUHAPOMa 6onesHn Jlaima nocne neveHns (oTHoLLeHWe LwaHcos — 5,00; 95% [W: 1,00-24,84, p = 0,04 1 22,42; 95% [: 1,25-399,93,
p = 0,03 cooTBETCTBEHHO). He 06Hapy»keHO koppensaumn mexay koHueHTpaumen CCL19, 1-23 n 3HaveHnammn CPB, yposHem IgM v IgG aHTuTen K B. burgdorferi,
IgG aHTVTEN K SARS-CoV-2. ObcyxaaeTcs yqactve CCL19, UJ1-23 1 gpyrx MexaH3MOoB B naTtoreHese cuHapomMa 6onesHu Jlaiva nocne nedeHns y naumeHToB
C NOPaXKeHNEM HEPBHOW CUCTEMBI.

KnioyeBble cnoBa: NoCTNaniMCKMin CUHAPOM, HEpBHas cucTema, LUTOKMHbI, CCL19, nHTepnenkuH 23

DduHaHcupoBaHue: paboTa BbiNoHeHa Mpy (1HAHCOBOM NoAAep KKe MVHUCTEPCTBa COLMAUTbHBIX KOMMYHVKALIAY 1 HayYHO-TEXHOMOMHECKOIO PasBUTVIst ApOCTaBCKO
obnacTu (cornawenue (rpaHT) Ne 26HIM/2024 ot 25 nexabpsi 2024 r.).

Bknap aBtopos: H. C. bapaHoga, f1. C. OctaneHko, A. A. Baparos, H. H. CrivprH — nnaHvposaHme 1 amsaitH nccnegoBanst; A. C. OctaneHko, J1. A. OBCSHMKOBA,
O. IN. PeyknHa, C. C. 3onotaskuHa, O. B. BooseHrko, H. B. CemeuknH — cbop AaHHbIx 1 npoBefeHne nccnenosanns; H. C. BapaHosa, A. C. OcTaneHko,
A. A. BapaHoB — aHanu3 faHHbix; H. C. baparosa, 5. C. OctaneHko, A. A. bapaHoB — HanvcaHve ctaTbu.

CobntogeHne 3aTM4ecKnX CTaHAapToB: 1CCnefoBaHre ofobpeHo atndeckiv kommuteTom GIrE0Y BO ArMY Munsapasa Poccun (npotokon Ne 63 oT 14 ceHTs6ps
2023 r.). Bce naumeHTbl nognvcanv Ao6poBosibHOe MHOPMMPOBaHHOE corfacue.

><] Ans koppecnoHpeHuum: Hatanms CepreesHa BapaHosa
yn. PeBontounonHas, a. 5, 1. dpocnasnk, 150000, Poccust; baranova_ns@mail.ru

Cratbsi nonyyeHa: 18.05.2026 CtaTtbsa npuHATa K neyvatun: 13.06.2026 Ony6nmkoBaHa oHnaviH: 26.06.2026
DOI: 10.24075/vrgmu.2026.034

AsTopckue npasa: © 2026 npuHagnexar astopam. Jinuensunar: PH/MY nm. H. W. Tuporosa. CtaTbsa pa3mMellieHa B OTKPLITOM JOCTYMNe 1 PaCPOCTPaHAETCA
Ha ycnosusax nmnueHanm Creative Commons Attribution (CC BY) (https://creativecommons.org/licenses/by/4.0/).

118 | BULLETIN OF RSMU | 3, 2026 | VESTNIK.RSMU.PRESS | DOI: 10.24075/BRSMU.2026.034



Lyme borreliosis (LB) is a naturally occurring, transmissible
disease caused by Borrelia burgdorferi sensu lato and
transmitted by ixodid (hard) ticks; it affects multiple organs
and systems and typically progresses through distinct clinical
stages [1]. LB is the most common vector-borne infection both
in Russia [2] and worldwide [3-8].

The term "post-treatment Lyme disease syndrome"
(post-Lyme syndrome) is used to refer to patients who have
recovered LB following antibiotic therapy [7]. Its clinical
presentations include fatigue, pain in muscles, joints, spine, or
cognitive impairment; these symptoms occur within six months
after a confirmed Borrelia burgdorferi (B. burgdorferi) infection
or persist for at least six months after an effective antibiotics
course that arrested or eliminated the objective acute stage
manifestations of the disease [8-10].

One of the common pathologies associated with PLS
is neurological. Several mechanisms are involved in the
pathogenesis of thereof, including persisting of infection,
autonomic dysfunction, and activation of the innate and
acquired immune response [10, 11]. LB patients present with
high serum levels of chemokines and cytokines, in particular
chemokine (C-C motif) ligand 19 (CCL19) [12, 13], interleukin-23
(IL) [14], and interferon-a (INF-a) [15]. It is believed that the
identification of biomarkers of various stages and variants of
LB, including PLS with neurological involvement, is important
for the accuracy of the diagnosis, prediction of the development
of the syndrome, and evaluation of the effectiveness of the
therapy [16]. The tests for serum levels of CCL19, OspA, and
INF-a in LB cases are classified as the 2nd category biological
tests; they have not yet been introduced into routine laboratory
practice and require further clinical evaluation [17]. Thus,
establishing the concentration of CCL19, and possibly IL-23, in
LB patients is potentially beneficial in the context of determining
the risk of subsequent PLS, and requires further study. The
papers on this topic are foreign [13-15]; no relevant studies
have been conducted in the Russian Federation. This work is a
continuation of our previous research effort [18].

This study aimed to evaluate serum levels of CCL-19
and IL-23 in patients with PLS with neurological involvement
seeking to determine the relationship between the said levels,
the specifics of clinical manifestations of the disease, and
laboratory indicators.

METHODS

From September 2023 to May 2025, the study included
70 people (26 (37.1%) men and 44 (62.9%) women) with confirmed
LB who presented with neurological symptoms persisting or
recurring within 6 months following the recommended antibiotic
treatment. The median age of the patients was 55.50 (46.00;
69.00) years, and the duration of the disease was 2.00 (1.00;
4.00) years.

Inclusion criteria: a confirmed LB diagnosis; a completed
course of antibiotics for LB; disease persistence for at least
6 months after the antibiotic therapy; the patient's willingness
to cooperate and the ability to comply with the requirements of
this study (signed voluntary informed consent form).

Exclusion criteria: exacerbation or decompensation of
chronic non-communicable diseases at the time of the patient's
inclusion in the study (chronic cerebral ischemia, diabetes
mellitus, acute coronary syndrome, chronic heart failure, lung
pathology, chronic kidney disease, etc.); systemic rheumatic
diseases (rheumatoid arthritis, psoriatic arthritis, systemic lupus
erythematosus, systemic scleroderma, dermatitis/polymyositis,
polymyalgia rheumatica, giant cell arteritis, etc.); cancer at the
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time of inclusion in the study or in the medical history; SARS-
CQOV-2 infection in the acute stage; the patient's unwillingness
to continue monitoring and/or participate in certain research
procedures set out in informed consent, or lack of a signed
voluntary informed consent form.

At the time of the examination, five (7.1%) patients had a
periodic subfebrile fever, which was interpreted as a general
infection syndrome. Musculoskeletal involvement was mainly
manifested as arthralgias (18 patients, 25.7%) and myalgias
(8 patients, 11.4%); arthritis and myositis were less common,
affecting 4 (5.7%) and 1 (1.4%) patients, respectively.

After the course of antibiotics, all patients retained or
developed various pathologies of the nervous system. Thirty
(42.9%) of them had radiculopathy (RP), and 22 (31.4%) —
polyneuropathy (PNP), both conditions affecting the peripheral
nervous system (PNS). There were three (4.3%) cases of
facial nerve neuropathy (FNN). As for the central nervous
system (CNS), the pathologies were encephalopathy (EP) —
54 (77.1%) cases — and encephalomyelitis (2 (2.9%) cases).
Depression was diagnosed in 42 (60.0%) participants, anxiety
in 10 (14.3%), and asthenia in 50 (72.5%) patients. Twenty-nine
(41.4%) participants presented with a combined pathology of
CNS and PNS, and isolated involvement PNS and CNS was
established in 14 (20.0%) and 27 (38.6%) patients, respectively.

Based on the results of the examination, we divided the
participants into four groups. The key criteria for the division
were signs of continued damage to the nervous system (with
partial or complete regression) or new neurological symptoms
(mostly subjective or clinically pronounced) manifesting within 6
months after antibiotic treatment.

The 1t group of 39 people (55.7%) included patients with
predominantly subjective, non-progressive symptoms (post-
Lyme syndrome, PLS), 13 men and 26 women. Their median
age of 57 (47.00; 70.00) years, and disease duration 24
(12.00;48.00) months.

The 2 group included 22 (31.4%) people with residual
effects of neurological involvement (PLS with residual effects),
9 men and 13 women. Their median age was 55 (46.00; 64.00)
years, and the duration of the disease 42 (12.00;96.00) months.

There were 5 (7.1%) people in the 3 group; they presented
with progressing signs of nervous system damage — relapsing
PLS, or chronic LB. This group consisted of 2 men and
3 women, their median age was 45.5 (42.00; 52.00) years, the
duration of the disease 36 (30.00; 60.00) months.

The 4™ group (4 patients, 5.7%; 2 men and 2 women)
comprised patients with complete regression of clinical
symptoms (PLS with fully resolved neurological signs). The
median age of the patients was 51.5 (49.50;57.50) years, and
the duration of the disease was 24 (15.00; 30.00) months. The
groups were similar in gender, age, and duration of the disease
(o > 0.05).

The control group included 15 practically healthy donors
(6 men and 9 women, median age of 50.5 (48.50; 55.50));
they met the non-inclusion criteria. Seeking to detect diseases
that could affect results of the study, we examined everyone
(standard neurological examination) and collected medical
histories thoroughly.

Serum levels of CCL19 and IL-23 were measured by
ELISA using RayBiotech reagents (Cat. No. ELH-MIP3b
and ELH-IL23-1, USA), and serum C-reactive protein (CRP)
was measured by a standard immunoturbidimetric method
(Vector-Best, Russia; Novo C-reactive protein (latex), Cat. No.
B-9501). The level of IgM antibodies to B. burgdorferi (anti-
B. burgdorferi) was measured using the Anti-Borrelia ELISA (IgM)
test kit (Cat. No. EI 2132-9601 M), and that of IgG antibodies to
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Table 1. Clinical and laboratory characteristics by CCL19 and IL-23 concentration

CCL19 <293.72 pg/ml | CCL19 >293.72 pg/ml | IL-23 <1297.41 pg/ml IL-23 > 1297.41 pg/ml
Characteristic (n=58) (n=12) (n=60) (n=10) P
1 2 3 4
Common syndromes
General infectious syndrome, n (%) 4(6.9) 1(8.3) 5(8.3) 0(0.0) n/s
Arthralgia, n (%) 14 (24.1) 4(33.3) 16 (26.7) 2 (20.0) n/s
Arthritis, n (%) 3(5.2) 1(8.3) 46.7) 0(0.0) n/s
Myalgia, n (%) 5(8.6) 3 (25.0) 6 (10.0) 2 (20.0) n/s
Arthralgia/myalgia, n (%) 2(3.5) 2(16.7) 3(5.0) 1(10.0 n/s
Myositis, n (%) 1(1.7) 0 (0.0 1(1.7) 0(0.0) n/s
Nervous system damage syndromes
RP, 1 (%) 27 (46.6) 3 (25.0) 28 (46.7) 2 (20.0) n/s
PNP, 1 (%) 19 (32.8) 3(25.0) 19 (31.7) 3(30.0) n/s
FNN, 11 (%) 3(5.7) 0(0.0) 3(5.0) 0(0.0) n/s
EP, n (%) 45 (77.6) 9 (75.0) 46 (76.7) 8 (80.0) n/s
EM, 1 (%) 1(1.7) 1(8.3) 2(3.3) 0(0.0) n/s
Depression, n (%) 36 (62.1) 6 (50.0) 37 (61.7) 5 (50.0) n/s
Anxiety, n (%) 8 (13.8) 2 (16.7) 7(11.7) 3(30.0) n/s
Asthenia, 1 (%) 43 (75.4) 7 (58.3) 43 (72.9) 7 (70.0) n/s
Isolated PNS involvement, n (%) 12 (20.7) 2(16.7) 12 (20.0) 2 (20.0) n/s
Isolated CNS involvement, n (%) 20 (34.5) 7 (568.3) 21 (35.0) 6 (60.0) n/s
S(()Orz)bines involvement of PNS and CNS, 26 (44.8) 3 (25.0) 27 (45.0) 2 (20.0) /s
Laboratory indicators

CRP, median (25"; 75" percentile), (mg/) 2.30 (0.80; 3.70) 3.00 (1.25; 3.85) 2.30 (0.80; 3.90) 2.55 (1.80; 3.60) n/s
CRP > 5.0 mg/l, n (%) 11 (18.9) 1(8.3) 11 (18.3) 1(10.0) n/s
'F?e"r"czggl'j"%“lﬁﬁf’f” , median (257 75" | 45 90 (7.53; 105.81) 11.12 (7.17; 46.36) 13.90 (7.43; 112.49) 11.12 (7.03; 45.08) n/s
IgM anti-B.burgdorferi > 22 RU/ml, n (%) 24 (41.4) 4(33.3) 25 (41.7) 3 (30.0) n/s
:fgczzttii'lg'ﬁg’g/drggf” i, median (25%; 75" 9.05 (4.29; 44.81) 8.17 (4.13; 12.05) 9.05 (4.32; 39.16) 8.17 (3.77; 13.39) n/s
IgG anti-B.burgdorferi > 22 RU/ml, n (%) 18 (31.0) 0(0.0) 18 (30.0) 0(0.0) g;:i:
Egczr;iii];f\ﬁas/\'g;’n\{f' median (5% 75" | 360 54 (209.30; 466.04) | 398.66 (276.96; 614.10) | 360.54 (209.50; 442.35) | 468.05 (207.56; 653.33) | /s
IgG anti-SARS-CoV-2 > 10 BAU/mI, n (%) 53 (91.4) 12 (100.0) 55 (91.7) 10 (100.0) n/s

Note: * — the differences between the groups are significant, p < 0.05; n/s — the differences between the groups are not significant.

B. burgdorferi using the Anti-Borrelia PLUS VIsE ELISA (IgG) kit
(Cat. No. EI 2132-9601 2G). According to the manufacturer's
instructions, the results were considered positive if the
concentration of IgM and IgG antibodies to B. burgdorferi was
more than 22 relative units per 1 ml (OE/ml). Quantities
of IgG antibodies to SASRS-CoV-2 were established by
evaluated by SARS-CoV-2-IlgG Quantitative IFA-Best kit
(Cat. No. D-5505).

Statistical processing of the results was done in Statistica
10.0 (StatSoft, USA) and MedCalc 14.8.1 (MedCalc Software,
USA) using common methods of parametric and nonparametric
statistical analysis. The results are presented as median
(Me) with an interquartile range [25" and 75™ percentiles],
average value (M), and standard deviation (6). To compare
samples by qualitative attribute and to assess the proportion of
occurrence of a characteristic/sign, we used the Fisher's exact
test. Spearman's rank correlation coefficient was used for the
correlation analysis. A ROC analysis was performed to estimate
the area under the ROC curve (AUC) with a 95% confidence
interval (95% CI) and to calculate the indicator's sensitivity (Hr)
and specificity (C). The odds ratio (OR) was estimated with a

95% confidence interval (OR [95% CIJ). The level of significance
was set at p < 0.05.

RESULTS

Serum levels of CCL19 and IL-23 in PLS patients with
neurological involvement versus donors

CCL19 concentrations in donors' serum ranged from 28.21 to
258.73 pg/ml, with a median of 112.27 (565.61; 130.64) pg/ml.
The concentration of IL-23 ranged from 16.89 pg/ml to
1074.20 pg/ml, with a median of 178.34 (126.13; 594.35) pg/ml.
The upper limit of the normal range (M + 30) in healthy donor
sera was 293.72 pg/ml for CCL19 and 178.34 pg/ml for IL-23.

In LB patients with neurological involvement, the concentration
of CCL19 ranged from 23.96 pg/ml to 902.50 pg/ml, with
a median of 83.09 (54.71; 198.01) pg/ml. The level of
IL-23 was from 15.51 pg/ml to 9759.44 pg/ml, with a median of
45.48 (22.38; 352.98) pg/ml. These values were lower than in
the control group, but the differences did not reach significance
(o > 0.05). High values (greater than M + 36 measured in the
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Table 2. Serum concentration of CCL19, IL-23, and other immunological markers, median (25; 75" percentile), in PLS patients with neurological involvement, all groups

L Group 1 Group 2 Group 3 Group 4
Characteristic (n=139) (n=22) (n=5) (n=4) p
1 2 3 4
CCL19 pg/ml 119.78 (60.86; 297.35) | 64.13 (48.82;107.08) | 68.14 (56.22;89.24) | 67.26 (40.45; 153.33) | p1-2**
CCL19 > 293.72 pg/ml, n (%) 10 (25.6) 1(4.5) 1(20.0) 0(0) p1-2*
p1-2¢
IL-23, pg/ml 93.35 (23.73; 1416.73) | 25.76(18.54;118.23) | 64.21 (23.40; 352.98) 19.11 (16.04; 20.40) | p1-4**
p3-4*
IL-23 > 178.34 pg/ml, n (%) 10 (25.6) 00 0(0) 0(0) p1-2**
CRP, mg/l 2.20 (0.90; 3.60) 2.40 (0.70; 5.30) 1.70 (1.50; 3.40) 3.75 (1.95; 4.52) n/s
CRP > 5.0 mg/l, n (%) 6 (15.4) 6 (27.3) 0(0) 0(0) n/s
IgM anti-B.burgdorferi, RU/ml 13.27 (7.33; 78.94) 12.35 (6.79; 54.29) 36.17 (25.91; 162.18) | 239.11 (122.64; 247.07) | n/s
Ewo';‘”t"s'b“rgd"”e’ #>22 RU/ml, 15 (38.5) 6 (27.3) 4 (80.0) 3(75.0) n/s
'F?S/;Tt"B'b”rgdo”e’ /(EUROCIMM), 10.66 (5.09; 19.48) 4.88 (3.95; 23.72) 10.37 (4.34; 17.86) 44.66 (5.13; 121.21) n/s
',?(Go/o‘;"t"s'b”rgd"”e’ 7>22 RU/mI, 12 (30.8) 6 (27.3) 1 (20.0) 2 (50.0) n/s
IgG anti-SARS-CoV-2, BAU/mI 346.60 (192.95; 450.48) | 384.60 (245.15; 914.34) | 332.78 (87.29; 362.43) | 424.82 (371.57; 479.06) | n/s
',?(Go/o"’)‘”t"SARS'C"V'Z > 10 BAU/mI, 37 (94.9) 20 (90.9) 4(80.0) 4(100.0) n/s

Note: *— the differences between the groups are significant, p < 0.05; ** — the differences between the groups are significant, p < 0.01; n/s — the differences between

the groups are not significant.

control group) of CCL19 were detected in 12 of 70 patients
(17.1%), and high values of IL-23 were detected in 10 of
70 patients (14.3%).

The concentration of CCL19 did not correlate with the
age of the patients (- = 0.16, p > 0.05) and the duration of the
disease (r=0.09, p > 0.05). A similar situation was observed for
IL-23: its values did not depend on the patients' age (r = -0.01,
p > 0.05) and the disease's duration (r = 0.03, p > 0.05).

Table 1 presents a comparative analysis of clinical and
laboratory manifestations between groups with normal or
high levels of CCL19 and IL-23. We observed no significant
differences by gender, patient age, illness duration, or presence
of common syndromes. Patients with high serum CCL19 and
IL-23 were more likely to have isolated CNS damage (p > 0.05).
By other clinical signs, the groups did not differ from each other
significantly.

CCL19
100 |

80 |

D
o

Sensitivity

N
o

20 B 2322'.?.!'.3 292'.2
Threshold: >0 AUC = 0.596
i p=0.022
0 20 40 60 80 100
Specificity

lgG anti-B. burgdorferi were significantly more often detected
in patients with normal CCL19 and IL-23 values than in
patients with high levels (p = 0.02 and p = 0.04, respectively).
Overproduction of each cytokine was significantly related
to the presence of IgG anti-B. burgdorferi in the blood
serum (CCL19 — r = -0.27, p = 0.03; IL-23 — r = -0.24,
p = 0.04).

The concentration of CRP, IgM anti-B. burgdorferi, 1gG
anti-SARS-CoV-2, and the frequency of their high values did
not significantly differ in the compared groups (p > 0.05). We
have not observed a correlation between the concentration of
CCL19 and the values of CRP (r = 0.16, p > 0.05), the level
of IgM anti-B. burgdorferi (r = -0.12, p > 0.05), IgG anti-
B. burgdorferi (r = 0.02, p > 0.05), and IgG anti-SARS-CoV-2
(r=0.08, p > 0.05). The level of IL-23 was also not linked to
the values of CRP (r = 0.09, p > 0.05), IgM anti-B. burgdorferi

IL-23
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Fig. ROC curves showing the association between high CCL19 and IL-23 values and Group 1 patients (PLS), the cohort with PNS involvement
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Table 3. Odds ratio for women and men, overproduction of CCL19, IL-23, immunological markers for groups of PLS patients with neurological involvement

Characteristic Group 1 Group 2 Group 3 Group 4
OR (95% Cl) OR (95% ClI) OR (95% CI) OR (95% Cl)

Gender:

male 0,74 (0,56; 1,34), (p = 0,50) 1,68 (0,65; 4,33), (0 = 0,28) 0,42 (0,08; 2,13), (p = 0,30) 1,54 (0,38; 6,21), (p = 0,54)
female 1,34 (0,56; 3,18), (p = 0,50) 0,59 (0,23; 1,52), (p=0,28) | 2,35(0,47; 11,82), (p = 0,30) 0,64 (0,16; 2,60), (p = 0,54)
CCL19 5,00 (1,00; 24,84), (p = 0,04) 0,16 (0,02;1,33), (p = 0,09) 1,23 (0,12;12,06), (p = 0,86) 0,48 (0,02; 9,59), (p = 0,63)
IL-23 22,42 (1,25; 399,93), (p=0,03) | 0,08 (0,01; 1,46), (p = 0,08) 0,48 (0,02; 9,36), (p = 0,63) 0,59 (0,03; 11,95), (p = 0,73)
CRP 0,76 (0,22; 2,63), (p = 0,66) 2,63(0,74;9,34), (p=0,14 0,39 (0,02; 7,51), (p = 0,54) 0,48 (0,02; 9,59), (p = 0,63)
IgM anti-B.burgdorferi 0,87 (0,25; 2,15), (p = 0,57) 0,68 (0,24; 1,91 6,83 (0,72; 64,74), (p=0,09) | 4,92 (0,49; 49,93), (p=0,18)

IgM anti-B.burgdorferi 0,73 (0,33; 2,26), (p = 0,77)

1,13 (0,36; 3,53), (0 = 0,84

0,71 (0,07; 6,77), (p=0,76) | 3,13 (0,41; 24,02), (p = 0,27)

(
(
(
(

IgM anti-SARS-Cov-2 1,98 (0,31; 12,67), (p = 0,47)

), (
), (
), (p=0,46
), (
), (

0,67 (0,10; 4,30), (p = 0,67

)
)
)
)

0,26 (0,02; 2,93), (p=0,28) | 0,81 (0,04; 16,98), (p = 0,89)

(r=-0.14, p > 0.05), IgG anti-B.burgdorferi (r = -0.01, p > 0.05)
and IgG anti-SARS-CoV-2 (r = 0.10, p > 0.05).

High values of each cytokine were not associated with
elevated CRP levels (CCL19 —r =-0.10, p > 0.05 and IL-23 —
r =-0.08, p > 0.05), the presence of IgM anti-B.burgdorferi
(CCL19 —r=-0.06, p > 0.05 and IL-23 —r =-0.08, p > 0.05),
and IgG anti-SARS-CoV-2 (CCL19 — r = 0.13, p > 0.05 and
IL-283 —r=0.11, p > 0.05).

We established significant positive correlations — moderately
and highly strong — between concentrations of CCL19 and
IL-23 (r = 0.65, p < 0.0001) and hyperproduction of these
cytokines (r = 0.79, p < 0.0001).

Cytokines in PLS patients with neurological involvement
(various groups)

As noted above, we divided the sample of LB patients into four
groups based on the results of clinical examination. High levels
of CCL19 and IL-23 (compared to normal range values) were
common among group 1 patients (CCL19 — 83.3 and 50.0%,
p =0.03; IL-23 — 100 and 48.3%, p = 0.001). Overproduction
of CCL19 was detected in only one (8.3%) group 2 patient and
one (8.3%) participant from group 3. High levels of IL-23 were
recorded only in the patients from the 15t group.

Table 2 presents the results of intergroup comparison. The
highest concentrations of CCL19 and IL-23 were observed in
group 1 (PLS); Overproduction of each of these cytokines was
significantly associated with this group (CCL19 — r = 0.25,
p =0.03; IL-283 — r = 0.36, p = 0.001), and there was no such
association detected for other groups.

Compared to other groups, group 4 exhibited a clear pattern
of increased concentration of CRP, IgM and IgG antibodies to
B. burgdorferi, and IgG anti-SARS-CoV-2 (p > 0.05). By these
indicators, groups 1, 2, and 3, did not differ significantly (o > 0.05
for all parameters).

The diagnostic significance of overproduction of these
immunological markers was established only for clinical
manifestations seen in group 1 patients (Fig.). For CCL19,
the area under the ROC curve was 0.596 (sensitivity 25.64%,
specificity 93.55%, p = 0.022), and for IL-23, it was 0.628
(sensitivity 25.64%, specificity 100.00%, p = 0.0003).

Odds ratio for gender, overproduction of CCL19, IL-23,
and immunological markers in PLS groups

We determined the OR for men and women, high
concentrations of CCL19, IL-23, CRP, presence of IgM and
IgG antibodies to B. burgdorfery, 1gG anti-SARS-CoV-2,
and various groups of PLS patients neurological involvement
(Table 3).

The OR did not depend on gender in all 4 groups. Significant
associations were found only between CCL19, IL-23, and
group 1. With high values of CCL19, the risk of PLS significantly
increased (OR 5.00; 95% Cl — from 1.00 to 24.84; p = 0.04)
especially with overproduction of IL-23 in the background (OR
22.42; 95% Cl — from 1.25 t0 399.93; p = 0.03).

DISCUSSION

Dysregulation of the innate and acquired immune responses,
accompanied by increased production of chemokines and
cytokines, is a widely discussed possible cause of PLS [10, 11].
Several authors reported detecting high spinal fluid concentration
of CCL19 and IL-23 in the acute stage of neuroborreliosis
[15, 19]. Thus, one team of researchers observed significant
(compared to the control) increase of CCL19 levels before and
after antibiotic therapy [12]. Subsequently, this team confirmed
its discovery in a larger cohort of patients [13]. However, these
findings were not revalidated by other scholars investigating
CCL19 concentration in LB patients [20].

European researchers, almost simultaneously with scientists
from the USA, also reported an increase in serum IL-23 in
neuroborreliosis cases [14], which was later confirmed by other
authors [15]. However, similar to another research group [21],
we did not detect serum IL-23 in patients with acute-stage
neuroborreliosis [22].

We found high levels of CCL19 levels 17.1% of patients,
and high IL-23 in 14.3% of cases; the concentrations of these
cytokines were not related to the patients' age and duration
of the disease. Previously, other researchers also have not
identified an association of CCL19 with the gender, age of
patients, and disease's duration [13]. The absence of a link
between IL-23 concentration and gender has been noted in
other studies [14, 20].

We did not find associations between overproduction of
CCL19/IL-23 and common LB syndromes with the majority of
clinical manifestations of neurological involvement. However,
their high values suggested more frequent occurrence of
isolated CNS damage, mainly in the form of EP. Other authors
also point to the lack of connection between the production
of CCL19/IL-23 and the clinical signs of PLS [13-15, 20].
Similar to several researchers [13, 15], we did not register an
increase in the concentration of CRP 6 months after the start of
antibiotic therapy in all groups of PLS patients with neurological
involvement. There is, however, one study that reported a
significant growth of the level of CRP in PLS patients compared
with the values established in convalescents [23].

There are three generally recognized outcomes of LB
following a course of antibiotics: recovery, development of
resistance to antibiotics (including progressing forms of the
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disease), and PLS [10, 11]. A number of papers describe an
established connection between the development of PLS and
high values of either CCL19 [13] or IL-23 [14]; other studies, on
the contrary, report no such links [15, 20]. We found that high
levels of CCL19 and IL-23 (compared with normal range values)
indicate a significantly more frequent occurrence of PLS. There
is evidence that high serum CCL19 6 months after the start of
the antibiotic therapy translates into PLS development OR of
1.84 (95% CI: from 1.12 to 3.02, p < 0.05) [13]. In this study,
we demonstrated that elevated CCL19 and IL-23 levels were of
prognostic and diagnostic significance in group 1 participants
(PLS patients).

The assumed reason for the differing results between the
US and European PLS studies — a confirmed link to CCL19
in the former and to IL-23 in the latter — is differences in the
genospecies of B. burgdorferi: the predominant strain in the
USAis B. burgdorferi sensu stricto, while in Europe it is B. afzelii
and B. garinii [13]. However, in our opinion, this is not the only
valid explanation. In the Russian Federation, the predominant
strains are B. afzelii and B. garinii, same as in Europe [24], and
in this work, we observed increase of both CCL19 and IL-23
in the PLS group. The differences may also stem from the
peculiarities of the formation of clinical groups in each study.

CCL19 and IL-23 are also know to spike during the acute
stage of Covid-19 and suggest adverse outcomes [25]. Our
sample did not include acute-stage Covid-19 patients. Since
there were no intergroup differences in the frequency of
occurrence and the levels of IgG anti-SARS-CoV-2, we believe
that this infection did not affect the LB-related patterns we have
identified. Moreover, high values of CCL19 and IL-23 were not
associated with detection or increased serum counts of IgG
anti-SARS-CoV-2.

An important component of LB diagnosis is the determination
of specific IgM and IgG antibodies to B. burgdorferi. With this
in mind, we analyzed the connections between them and the
studied biomarkers. IgG anti-B.burgdorferi was significantly
more often detected in patients with normal CCL19 and IL-23
values than in those with high levels thereof. No correlation was
found between the concentration of CCL19/IL-23 and levels of
IgM and IgG antibodies to B. burgdorferi. Other authors also
did not identify a relationship between the serum level of IL-23
and the amount of antibodies to B. burgdorferi [14].

IgM or IgG anti-B.burgdorferi were found in all groups
of patients with neurological involvement. We believe that
the frequent detection of specific IgM and IgG antibodies to
B. burgdorferi in group 1 was not associated with an active
B. burgdorferi infection. According to the literature, in LB cases,
specific IgM and IgG anti-B.burgdorferi detectable with a two
tests (ELISA and Western blotting) can persist for a long time —
from 10 to 20 years after treatment [26]. However, their presence
is not associated with a persisting infection. It was found that
high concentrations of these IgM and IgG is associated with
rapid resolution of LB symptoms (compared with low levels
thereof) [27]. These data partially explain the high incidence and
level of specific anti-B.burgdorferi immunoglobulins as well as
IgG anti-SARS-CoV-2 in group 4 patients (full recovery).

Considering the possible mechanisms of PLS development,
it should be noted that in case of B. burgdorferi, a complex
of interrelated reactions develops in response to infection,
including activation of the effector components of innate and
acquired immune defenses aimed at limiting the pathogenic
load, minimizing tissue damage, and preventing subsequent
reinfection [28]. The production of pro-inflammatory chemokines
and cytokines by dendritic cells (DC) and macrophages is an
integral part of this process aimed at enhancing the innate
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immune system response and initiating the acquired immunity
[28]. CCL19 and IL-23 are instrumental to these processes.
CCL19 is involved in T cell activation, initiation of acquired
immunity, and maintenance of immune tolerance. It is produced
by DC, macrophages, neutrophils, etc. [29]. This antibody,
which targets CCR7 (C-C chemokine receptor type 7), plays
an important role in recruitment of CCR7+ naive and memory
T cells, dendritic cells, and B lymphocytes to lymphoid organs
and the central nervous system [30, 31]. CCL19 is continuously
expressed in the CNS for rapid immune surveillance [32]. After
infection with B. burgdorferi, animal models exhibit increased
CCL19 mRNA expression in the lymph nodes [33] accompanied
by intensive CCL19 production by activated DC.

The main sources of IL-23, as with CCL19, are activated
dendritic cells and macrophages [29, 34]. IL-23 is also produced
by B cells and type 3 innate lymphoid cells. It is obvious that
CCL19 and IL-23, playing an important role in inflammatory
processes, act synergistically in some cases, enhancing each
other's production and effects. In experimental studies, CCL19
binding to CCR7 on cells in the spleen and bone marrow
of mice activated the PISK and NF-kB signaling pathways,
induced transcription of IL-23p19, and increased production of
IL-23 [35]. This may explain the combined increase in serum
CCL19 and IL-23 in group 1 patients (PLS) we observed.

The activation of DC in LB has a number of significant
features. The examination of the bacterial immunopeptidome
during culture of live B. burgdorferi with dendritic cells
derived from monocytes of healthy donors revealed a unique
gene-expression signature distinct from that induced by the
TLR agonist 2-lipoteichoic acid [36]. There was registered an
increased expression of negative checkpoint inhibitors PD-L1,
TIM3, LAG3 and indolamine-2,3-dioxygenase by monocytic
DC. It is believed that pathogens use the PD-L1 pathway to
evade the host's response [37]. An experimental LB model
showed that the PD-1/PD-L1 pathway is induced during
B. burgdorferi infection [38]. Induction of LAG-3 expression,
which is mainly restricted to regulatory T cells (Tregs), was
detected in monocytic DCs [39]. The latter affect the balance
of pro- and anti-inflammatory processes caused by infection,
including LB [40].

B. burgdorferi stimulates the production of indolamine-
2,3-dioxygenase by monocytic DC (an enzyme that destroys
tryptophan and suppresses the formation of effector T cells)
and stimulates the generation of CD4-Treg cells [41]. Thus,
DC exposed to B. burgdorferi alter the T cell response of the
human body [36]. It is believed that dysregulation and aberrant
response of T cells is a feature of LB that partially conditions
clinical outcomes of the disease [11]. In patients with elevated
levels of IL-23, an impaired immune response associated with
Th17 increases the risk of subsequent PLS [14].

In recent years, new data have emerged revealing additional
mechanisms of CCL19 and IL-23 involvement in the formation
of clinical manifestations of PLS. These data are potentially
interesting in terms of understanding the pathogenesis of
the syndrome and devising its treatment strategies. The
findings include involvement of choroid plexus cells and the
meningeal lymphatic system, dysregulation of immune-cell
migration between the CNS and peripheral compartments,
and dysfunction of the glymphatic system, impaired expression
of transcription factors that maintain vascular endothelial
homeostasis and T-lymphocyte function, in particular
Kruppel-like factor 2 (KLF2).

B. burgdorferi can affect epithelial cells of the vascular plexus
in the human CNS, inducing changes that promote chemotaxis
of activated T lymphocytes into CNS parenchyma [42]. During
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incubation of B. burgdorferi with epithelial cells of the human
vascular plexus, a significant increase in the expression of
immune and inflammatory chemokine genes, including CCR7
and INF types | and Il, was observed. Researchers registered
a decrease in the expression of key genes encoding proteins
involved in tight junctions (cldn14) and adhesion (cdh2), as well
as the B-subunit of the sodium—potassium transporter (atp1b1)
[43]. The meningeal lymphatic system plays an important role
in local immune homeostasis of the meninges and participates
in the migration of immune cells — particularly DC and T cells —
from the central nervous system to meningeal borders and,
subsequently, via afferent lymphatic vessels, to the cervical
lymph nodes [44]. Disruption of T-cell migration from the CNS
may be accompanied by pathological changes therein [44].

It is possible that the dysfunction of the glymphatic system
after the acute stage of LB may be an additional factor in the
pathogenesis of PLS with neurological involvement. Its key
element is aquaporin-4 [45]. It is involved in brain inflammation,
cerebrospinal fluid clearance, synaptic plasticity and memory
formation, regulation of extracellular space volume, and
potassium homeostasis [46, 47]. Aquaporin-4 participates in
the migration of immune cells to the CNS, in the formation of an
effective acquired T- and B-cell immune response; it is needed
to complete activation of T cells [48, 49].

Mice with aquaporin-4 deficiency show cognitive impairments
in object location memory test [50] and worsened spatial
memory in the Morris water maze [51]; both of these disruptions
are important neurological manifestations of PLS. Dysregulation
of the glymphatic system is considered to be the main factor in
the development of myalgic encephalomyelitis/chronic fatigue
syndrome, the clinical signs of which, especially "brain fog," are
characteristic of PLS with neurological involvement [52].

It is known that CCR7 expression for CCL19 is regulated
by the zinc-finger transcription factor KLF2, which maintains
vascular endothelial homeostasis and T-lymphocyte function
[63]. Genes regulated by KLF2 are important for the survival,
migration, and functioning of T cells. A drop in KLF2 levels
is associated with the development of endothelial dysfunction,
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