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Pesiome. B HacTos111e€ BpeMs1 yCUIMSI MHOTHUX HayYHBIX TPYIIT B MUPE HaITpaBJIeHbI Ha IIOMCK HOBBIX (ak-
TOPOB, 3aITyCKalOIIMUX IPOILIECC aJJIEPTUYEeCKOl CEHCUOMIM3alluu, CBI3aHHbIN ¢ cuHTe30M IgE B oTBeT Ha
0e3BpeaHble ajuiepreHbl. [1o coBpeMeHHBIM JaHHBIM, MPOAYKIIMS TKAaHEBbIX IIMTOKMHOB MHIYLIMPYETCS B
TKaHsX 4Yepes3 aJlapMUHBI, UTO, B CBOIO OYEPE/ib, BI3bIBACT MPOAIEPTUUSCKIIT UMMYHHBI OTBEeT. PaHee Mbl
MOKa3ajiu, 4YTO 3-aJlaHUH MOXKET ObITh MOTEHIIMAbHBIM aJIaDMUHOM, CITOCOOHBIM CTUMYJIUPOBATH MPOAYK-
LIMI0 TKAaHEBbIX IMTOKUHOB. Llefibio HacTosiIel paboThI ObLIO ONpeesieHre BKIIaaa 3-alaHuHa B TyMOpasib-
HbIII UMMYHHBII OTBET Ha MOJIeIM HU3KOI03HOU ajepruu. Meleir BALB/c uMMyHU3upoBaiu B 001acTh
XOJIKU PEKOMOMHAHTHBLIM 0esikoM Asp f 2 mian KomMepuyeckum oBanboymMuHoMm (OVA) Tpu pasa B HeIesIo C
no0aBKol B-ajlaHrHA Wiv 6e3 HeTo. YToObl yTouHUTh 2 hEKT B-ajlaHWHA, Ero CpaBHUBAJU C IeiicTBUEM o-L-
aJaHWHA — U30Mepa, KOTOPbI He sIBJIsieTcsl TuraHaoM perenropa MrgD, a Takke -aMuHOM300yTUpAaTa,
cxonHoro no adhduHHocTH K MrgD ¢ B-amannHom. CorjlacHO HalllUM JTaHHBIM, [3-aJlaHUH CTUMYJIUPOBAI
crietuguueckyto npoaykuuio IgE u IgG1 npu kparkoBpeMeHHOM Kypce (7 UMMYHU3a1Uii) U TTOBBILLIEHHOE
CPOJCTBO aHTUTEN MOCJIE JOJTOCPOUYHONM MMMYyHU3aUu (14 MHBEKLNI) MTPU UCTTOJIL30BAHUM MEHEE UMMY-
HoreHHoro Oesnka Asp f 2. B ciyyae nmpuMeHeHUs1 BBIcCOKOUMMYHHoro 6esika OVA, BkJiaa B-ajgaHuHA ObLT
3HAYMMBIM TOJIBKO B TU1aHe ah(UHHOCTU aHTUTEN. TakuM 00pa3oM, B-ajlaHUH YCKOPSIET MPOAYKIIMIO CIIell-
udunueckoro IgE B ciryyae npuMeHeHus1 6eyika ¢ HU3KOUM UMMYHOT€HHOCTbhIO. Bkiian B-aaHuHa B TPOAYK-
nuto creuurduyeckoro IgE He ObLT CBSI3aH ¢ aKTUBALMEN crielubuyeckoro perenropa MrgD, TOCKOIbKY
B-aMMHOM300yTUpPAT — APYTOil JIUTAH 3TOrO PElENnTopa — HE OKa3blBaJl CXOAHOTO 3(dekTa Ha ryMopalib-
HbIIi UMMYHHBII oTBeT. Bo3aeiicTBue B-aaHuHa Ha nipoaykiuio IgG1 Takxke mpenacraBisieTcsi HE3aBUCH-
MbIM OT perienTopa MrgD, ockoibKy o.-L-ajJlaHuH — M3BeCTHasl MPOTEMHOIeHHAasT aMUHOKUCJIOTa TakxKe
noBbllaia npoaykiuto cnenududeckoro IgGl. DddexT B-anaHnHa HA TYMOPaJIbHbIE UMMYHHBII OTBET
MOKET OBbITh CBSI3aH C €ro HecleIM(pUIECKUM IefiCTBUEM, HAalTpUMeED, C €ro CIIOCOOHOCTHIO BbI3bIBATH OKHC-
JIMTEJIbHBINA CTpecCc MmyTeM OJI0Kalbl TaypMHOBOIO TPaHCIOPTEpa, WM CO CIOCOOHOCThIO CTUMYIMPOBATH
KJIETOYHBIN METabOIU3M.
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EFFECT OF 3-ALANINE ON HUMORAL IMMUNE RESPONSE IN
LOW-DOSE ALLERGY MODEL

Chudakov D.B.?, Kotsareva 0.D.?, Tsaregorotseva D.S.’, Kashirina E.L?,
Fattakhova G.V.?

@ M. Shemyakin and Yu. Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences, Moscow,
Russian Federation
b First Moscow State 1. Sechenov Medical University (Sechenov University), Moscow, Russian Federation

Abstract. At the present time, the efforts of many research groups around the world are aimed at finding new
factors triggering the allergic sensitization process linked with IgE synthesis to harmless allergens. According
to the recent data, production of tissue cytokines is induced in tissue cells by alarmins, thus, in turn, eliciting
pro-allergic immune response. Previously we have shown that 3-alanine could be a potential alarmin capable
to stimulate production of tissue cytokines. The aim of this work was to determine the impact of $-alanine on
humoral immune response in low-dose allergy model. BALB/c mice were immunized by recombinant Asp f 2
protein or commercial ovalbumin (OVA) in the withers 3 times a week with or without 3-alanine supplemen-
tation. To determine the mechanism of $-alanine effect, a-L-alanine, an isomer which is not MrgD receptor
ligand, and B-aminoisobutyrate with B-alanine-like affinity to MrgD ligand, were compared. According to
our data, B-alanine stimulated specific IgE and IgG1 production in a short-term course (7 immunizations)
and enhanced antibody affinity after long-term (14 immunizations) protocol in the case of low-immunogenic
protein Asp f 2. In the case of high-immunogenic OVA protein, the impact of B-alanine was significant only
upon antibody affinity. Hence, B-alanine accelerates specific IgE production in the case of low-immunogenic
protein. The impact of B-alanine on specific IgE production was not linked to specific MrgD receptor activa-
tion, because B-aminoisobutyrate, which is the other ligand of this receptor, did not have a similar effect upon
humoral immune response. The effect of 3-alanine on IgG1 production seems also independent of MrgD
receptor, since the common proteinogenic amino acid a.-L-alanine also enhanced specific IgG1 production.
The effect of B-alanine on humoral immune response could be linked to its non-specific action, e.g., due to its
ability to induce oxidative stress through blocking taurine transporter, or due to its ability to stimulate cellular
metabolism.

Keywords: 3-alanine, IgE, low doses, antibody affinity, immunogenicity, MrgD receptor

The reported study was founded by RFBR ac-
cording to the research projects Ne 19-015-00099 and
19-05-50064.

Introduction

Currently the hypothesis about the key role of
alarmins released from damaged tissue cells in trigger-
ing pro-allergic immune response is becoming more
widespread [12, 18]. Tissue cell damage may occur,
in particular, during parasitic invasion [1, 12] or in
response to protease allergens [12]. It is well known
that after the invasion of macroparasites (mainly hel-
minthes) into the organism, activation of IgE produc-
tion and type 2 immune response generally occurs. So
the concept according to which the main physiologic
function of specific IgE production and type I hyper-
sensitivity reaction is to triggering the mechanisms
that kills macroparasite in host organism appeared [1].
Alarmins could be either high-molecular substances
for example HMGBI proteins [5] or low-molecular

componentssuchas ATP [11] oruric acid [10]. Alarm-
ins stimulate tissue cytokines production interleukins
(IL) 25, 33 or thymic stromal lymphopoetin (TSLP)
in neighboring cells [10, 11, 12, 27, 34], which in turn
triggers IL-5 and IL-13 production [25, 29] and also
though more infrequent 1L-4 production [19] in type
2 lymphoid cells. The latter in turn activates specific
IgE production and type 2 immune response [2, 30].
According to Medzhitov’s hypothesis [20] much
more substances could act as alarmins or DAMPs
(Danger-associated molecular patterns). For ex-
ample, neurotransmitters, which are responsible for
itch sensing [20]. Among these substances -alanine
attracts special attention because it is not only an
itch neurotransmitter [9] via its specific MrgD recep-
tor [32] but also potential classic type alarmin because
it is present not only in specific nerve endings but also
in skeletal muscle fibres (in the form of easy hydro-
lysable dipeptides carnosine and anserine) [4]. It is
known that muscle fibers as often as epithelial cells
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are damaged upon helminthes migration through tis-
sues [1]. It should be mentioned also that 3-alanine
and B-aminoisobutyric acid are the end products of
pyrimidine nucleotides catabolism [16], intensifica-
tion of which is very likely occurs after necrotic tissue
cells damage and/or after DNA release in extracellu-
lar medium. According to the recent data the effect of
a widely used adjuvant Alum is based on the triggering
of DNA release from dying cells [15]. Though authors
consider extracellular DNA itself as an alarmin [15],
the effect of the products of its catabolites cannot be
entirely ruled out.

In our previous work we have shown that B-alanine
is capable to stimulate tissue cytokines production [8]
and so probably stimulates pro-allergic immune re-
sponse.

The aim of this work was to determine the impact
of B-alanine on allergen-specific immune response in
our recently developed low-dose allergy model [7].

Materials and methods

Materials

B-alanine, B-aminoisobutyric acid, a-L-alanine
and ovalbumin (grade V) were obtained from Sigma
Aldrich (Darmstadt, Germany). Tween-20 was ob-
tained from AppliChem (Darmstadt, Germany).
NaCl, Na,HPO,, NaH,PO,, KCI, used for wash-
ing buffer preparation were obtained from DiaM
(Moscow, Russia). Bovine serum albumin (BSA) for
ELISA blocking buffer preparation was obtained from
Serva (Heidelberg, Germany).

Animals

BALB/c mice were obtained from “Andreevka”
(Pushino, Russia) and were housed in conventional
conditions during 12-hour light-dark cycle and ad li-
bitum feeding. All manipulations were carried out ac-
cording to IBCh RAS TACUC protocol.

Recombinant Asp f 2

Recombinant Asp f 2 protein (from Aspergillus fu-
migatus) with C-terminal His-Tag was expressed in E.
coli M13 cells and was purified with Ni-NTA resin
based chromatography as described in [24]. The re-
sulting protein concentration was measured by Bread-
ford method (kit from ThermoScientific).

Immunization and sample collection

BALB/c mice were immunized 3 times a week
during 5 weeks with ovalbumin (OVA) or Asp f 2 in
different experiments with 100 ng/mice/injection
dose in withers site without any stimulus or with
B-alanine (0,26 or 2,6 mg), a-L-alanine (2,6 mg)
or B-aminoisobutyric acid (BAIBA) (2,6 mg) in to-
tal volume of 0,1 ml. Some animals were immunized
with physiological saline for control.

Blood was taken by retro-orbital bleeding under
isoflurane anesthesia 2 days after 7" (16" day) or 14"
(32" day) immunizations. Serum samples were ob-

tained by incubation of collected blood for 20 minutes
at +37 °C and subsequent centrifugation at 600 g for
fibrin cloths separation.

ELISA

Microtiter plates (Costar Maxisorb, USA) were
incubated with 50 pl/ well solution of OVA or Asp f 2
in PBS (pH = 7,2) 5 pg/ml for specific IgG,, IgG,, or
high affinity I[gE measurement or 20 pg/ml for low af-
finity IgE measurement overnight at +4 °C. Between
stages plates were washed with washing buffer (0,05%
Tween-20 in PBS). Serum samples were titrated in
blocking buffer (5% BSA in PBS for specific IgE
measurement or 1% BSA in all other cases). Biotin-
labeled anti-mouse IgEa (UH297, BioLegend), anti-
mouse IgG1 (RMGI1-1, BioLegend) and anti-mouse
IgG2a (RMG1-2a, BiolLegend) were used as primary
antibodies. Streptavidin-HRP conjugate (BioLegend)
was used in subsequent stage. 3,3’,5,5’-tetramethyl-
benzydine was used as a substrate. Optical density was
measured at 450 nm with substraction of 620 nm value
as background with MultiScan FC automatic reader
(ThermoScientific, USA). Serum titre was estimated
as serum dilution in which optical density was equiva-
lent to background optical density plus 3 its standard
deviations.

Statistics

Statistics data processing was performed with
Mann-Withney test. Mean and standard deviations
were calculated.

Results

Impact of 3-alanine on Asp f 2 specific humoral re-
sponse

The impact of B-alanine on Asp f 2 specific hu-
moral immune response was studied by administra-
tion of this substance in the withers. Allergen was
administrated in low dose because we have previously
shown that these doses induce more selective IgE pro-
duction [7]. Data from Figure 1 A-C indicates that
after short-term immunization protocol (7 immuni-
zations) B-alanine significantly and substantially en-
hances Asp f 2 specific IgE production. Production
of specific IgG1 but not [gG2a was also enhanced by
B-alanine. In the same time after long term immu-
nization protocol (14 immunizations) when specific
antibody titres reach a maximum values specific IgE
and IgG, production were not increased by [3-alanine
addition (Figure 1D-F). Therefore, B-alanine accel-
erates IgE production.

Impact of B-alanine on OVA specific humoral re-
sponse

To verify the above-described data the same exper-
iment with another antigen commercial OVA was per-
formed. The results indicate that B-alanine stimulated
only specific IgG1 but not IgE production. After 14"
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Figure 1. B-alanine accelerated formation of Asp f 2 specific IgE and IgG1 antibodies production but did not enhanced their
final production and did not influence specific IgG2a production

Note. Titres of Asp f 2 specific IgE (obtained with coating buffer concentration 20 ug/ml) (A, D), IgG1 (B, E) and IgG2a (C, F) in BALB/c mice after
7™ (16" day) and 14™ immunization (32 day) by recombinant protein in 100 ng dose with or without 3-alanine in comparison to control (physiologic
saline immunized) mice. Data obtained in two independent experiments, mean values and standard deviations are shown. *, p < 0.05; **, p < 0.01;

*** p<0.001.

immunization there was no effect on specific IgE and
IgG1 titers (data not shown).

Besides from relative quantity of specific antibod-
ies their affinity is also a very important parameter. It
is well known that the resulting affinity of antibod-
ies which bind antigen epitope or specific hapten on
ELISA microwell plate depend on a relative epitope
concentration per unit area and the method of high-
and low-affinity anti-hapten antibody measurement
is based on this fact [21]. Due to mostly conforma-
tional nature of IgE epitopes [13, 22] the use of hapte-
nilated protein in our case was outside of our purpose.
Therefore, for estimation of high-affinity IgE anti-
bodies fraction we carried out by ELISA method with
the relatively low antigen concentration in coating
buffer, exactly 5 ug/ml instead of 20 ug/ml for low af-
finity IgE. Indeed, in this case the effect of B-alanine

on OVA specific IgE production was significant
(Figure 2A). It is interesting that when the same coat-
ing buffer protein concentration was applied in the
case of Asp f 2 we could could detect specific IgE
binding only at the lowest serum dilution 1:10 in con-
trast to the situation with high coating buffer concen-
tration.

When titrating monoclonal antibodies tangents of
the slope of titrating curve are directly proportional to
antibody affinity and for the polyclonal sera they will
be directly proportional to the mean affinity of indi-
vidual clones [3]. Concerning this fact Asp f 2 affinity
was estimated as titration curve slopes in the coordi-
nates Ig(serum dilution coefficient)- optical density.
Results showed that -alanine increased mean Asp f 2
specific IgE antibody affinity (Figure 2B).
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Figure 2. B-alanine enhances high affinity IgE production
Note. Titres of OVA specific IgE in BALB/c mice after 14" imminizations with OVA in withers site in 100 ng dose with or without B-alanine obtained
in ELISA with coating buffer concentration 5 pug/ml (A) and slopes of Asp f 2 specific IgE titration curves in coordinates Ig(serum dilution) — optical
density, taken with the opposite sign, for serum samples of BALB/c mice after 14" immunizations with Asp f 2 without and with B-alanine (B). Data
obtained in two independent experiments, mean values and standard deviations are shown. *, p < 0.05; **, p < 0.01.
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Figure 3. Different rate of OVA and Asp f 2 specific antibody response formation in the same mice

Note. Titres of OVA specific (A, C) and Asp f 2 specific (B, D) IgE (A-B) and IgG1 (C-D) antibodies in intact BALB/c mice (0), after 7" (7) and
14" (14) immunizations in withers region with OVA + Asp f 2 antigen mixture in 100 ng dose each. Data obtained in two independent experiments,

mean values and standard deviations are shown. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 4. Impact of B-alanine on IgE and IgG1 production is not linked with MrgD receptor activation

Note. High affinity specific IgE (obtained in ELISA with coating buffer concentration 5 pg/ml) (A) and IgG1 (B) after 14" immunizations (32" day)
by OVAin 100 ng/dose in withers site in BALB/c mice with or without indicated stimulus. o-Ala, alpha-L-alanine; B-Ala, beta-alanine; BAIBA,

[-aminoisobutyrate. Data obtained in two independent experiments, mean values and standard deviations are shown.

p < 0.001.

Comparison between OVA and Asp f 2 specific hu-
moral immune response

The differences in the effect of B-alanine on the
humoral response could be explained by the different
immunogenicity of the two proteins for animals. To
verify this hypothesis we immunized mice with the
mixture of two proteins OVA and Asp f2 (100 ng dose
each). We have shown that OVA specific IgE produc-
tion appears earlier (after 7" immunizations) then Asp
f 2 specific IgE production (after 14" immunizations)
(Figure 3). Moreover, OVA specific IgE and IgG, pro-
duction did not change at two time points. And there-
by, the differences of the B-alanine impact on humor-
al immune response in the case of these two proteins
could be due to a combination of two facts: different
immunogenicity of these two proteins for animals and
the nature of this antigens, more precisely accelera-
tion but not increase in general allergen-specific im-
mune response during long-term immunization.

The impact of 3-alanine is manifested only at high
concentrations and is not associated with MrgD recep-
tor

Itiswell known that substances such asamino acids,
which could be easily included in metabolic pathways
and bind to specific transporters after administration
in high concentrations, could influence physiologi-
cal processes by this way and not through their spe-
cific receptors. To understand whethre the impact of
B-alanine could be due to the activation of its specific
MrgD receptors or by other non-specific ways we have
performed experiment with a-L-alanine (common
proteinogenic amino acid and -alanine isomer that
does not activate MrgD) and B-aminoisobutyric acid
(other non-proteinogenic amino acid that bind and

*, P < 005’ **’ p < 0017 ***’

activate the same receptor as B-alanine [32]). Also
in one additional group B-alanine was administrated
in a dose 10 times lower (0,26 mg) than in previously
experiments. If the impact of B-alanine is linked with
MrgD activation it must appear with much lower ad-
ministrating dose because of relatively high affinity
of MrgD to B-alanine (Kd = 10-*M) [9, 32] and also
with administration of B-amiboisobutyrate but not
a-L-alanine.

In fact, the increase of specific IgE production
was found only after administration of high dose of
B-alanine but not B-aminoisobutyrate. Low [3-alanine
dose did not show the same impact and in the case of
a-L-alanine it was a week non-significant tendency.
Moreover, both -alanine in both doses and o.-L-ala-
nine, but not B-aminoisobutyrate increased specific
IgG1 production (Figure 4). According to these data,
the effect of B-alanine on specific IgE production was
not linked to MrgD receptor activation.

Discussion

Alarmins like ATP or uric acid, which are released
from damaged epithelial cells or proteases, could be
the main stimulus of tissue cytokines production in
early phases of pro-allergic immune response [5, 10,
11, 12]. We have previously shown that 3-alanine, the
substance specific to muscle tissue [16] and released
from myocytes after their damage, could activate tis-
sue cytokines production [8]. It is also important that
B-alanine is an itch mediator [9] and the end-product
of DNA pyrimidine bases catabolism [16]. Itch often
accompany allergic inflammation [20, 31], and the
release of DNA from cells with its subsequent deg-
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radation is often occur after cell necrosis [15] which
may be linked to macroparasite invasion [1].

In these work we have shown that 3-alanine ap-
pears as an adjuvant of type 2 allergic immune re-
sponse due to its enhancing effect on specific IgE
and IgG1 but not IgG2a production. The impact of
this substance appears in different ways when using
proteins with different immunogenic potential for
experimental animals and is not linked with activa-
tion of its specific MrgD receptor. Nonetheless above
described phenomena may be of interest because its
allows to get close to the understanding of the mecha-
nisms which regulate specific IgE production. In the
case of low-immunogenic protein Asp f 2 the impact
of B-alanine appears on the levels of specific IgE pro-
duced after short-term immunization and affinity of
these antibodies after long-term immunization, but
in the case of high-immunogenicity protein OVA the
impact was significant only on the affinity of produc-
ing antibodies.

Literature data obtained in genetically engineered
mice where IgE production was coupled with fluo-
rescent protein expression showed that specific IgE
production in germinal centers occured during very
limited time and that IgE* B-cells in germinal centers
probably did not pass affinity selection to the same
extent as for IgG1* B-cells [28, 33]. It is interesting
that according to some recent results at least in some
cases Ig antibody class switching could occur outside
germinal centers during extrafollicular antibody re-
sponse [17, 23]. It is also known that in early stages
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extrafollicular B-cells in comparison to germinal cen-
ter B-cells have higher natural affinity B-cell recep-
tor [6]. But extrafollicular foci exist for a short time
(up to 2 weeks) [14] and it is logical to suppose that
B-alanine supports formation of these structures. Fur-
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