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Introduction. Most cases of human rabies are caused by dog (Canis lupus familiaris) bites. Therefore, the
implementation of vaccination programs of these animals is one of the urgent tasks.

The work aims to identify the factors influencing the production of antirabies virus-neutralizing antibodies (VNAs)
in vaccinated dogs, and to formulate recommendations for adjusting the vaccination schedule using mathematical
modeling (MM).

Material and methods. We used a fixed-effects modeling procedure to estimate the two-compartment model
parameters using log-transformed data (obtained by RFFIT, rapid fluorescent focus inhibition test; and FAVN,
fluorescent antibody virus-neutralization test) on the VNAs levels in the serum of vaccinated dogs.

Results. More vigorous immune response after a two-dose primary vaccination is formed in juvenile dogs at the
age of 3 months to 1 year compared to the adult dogs. Following the primary vaccination and revaccination 1 year
after, VNAs were produced more intensively in adult stray dogs than in domestic dogs.

Discussion. The short-term immune response observed in dogs aged up to 3 months is due to the presence
of colostral antibodies and the active growth of the organism at this age. The results of our study confirm that
most of the dogs have a level of antirabies VNAs of =0.5 IU/ml up to two or more years following immunization.
However, only regular annual revaccination ensures the protective VNAs level in animals that responded poorly to
vaccination due to various factors.

Conclusion. The following antirabies vaccination schedule is recommended: primary vaccination of the dog at the
age of 3 months up to 1 year with 1-2 month intervals, then revaccination annually. This work also demonstrates
the possibility of a wider application of MM methods for solving problems of vaccine prevention.
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OnTuMM3auma cxemMbl BaKuMHauum cobak npoTuB GelleHCTBa
(Rhabdoviridae: Lyssavirus) npu nomMmowm mateMaTu4ecKkomn
MoAenu

JlobaHoBa B.A."?, KntokuHa B.A.!

1OIBHY «Bcepoccuitckuil HayHO-UCCNEN0BaTENbCKUI 1 TEXHOMOMMYECKUI MHCTUTYT GUOMOMMHYECKOI MPOMBILLIIEHHOCTUY,

141142, MockoBckasi obnacTb, LL|énkoBckuin p-H, noc. BuokombuHata, Poccus;
20rbOY BO «Poccuiickuii rocyaapCTBeHHbIN arpapHblil yHnBepceuteT — MCXA nmenmn KA. TumnpsizeBa», 127434, Mocksa, Poccus

BBepeHue. bonblunMHCTBO cnyyaeB GelweHcTBa (Rhabdoviridae: Lyssavirus) y nogen Bbl3aBaHO yKycamu JoMall-
HUX 1 aukmnx cobak (Canis lupus familiaris). B 9TOW CBS3M OQHOW M3 aKTyanbHbIX 3a4ayv SBMSETCA opraHn3auus
nporpamMmm MacCOBOW BaKLUMHALUN STUX XKUBOTHbIX.

Llenb paboTbl — BbIsIBUTb (DAKTOPbI, BAUSIIOLLME HA CUHTE3 BUpyCHenTpanuaylowmx aHtuten (BHA) k Bupycy
OelleHCTBa y BaKUMHUPOBaHHbIX cobak, copmMmpoBaTh pekoMeHZaun no KOPPEKTUPOBKE CXEMbI BaKUMHALUN
C UCMONb30BaHWeM METOA0B MaTeMaTnyeckoro mogenuposanus (MM).

Matepuan u Mmetogbl. Pa3paboTaHa ABYyxXKOMNAapTMEHTHast MaTeMatuyeckass Moaesb, napameTpbl KOTOPOW OT-
KanmbpoBaHbl Ha NOr-TpaHCHOPMUPOBAHHbLIX AaHHBLIX O coaepxaHun BHA B cbiBOpOTKe KpOBM BaKLIMHNPOBAHHbLIX
cobak C MCNonNb30BaHNeM HENMHEMHOr0 MOAENMPOBaHNS ¢ (PUKCUPOBaHHBIMU acdhdekTamu. PesynbraTel nomny4ye-
Hbl meTogamu RFFIT (rapid fluorescent focus inhibition test, aHanna 6eicTporo nHrMbrpoBaHust okycos noo-
pecueHuun) n FAVN (fluorescent antibody virus-neutralization test, Tect HelTpanusaummn Bupyca noopecLeHT-
HbIMW aHTUTEeNnamu).

Pe3ynbTaThl. YCTaHOBMEHO, YTO NpU ABYKPaTHOW NEPBUYHOM BaKUMHALMMK Yy LUEHKOB B BO3pacte OT 3 Mec A0
1 rona dhopmupyetcs 6onee HanpPsXKEHHbIA UMMYHHbIN OTBET MO CPaBHEHWUIO C TAKOBbLIM Y B3pOCIibIx ocoben. MNpu
NnepBUYHON BaKUMHaLMKN 1 peBakumHaumm cnycts 1 rog n 6onee BHA y B3pocnibIx yNnYHbIX cOBak CUHTE3MPYOTCS
6ornee MHTEHCMBHO, YeM Y JOMALLHUX.

O6cyxpeHue. MeHee AnUTENbHbIA UMMYHHbIN OTBET Y XXUBOTHbIX, BAKLMHUPOBAaHHbIX B Bo3pacTe A0 3 mec, 06b-
SACHSAETCA KaK HannmynmeM KorocTparsbHbIX aHTUTEN, Tak U aKTUBHbIM pasBUTUEM OpraHu3ma B 3TOT nepwuog. Pe-
3ynbTaThl HALLWX UCCNEAOBaHWI U faHHbIe paboT ApyrMx aBTOPOB NOATBEPXKAAKT Hanm4yme y 6onblunHcTBa cobak
npoTekTnBHoro yposHsi BHA k Bupycy G6elwueHctsa 20,5 ME/mn Ha npoTskeHumn 2 n 6onee net nocne BakuuHaLmu.
OpHako nNuWb perynsipHasi exxerogHasi peBakumHauns cnocobcTByET AOCTUXKEHMIO M NOAAEPKaHWI0 3TOro Nokasa-
Tens y ocoben, NNoxo oTBEYaLWMX Ha BakLMHALMIO B CUIY PasnnyHbIX (hakTopoB.

3akntoyeHue. PekomeHaoBaHa cnegyoLas cxema BakumHaumm cobak npoTve GelleHCcTBa: NepBUYHOE BBEAEHME
BaKLMHHOro npenapara B Bo3pacTte oT 3 mec A0 1 rofga ¢ 1-2-Mecs4HbIM UHTEpPBAanNoMm, B AanbHenLweM exerogHas
peBakumHauus. Hactoswas pabota 4EMOHCTPUPYET BO3MOXHOCTb Gonee LUMpOKOro npumeHeHns metogos MM
0N peLleHns 3agady BakLMHONPOUNaKTUKK.

KnroueBble cnoBa: 6eLleHCTBO, I'IpOCbI/IJ'IaKTVIKa, BmpyCHeﬁlTpanmsyrou.Lme aHTuTena, BakunHauuda, matematmye-
CKO€ MOAENMpOBaHue, HENMMHENHOE MOLENNPOBaHNE

Onsa umtupoBaHus: JlobaHoBa B.A., KntokuHa B.M. OnTummnsauus cxembl BakumHaumm cobak npoTtue belleHcTBa
(Rhabdoviridae: Lyssavirus) npyu nomoLu Matematuieckon mogenu. Borpocsi supyconoauu. 2021; 66(5): 354-367.
DOI: https://doi.org/10.36233/0507-4088-75
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Introduction

Rabies is an acute, highly dangerous infection
caused by a neurotropic virus in animals and humans;
it kills an estimated 59,000 people every year world-
wide. Half of the world’s population lives in endemic
zones, and more than 80% of rabies deaths occur in
rural areas, where prevalence of rabies among domes-
tic and wild carnivores (Carnivora) is high and the
access to health services is limited or non-existent. In
the vast majority of cases, rabies is transmitted to hu-
mans through bites of infected domestic and feral dogs
(Canis lupus familiaris); therefore, in their attempts to
prevent the infection, many countries have launched
mass dog vaccination campaigns [1]. Monitoring the
post-vaccination immune status is of high priority for
further rabies vaccination programs. To measure lev-
els of virus-neutralizing antibodies (VNAs) in blood
sera from animals, the World Organization for Animal
Health (formerly the Office International des Epizo-
oties, OIE) recommended the rapid fluorescent focus
inhibition test (RFFIT) and the fluorescent antibody
virus neutralization test (FAVN) [2].

Application of mathematical modeling (MM) adds
specification and quantitative description to theoretical
and practical aspects of different biological processes [3].
MM plays an essential role in drug development [4, 5];
exploration of immunological processes [6], planning
and assessment of effectiveness of mass vaccination pro-
grams for animals [7, §].

The aim of our study was to identify the factors having
an impact on the development of rabies virus-neutralizing
in vaccinated dogs and to offer recommendations for an-
imal vaccination schedule adjustments depending on the
animals’ physiological status and based on MM methods.

Materials and methods

Data on levels of rabies virus neutralizing antibodies in
dog sera. The mathematical model was constructed using
aggregate literature data on rabies VNA titers in sera of vac-
cinated dogs, which were obtained in three RFFIT- and FA-
VN-based studies focused on a three-year period after the
primary vaccination (14 experimental groups, 180 meas-
urements) (Fig. 1, suppl. Table. 1*) [9-11].

The preliminary screening was aimed to find differences
among identical groups from different studies, to identify
reasons for these differences and to winnow out outliers
(the details of the screening are omitted from the article).
The data on annually revaccinated adult domestic dogs
presented by Pimburage et al., 2017 [10] were excluded
from the dataset, as they did not correlate significantly
with other available data. The data on domestic puppies
under 3 months of age, which were presented by Wallace et
al., 2017 [11], were not included in the calibration dataset
as being «noisy». Some values were also excluded from the
groups of domestic puppies aged 3—4 months (3 measure-
ments) and domestic juveniles aged 4 months to 1 year (1
measurement) from the study by Wallace et al., 2017 [11].

* supplementary appendix.
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Construction and calibration of the model. We con-
structed, calibrated, and validated a two-compartment
model incorporating various intensity of the antibody
response after primary vaccination and revaccination
of animals (Fig. 2) [12]. The results obtained by Cli-
quet et al. support the presence of a linear relationship
between RFFIT and FAVN values, thus making it pos-
sible to correlate the data obtained by using different
methods within the mathematical model [13]. In the
offered model, the dynamics of VNA levels, regard-
less of measurement methods and vaccination time, is
defined by the same fitting parameters: the absorption
rate constant ka showing the changes in the develop-
ment and accumulation of VNA in dogs’ sera; the elim-
ination rate constant k , describing the changes in VNA
degradation, and the VNA transfer rate constants for
transfer from the central to the peripheral compartment
(k,,) and back (£, ).

The rabies VNA levels measured using RFFIT and
FAVN tests are presented as endpoint titers of VNA
(Formula 1) resulting from the primary vaccination of
animals and from the revaccination 1-2 months after
and 1 year after the first administration of the vaccine:

VNA

g = In(Ac, +Ac, + Ac,) (1),

where VNA, (VNA_RFFIT, and VNA_FAVN, ) are
the VNA levels ‘measured with KeFiT and FAVN, respec—
tively;

Ac,, Ac, and Ac, are the VNA titers induced by the
prlmary vaccmatlon the revaccination 1-2 months
and 1 year after the primary one, respectively.

The model was calibrated using log-transformed
variables. Log transformation is important for reduc-
ing the variability of data, making them conform more
closely to the normal distribution. In addition, it is
very helpful when lower ranges of titers are involved,
which is especially important as the protective VNA
level is currently established at 0.5 IU/ml. The VNA
titer values were incorporated into the model as ab-
solute values (IU/ml). The additive residual error was
selected for log-transformed variables of VNA titers in
dog sera (obtained with RFFIT and FAVN) (Formu-
las 2 and 3, respectively):

y, = VNA_RFFIT +a, xe (2),
y, = VNA_ FAVN +a e 3),

where y, and y, are the natural logarithms of the ob-
served VNA titer values obtained with RFFIT and FAVN,
respectively;

VNA_RFFIT, and VNA_FAVN, are the model-based
predictable Values

a, and a, are the residual errors for each measurement
method;

e =2.71828 (the base of the natural logarithm).

The differences in RFFIT- and FAVN-measured VNA
titers are described by the relative bioavailability parame-
ter F, which is lognormally distributed. Thus, vaccination
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Fig. 1. Data on the antirabies virus-neutralizing antibodies (VNAS) levels in dogs’ serum used for mathematical model calibration:
a), obtained by the RFFIT method; ), obtained by the FAVN method.

Note. Vertical dashed lines represent vaccination times.

Puc. 1. [lannbie o copepkaHuU aHTHPAONUECKUX BHpYCHEUTpanu3yromux anturen (BHA) B cpIBopoTKe KpOBH cO0aK, HCIIOIB30BAHHBIC IS
KaJIMOpPOBKH MaTeMaTHIeCKOU Moein: a — nmoiy4deHHbie MeTonoM RFFIT, 6 — monydenubie Metomom FAVN.

IMpumeuanue. BepTukanbHble MyHKTUPHbBIE JIMHUM 0003HAYAIOT BPEMS BaKIIMHALIUH.

can be represented by a relative dose of 1. The model pro-
vides individually fittable parameters £/, F2, and F3 to
address differences in the VNA synthesis dynamics after
primary vaccination and revaccination. Their correlations
for RFFIT and FAVN are defined by the fitting parameter
coef: values F'1 F2 and F3_  result from division

FAVN? FAYN? FAVN .
of parameters F'/ F2,»and F3, i TESPECtively, by

the value coef. T}fg%Alégrnthesis start time after the init-
ial contact with the antigen was shown by parameter ¢, &
which, like parameter ka, was fitted solely by using the
data obtained from the FAVN tests.

The initial VNA levels prior to the primary vaccination
must be taken into consideration when modeling their
changes. As no information about VNA levels in dogs’
sera before the vaccination was available for any group,
their values were fitted separately for RFFIT (parameter
BLr) and FAVN (BLf) methods.

The fitting parameters for the system of ordinary dif-
ferential equations were calibrated by using RFFIT and
FAVN data on VNA levels in sera of vaccinated anim-
als and the nonlinear fixed effects modeling method
(Table 1). The quality of the model was assessed against

the following criteria: the change in the value of the ob-
jective function (log likelihood function; Akaike’s in-
formation criterion (AIC), diagnostic graph monitoring
(suppl. Fig. 1%, 2*), minimization of the relative standard
error (RSE), consistency of parameters set when the mod-
el is based on different initial values.

The covariance analysis was used to measure the ef-
fect of different characteristics of the animal population
on the dynamics of VNA production. For example, the
rate constant of VNA transfer from the central to the pe-
ripheral compartment (k,,) depends on the living status
of dogs (whether the dog is domestic or stray). For stray
dogs, the parameter £, is estimated through the parame-
ter f k (Formula 4):

12(stray dogs)

k,, (for stray dogs) =k, x P12y dogs)

“

Additionally, it was found that the age affects the rate
constant of VNA transfer from the peripheral to the cen-

* supplementary appendix.
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tral compartment. For domestic puppies under 3 months ky; (for puppies under 3 months) =k, x eP-k2! (puppics
and juveniles aged 3 months to 1 year, the parameter  under3months) )

k,, is estimated through parameters S k; I(puppies under 3 months) . .

and Bk guvenites aged 3 months w0 1 year)» T€Spectively (Formu- ks, (for juveniles aged 3 months — 1 year) =k, x e k2!

las 5 and 6’ reSpeCtiVely): (juveniles aged 3 months — 1 year)

1-2 mec
1-2 months

1 ron n donee
1 year and more

Fig. 2. Structural mathematical model of the synthesis of antirabies virus-neutralizing antibodies after vaccination of dogs.

Puc. 2. CtpykTrypHas MaTeMaTndecKas MOAETb CHHTE3a BUPYCHEHTPAIU3YyIOMUX aHTUTEN K BUPYCY OCIICHCTBA IOCTIE BAKI[MHAIINY COOaK.

Table 1. Parameters of the developed mathematical model
Ta6auna 1. [Tapamerpnl pa3paéoTanHoii MaTeMaTHYeCKOil Mo1e Il

P . Mean value (M) o Additional features and comments
arameter, units C RSE value (%) p-value
TlapaMeTp, e MHHLE H3MEpEHHA penHee 3HauYeHUE Besunna RSE (%) p-kpurepuii JlononHuTeNbHbIE XapaKTePUCTUKHI
’ (M) 1 KOMMEHTapun
BLr, TU/ml
BLr, ME/Mn 0,1 27,9 _ 3
BLf, TU/ml
BLf, ME/Mmn 0,0227 30,8 _ 3
L — 281 29,2 — _
F2 ar 229 36,6 — _
E3 453 31,3 — _
coef 9,82 17,4 — _
ka, days™! . .
kZ c;¥§‘ 0,0237 26,4 - Fitted using FAVN data
’ OTKaaMOpOBaHbI HA JAHHBIX,
;l,,g, days 3,98 0,69 — noy4eHHbIX MetogoM FAVN
, CyT

lag’
k,» days™! Fixed
k(,;’ cyr! 0,00095 a B 3adukcupoBan
K days ! 0.203 249 - _
k,,, eyt E X
Bk iy dogsy ~0.605 39.2 0.011 See equation 4

M 2gmwnae cobaru) CwM. popmymy 4

—1

ko days, 0,00166 16,9 - -

2 AHA
Bk uvenites aged 3 months 1 year) 0,935 218 <0,001 See equation 5

21 wgensu 3 vee — 11 200) Cwm. ¢)opM?/ny 5
Bk s p t0 3 monins) ~1.64 28.9 <0,001 See equation 6

21 wensu 00 3 ec) Cwm. popmyiy 6
a,, IU/ml See equation 2
a;, ME/mn 0,0559 7,54 B Cwm. opmyiy 2
a,, 1U/ml See equation 3
a; ME/mn 0.475 7,37 B CMm. popmymny 3

Note. RSE, relative standard error; «—» indicates the absence of data.

Ipumeuanne. RSE — oTHOCHTENBHAS CTAHAAPTHAS OMINOKA; «—» — OTCYTCTBUE JAHHBIX.
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KonueHTpauus BHA, ME/mn, cpeaHee + 95% N
VNA concentration, IU/ml, mean + 95% ClI
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o

I LLleHKM, BAKLMHUPOBAHHbLIE OIHOKPATHO

Fpynna
Arm

B Bo3pacTe oT 3 mec Ao 1 roga
Domestic juveniles (3 months - 1 year)

o
-

BpeMms nocne nepsoli BakUuMHaLum, Mec
Time after first vaccination, months

Fig. 3. Validation of the mathematical model using the data from J. Minke et al. [14] (FAVN as a method for virus-neutralizing antibodies
(VNAs) detection).

Note. The dots represent the data from J. Minke et al. [14] (with the standard error of the mean, SEM), and the lines represent the model predictions (with 95%
confidence interval, CI). The horizontal dashed line indicates a protective antibody level of 0.5 IU/ml.

Puc. 3. Baymanus maremarmdeckoit Mozenu Ha gaHHGIX J. Minke n coaBt. [14] (MeTox onperienieHust BUPYCHEHTPaIN3YIOIIIX aHTUTEI
(BHA) FAVN).
Ipumeyanue. Toukamu 06o3HaueHs! nanHble J. Minke u coast. [14] (co crangaptHO#t ommbkoi cpeanero — standard error of the mean, SEM), nunusmu —

MogenbHbIe npeackasanus (¢ 95% mosepurenbHBIM HHTEpBanoM, J[M). [opu3oHTanbHAs ITyHKTUPHAS JHHHS 0003HAYaeT NPOTECKTUBHBIA YPOBEHb aHTHTEI
0,5 ME/m.

Software. The mathematical model was constructed
and analyzed using the Monolix Suite 2019R2 soft-
ware (Lixoft, France). The R v.3.5.1. software was
used to prepare the dataset and to perform its explor-
atory analysis, to validate the model and to build model
simulations. The simulation graphs and tables present-
ing pharmacokinetic parameters of VNAs show mean
values (M) with 95% confidence intervals (CI), the
number of simulated populations n = 1000. Any differ-
ences were seen as statistically significant at (p-value)
p <0.05.

Results

Validation of the model. The constructed mathematic-
al model incorporates aggregate literature data on rabies
VNAs levels in vaccinated dogs, which were obtained us-
ing RFFIT and FAVN methods (suppl. Fig. 1* and 2%).
The model tends to overpredict VNA titers for the data
obtained with RFFIT and exceeding 20 IU/ml (suppl.
Fig. 1, a*and 1, b*).

The external validation of the model brought in the
literature data that were not included in the calibration
dataset [14]. The model provides an efficient tool for
describing changes in the VNA titers during the first
month following the vaccination, though it underpredicts
a decrease in VNA levels 1 month after the vaccination
(Fig. 3). The data offered by Minke et al. were obtained
from a small number of 3—4-month-old beagle puppies,
and differences in responses to the vaccination between

beagles and other dog breeds had been described in ear-
lier studies [15]. As no RFFIT data are available for dogs
of this breed, the effect of the breed on dynamics of VNA
levels remains unknown.

The model-calibrated initial values of rabies VNAs
in dogs’ sera prior to vaccination were 0.1 IU/ml in the
RFFIT tests and 0.0227 IU/ml in the FAVN ones, demon-
strating complete consistency with the data obtained by
different researchers regarding pre-vaccination VNA lev-
els lower than the protective titer threshold value of 0.5
IU/ml (Table 1) [10, 14].

Differences in levels of virus-neutralizing antibod-
ies in domestic dogs of different age. The effect of such
parameters as the age of animals and their living status
(whether the dog is domestic or stray) on rabies VNA lev-
els was evaluated. The constructed model also responds
to different effect of the primary vaccination and subse-
quent revaccinations on the VNA synthesis.

In single vaccination, the areas under the pharmacokin-
etic concentration-time curve (the area under the curve,
AUC) for VNAs detected during 1 year after the vaccina-
tion (AUC,,) in adult domestic dogs and domestic juve-
niles aged 3 months to 1 year are comparable (Table 2).
No significant differences in maximum VNA concentra-
tions (C__ ) in sera of animals from these age groups were
found (Table 2); however, the simulation of time profiles
of VNA levels demonstrated higher values among pup-
pies 2 and more months after the vaccine administration,
thus suggesting better immunoprotection during the en-

* supplementary appendix.
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tire year after the vaccination (Fig. 4). The comparative
analysis of literature data on VNA titers in dogs of differ-
ent age showed higher VNA levels in domestic juveniles
aged 3 months to 1 year compared to the levels in adult
domestic dogs after the double vaccination with 2-month
spacing (Fig. 1, a). Differences were found not only in the
general profile of VNA concentration during the 1-year
post-vaccination period (Fig. §), but also in AUC, ; (Tab-
le 2). They can be caused by the difference in animals’
weight and, consequently, in the volume of distribution of
the vaccine and vaccine-induced VNAs as well as by dif-
ferent intensity of immune response in dogs of different
age. The unavailability of accurate information about the
weight and breeds of the dogs does not make it possible
to include the covariates addressing the above character-
istics in the model.

No significant differences in VNA levels were found
among puppies under 3 months, born from vaccinated and
unvaccinated dogs (Fig. 1, a); therefore, these 2 groups
were combined into the category of domestic puppies
under 3 months in the calibration dataset. The immature
immune system in puppies of this age is associated with
short-lived humoral immunity to the rabies pathogen
both after single and double-dose primary vaccinations
with 1- or 2-month spacing (Fig. 4, 5).

Differences in levels of virus-neutralizing antibodies
in domestic and stray dogs. Another focus of our interest
was to find out whether the living conditions of animals
had any effect on the intensity of their immune response:
domestic dogs live in more favorable conditions than
stray dogs, who, on the other hand, are better adapted to
different changes in the environment and are more fre-

quently exposed to rabies virus antigens. It was found that
after the primary vaccination (Fig. 4; Table 2) as well
as after the revaccination 1 year or more years after the
first vaccine administration, VNAs were developed more
intensively in adult stray dogs than in domestic dogs
(Fig. 1, a; Fig. 6; Table 3). It is demonstrated by differ-
ent maximum VNA concentrations (C_ ) and by differ-
ent areas under the pharmacokinetic VNA curve during
the second and the third years following the vaccination
(Table 3). On the other hand, the time required to reach
the maximum VNA concentrations (T__ ) in sera of adult
stray dogs is 56 days longer compareda to domestic dogs
(Table 2).

Optimization of the vaccination schedule for domestic
dogs. Based on the model simulations of VNA levels in
sera of domestic dogs vaccinated against rabies accord-
ing to different schedules, it was found that the long-lived
humoral immune response would develop after annual re-
vaccination, whether or not the primary vaccination was
single- or double-dose. Considering the immaturity of
the immune system in puppies under 3 months as well as
a high probability of colostrum-acquired antibodies pres-
ent in them, we do not recommend administration of the
first vaccination at this age. Although the protective VNA
level during the first year after the vaccination is reached
after the primary administration of the vaccine both to
adult dogs and to juveniles aged 3 months to 1 year, a
weak humoral response to the first vaccination may still
develop in some animals. Therefore, the better option
would be double vaccination of dogs aged 3 months and
older, when the second dose is administered 1-2 months
after the first one. The primary vaccination at the age

(2]
o
1

VNA concentration, IU/ml, mean £ 95% CI

F'pynna
Arm
50 A __| Bspocnble fomalliHve cobaki
Adult domestic dogs
___ Bspocnble ynuuHble cobaku
Adult stray dogs
401 — | LleHku, BakuMHMpoBaHHble B BospacTe oT 3 mec Ao 1 roga

Domestic juveniles (3 months - 1 year)
. LLleHkn, BaKLMHUpPOBaHHbIE B BO3pacTe [0 3 Mec
Domestic puppies up to 3 months

KoHueHTpauus BHA, ME/mn, cpegHee £ 95% N

Bpemsi nocne nepeoi BakuyHaLum, Mec
Time after first vaccination, months

Fig. 4. Virus-neutralizing antibodies (VNAs) levels in dogs’ serum after a single primary vaccination (RFFIT as a method for antibodies
detection): the results of model simulations.

Note. The horizontal dashed line indicates a protective antibody level of 0.5 IU/ml; CI is the confidence interval.

Puc. 4. Coneprxanue BupycHelTpanusyronmx anturen (BHA) B cIBOpoTKe KpoBHU co0ak Mociie OMHOKPATHOH MEPBUYHON BaKIIMHALIUU
(meton onpenenenns anturen RFFIT), pe3ynbrarsl MOAEIBEHBIX CUMYIISIHH.

Ipumeuanne. ['opu30oHTaNIbHAS yHKTHPHAS JIMHHUS 0003HAYaeT MPOTEKTUBHBIHA ypoBeHb anTuTen 0,5 ME/Mit; JIM — noBepuTelbHbIN HHTEpBAIL.
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Table 2. Pharmacokinetic parameters of virus-neutralizing antibodies in the first year after dog vaccination: the results of model simulations

(RFFIT as a method for antibodies detection)

Tadnuua 2. ®apMakoKMHeTHYECKHE IAPAMeTPbl BUPYCHeHTPaJIM3yI0OIIUX AHTUTEJ B ePBbIii IO/l Moc/1e BAKIMHAIMH c00aK, pPe3y/bTaThbl

MO eJbHBIX cumyJisiuii (Metox onpeneaenus anturea RFFIT)

Vaccination
schedule
Cxema BaKI[MHAIUHA

Arm
I'pymnma codak

Area under the curve
AUC._*, 1U/ml

365 °
IImomans mox

(hapMaKOKHHETHYECKOH KPHBOI

Maximum concentration

(C_)* TU/ml

max

MakcumanbHas

Time to reach maximum
concentration (T ), days
max

Bpems ocTiKeHust
MaKCUMaJIbHOM

Single
primary
vaccination
OpnHokparHast
nepBUYHAs
BaKIMHALHS

JIByKpaTHas
HepBUYHAS
BaKL[MHALMS
(uepe3 1 mec)
Double prima-

ry vaccination
(1-month interval
between doses)

Double prima-

ry vaccination
(2-months interval
between doses)
JIBykparHas
HepBUYHAS
BaKLMHALS
(aepes 2 mec)

Adult stray dogs
Bspocunbie ynuunbie

Adult domestic dogs
Bspocible tomamnune

Domestic juveniles
3 months — 1 year
JlomartiHue meHKu
or 3 mec 10 | roga
Domestic puppies
up to 3 months

Jlomarinue meHKH 10 3 Mec

Adult stray dogs
Bspocibie ynnunsie

Adult domestic dogs
Bspocabie nomamnune

Domestic juveniles
3 months — 1 year
JlomariHue meHKu
or 3 mec 10 | roga
Domestic puppies
up to 3 months

JlomarHue meHku 10 3 Mec

Adult stray dogs
B3spocible ynudHbie

Adult domestic dogs
Bapocabie nomannne

Domestic juveniles
3 months — | year
JlomarlHue eHKn

or 3 mec 10 1 roga
Domestic puppies
up to 3 months
JlomarHue mMeHKy 10 3 Mec

AUC,*, ME/mMn xonnentpauui (C,,)*, ME/Mx onnentpawyn (T, ), eyt
3819 (2356; 5749) 38.84 (25,32; 58.73) 23
2119 (1678; 2691) 24,63 (18,21; 33,02) 17
3154 (2313; 4224) 24,97 (18,52; 33,67) 18
1569 (12115 2019) 24,46 (18,12; 32,82) 16

6785 (4084; 10 221) 60,76 (36,92; 93,83) 44
3729 (3033; 4609) 36,25 (27,36; 48,53) 40
5520 (4200; 7207) 37,92 (28,60; 50,54) 40
2782 (2153; 3611) 35,39 (26,60; 47,80) 40

6686 (4018; 10 085) 48,24 (28,20; 76,14) 76
3675 (2989; 4527) 28,83 (21,09; 39,96) 71
5386 (4105; 7019) 31,51 (23,16; 43,50) 7
2770 (2141; 3599) 27,43 (19,39; 38,78) 71

Note. *, data are presented as mean (M) with 95% confidence interval.

IIpumevanue. * — naHHBIC NpEJCTAaBICHBI B BUie cpenHero 3HaueHus (M) ¢ 95% noBepUTEIbHBIM HHTEPBAJIOM.

of 3 months to 1 year results in higher VNA titers during
the first year after the vaccination and, consequently, re-
duces the risk that an animal can be infected when exposed
to the rabies pathogen during this period. Therefore, we
recommend the following general vaccination schedule:
The first and the second vaccination should be adminis-
tered at the age of 3 months to 1 year, with 1-2-month
spacing, to be further followed by annual revaccination
(Fig. 7).

Discussion

To measure VNA levels in animal sera, the World Or-
ganization for Animal Health recommends two meth-
ods — RFFIT and FAVN [2]. The recent studies provide
evidence attesting to the high correlation of the results
obtained by using the above methods [13, 16]. For con-
venience of interpretation, the protective threshold VNA
titer of 0.5 IU/ml, common for both methods, was adopt-
ed [2], thus permitting researchers to interpret RFFIT and

FAVN results to be equivalent. However, the results of
our exploratory analysis of the VNA titers in dogs’ sera,
which were measured using the above tests, show that the
results cannot be seen as equivalent. The similar conclu-
sion is implied by different peak VNA levels for animals
of the same age (suppl. Fig. 3*), time difference required
by VNA titers to go below the protective threshold, and
different values of the above parameter prior to vaccina-
tion. This leads to divergence of results obtained in stud-
ies of serum samples with VNA titers close to 0.5 IU/ml
[16, 17].

Briggs et al. believe that the differences in the obtained
results are not caused by using different methods; rath-
er, they come from mutations in the control rabies virus,
which is used in different laboratories for performing
tests. They recommend that strains of the rabies virus from

* supplementary appendix.
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Fig. 5. Virus-neutralizing antibodies (VNAs) levels in dogs’ serum after double primary vaccination with an interval of 1 and 2 months
(RFFIT as a method for antibodies detection): the results of model simulations.

Note. The horizontal dashed line indicates a protective antibody level of 0.5 IU/ml.

Puc. 5. Coneprxanue BupycHelTpanusyoumx antures (BHA) B cbIBOpoTKe KpoBH co0ak mocie AByKpaTHOM NepBUYHON BaKIIMHALIUI

c uatepsasioM 1 u 2 mec (Metox onpenenenust anturesl RFFIT), pe3ynsrars MOAEIBHBIX CUMYIISIIHA.

Ilpumeuanne. [Opr30HTaNIbHAS yHKTHPHAS JIMHHS 0003HAYaeT MPOTEKTHBHBIH ypoBeHb anTuTen 0,5 ME/Mi.

Table 3. Pharmacokinetic parameters of virus-neutralizing antibodies in domestic and stray dogs: the results of model simulations (RFFIT as
a method for antibodies detection)
Tadanua 3. @apMakoKHHeTHYECKHE ITAPAMeTPbl BUPYCHEHTPAJIM3YIOIMX AHTUTE Y JIOMAIIHUX H YJIHYHBIX C00aK, Pe3yJbTaThl MOJeIbHbIX
cumyJsinmii (Meton onpenenenus antutea RFFIT)

Area under the curve
AUC*, IU/ml

Maximum concentration (C_ )*, TU/ml

max-

Arm Vaccination schedule [Tnowaas mox hapMakOKMHETHIECKON KPHUBOiT Maxcumanbhas konnentpamms (C )%, ME/mn
I'pynna cobak CxeMa BaKIHHAIUH AUC*, ME/mMn
1 roxn 2 rof, 3rox 1 rox 2 rox 3rox
Istyear 2nyear 31 year 1*t year 2 year 31 year
Adult stray Revaccination after 1 year 3819 7586 3875 38,84 66,02 -
dogs Pepaknunarms gepes 1 rox (2356; 5749) (4641; (2466; 5707) (25,32; (39,85;
Bspocibie Repeated annual revaccination 11297) 9941 58,73) 99,92) 72,49
YITHBIC PerynspHas exeroaHas (6032; (43,76;
peBaKMHALUS 14 820) 109,24)
Unregular vaccination 1520 7576 - 65,98
(after 2 years or more) (972; 2310) (4636; (39,835 99,87)
Heperynspras BakiuuHanms 11 281)
(uepes 2 roga u Homnee)
Adult Revaccination after 1 year 2119 4182 2153 24,63 41,39 -
domestic Pepaknunarus yepes 1 rox (1678;2691)  (3347;5242)  (1754;2623) (18,21; (29,13;
dogs Repeated annual revaccination 5480 33,02) 55,81) 44,95
Bspocisie PerymsipHast exxeroqHast (4343; 6845) (31,97; 60,31)
JAOMaNIHne PpEBaKIMHALIAS
Unregular vaccination 855 4180 - 41,38
(after 2 years or more) (659; 1101) (3343; 5239) (29,12; 55,80)

Heperynsiprast BakuuHarws
(uepes 2 roza u Gornee)

Note. *, data are presented as mean (M) with 95% confidence interval; «—» indicates the absence of data.

IIpumeuanue. * — naHHBIC NPEACTABIEHBI B BUIE cpeiHero 3Hauenus (M) ¢ 95% 10BepUTENIbHBIM HHTEPBAJIOM; «—» — PACUEThl HE IIPOBOJHINCE.
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Fig. 6. Virus-neutralizing antibodies (VNAs) level in dogs’ serum following the revaccination one year or more after the first vaccine
administration (RFFIT as a method for antibodies detection): the results of model simulations.

Note. The horizontal dashed line indicates a protective antibody level of 0.5 IU/ml.

Puc. 6. Conepxanne BupycHeiirpanusyromux antuten (BHA) B ceiBopoTke kpoBH cobak Impu peBakIMHALMK depe3 | o WM Mo3xke
OT TIEPBOTO BBEICHUS BaKIMHBI (MeTox onpeaenenus antuten REFFIT), pe3ynbraTsl MOIETBHBIX CHMYITALIUH.

Ipumeuanue. [opu3oHTaNbHAS TYHKTUPHAS JIMHUS 0003HAYaeT NPOTEKTUBHBIN ypoBeHb antuteln 0,5 ME/mit.

the same reference laboratory should be used to compare
RFFIT and FAVN results [17]. We agree completely with
our colleagues and see the correlation coefficient (coef =
9.82; RSE = 17.4%) obtained for RFFIT and FAVN re-
sults during the study as best-fit to our objective. We do
not look at the above coefficient as the true correlation
of RFFIT and FAVN results and do not recommend us-
ing this parameter in other studies and analyses. Note that
model-calibrated initial values of rabies VNA titers in dog
sera prior to the vaccination were 0.1 IU/ml in the RFFIT
tests and 0.0227 IU/ml in the FAVN ones, demonstrating
impeccable consistency with other researchers’ data on
pre-vaccination VNA levels lower than the threshold pro-
tective value of 0.5 IU/ml (Table 1) [2, 10, 14].

The humoral immune response of shorter duration
found in the dogs vaccinated at the age under 3 months
(Fig. 4,5) also correlates with the data from other research-
ers [15, 18, 19]. The above phenomenon is explained by
the presence of colostrum-acquired antibodies preventing
robust humoral immune response to the vaccine and by
the active development of the immune system and the
entire body at this age [11, 20]. However, the results of
our studies differ from the data presented by Nokireki

et al., demonstrating that dogs under 1 year of age have
a higher probability of VNA titers lower than 0.5 IU/ml
[21]. One of the reasons can be that the dogs under study
were not divided into age subgroups under 3 months and
from 3 months to 1 year. Nokireki et al. pointed out that
dogs under 1 year failed to reach the antibody titer of 0.5
IU/ml more often, if the time between the vaccination and
the specimen collection was longer than 3 months. Shi-
mazaki et al. also observed that dogs under 1 year had
low VNA titers, which were insufficient for maintaining
the protective level of antibodies for one year [22]. Such
differences can be explained by the fact that the groups
included a large number of animals vaccinated with a sin-
gle dose before they reached the age of 3 months.
Unfortunately, the absence of individual data and de-
tailed information about the breed, weight, and age of the
animals as well as about the administered vaccines did
not let us measure the effect of the above factors on the
changes in rabies VNA levels in dogs’ sera, as it had been
done by other authors [15, 18, 21, 23]. Following Kenne-
dy et al., we observed differences in the immune response
to vaccination against rabies among beagle puppies [15].
Some researchers think that such differences can be asso-
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Fig. 7. Virus-neutralizing antibodies (VNAs) levels in dogs’ serum following different vaccination schedules (RFFIT as a method for anti-
bodies detection): the results of model simulations.

Note. The horizontal dashed line indicates a protective antibody level of 0.5 IU/ml.

Puc. 7. Conepsxanne BupycHeltpanusytonmx anturen (BHA) B cbiBopoTke KpoBH c0OaK MPH Pa3IUUHBIX CXeMaX BaKI[MHALUK (METO OIpe-
nenerns aututen RFFIT), pe3yasrarel MOIETBHBIX CUMYJISIINI.

IIpumeuanue. [opu3oHTaIbHAS TYHKTHPHASI JINHUS 0003HAaYaeT IPOTEKTUBHEI ypoBeHs antuten 0,5 ME/mir.

ciated with age-specific characteristics of animals rather
than with their breed [18, 21].

Adherence to on-time revaccination of stray dogs can
be highly challenging due to their free-roaming behavior
and capturing costs. Our study shows that the revaccina-
tion of stray dogs with spacing of 1, 2, and even 3 years
results in VNA titers reaching at least 0.5 IU/ml during
the entire interim period (Fig. 6), demonstrating consis-
tency with other authors’ data. Following Moore et al.
[24], we assume that the humoral immune response of
longer duration will be induced in stray dogs after dou-
ble-dose primary vaccination.

The detected differences in VNA levels in dogs’
blood sera after single and double primary vaccination
(Fig. 7) demonstrably support and provide the solid
ground for MM-based assumptions incorporating the
results of experimental studies. The importance of dou-
ble-dose primary vaccination and ineffectiveness of sin-
gle vaccination for dogs under 1 year were emphasized
by many researchers [18, 23, 25-27]. However, quanti-
tative measurement of the effect of the animals’ age and
vaccination schedule on changes in rabies VNA levels
was frequently based on pair-wise comparison of groups
by using different statistical criteria and a regression anal-
ysis [18, 27]. Only some authors used MM methods. For
example, Suzuki et al. used a nonlinear mixed-effects
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model to assess humoral immune response after rabies
vaccination of dogs in Bolivia [7].

The viability of annual revaccination of animals (in-
cluding rabies revaccination) has been discussed for a long
time [28, 29]. The results of our study (Fig. 6) and the da-
ta from other authors suggest that most of the dogs have
rabies VNA titers not less than 0.5 IU/ml in their blood
sera during 2 and more years after vaccination [30-32].
Refusal from annual revaccination is frequently equated
with the concern about side effects associated with vac-
cines [33, 34]. Nevertheless, we recommend annual re-
vaccination of dogs against rabies in compliance with the

'Order of Ministry of Agriculture of Russia dated November 25, 2020,
No. 705 «On approval of the Veterinary rules for the implementation of
preventive, diagnostic, restrictive and other measures, the establishment
and cancellation of quarantine and other restrictions aimed at preventing
the spread and elimination of rabies foci» (in Russian). Available at:
https://rulaws.ru/acts/Prikaz-Minselhoza-Rossii-ot-25.11.2020-N-705/
(accessed 5 August, 2021).

Tlpuka3 Muncenbxo3a Poccun or 25.11.2020 N 705 «O6 yTtBepk-
IeHWH BeTeprHapHBIX MPaBUI OCYLICCTBICHHS NPO(HIAKTHUCCKHX,
JIMarHOCTHYECKHUX, OTPAaHUYMTENIBHBIX M HMHBIX MEpOIPHSATHH, ycTa-
HOBJICHMS 1 OTMCHBI KapaHTHHA M MHBIX OrPAaHHUYCHHMIl, HAPABICHHBIX
Ha NPEeJOTBPALICHUE PACIPOCTPAHCHHUS U JMKBHIALUIO O4aroB OelIcH-
ctBay. Available at: https://rulaws.ru/acts/Prikaz-Minselhoza-Rossii-ot-
25.11.2020-N-705/ (accessed 5 August, 2021).
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Russian laws' and international recommendations [35],
due to the adverse epizootic situation for this disease in
the Russian Federation [36]. Annual revaccination is sig-
nificant for generating and maintaining protective VNA
levels in dogs having weak response to vaccination due to
different factors (chronic diseases, age, breeds, etc.), thus
protecting both the animal and its owner against rabies.

Conclusion

Based on the obtained results, we recommend the fol-
lowing rabies vaccination schedule for domestic dogs: the
first and the second vaccination should be administered at
the age of 3 months to 1 year, with 1-2-month spacing
followed by annual revaccination. Further studies will
provide an individual approach to vaccination with con-
sideration for the breed, weight, age, previous vaccina-
tion schedule and general health of the animal to achieve
higher effectiveness of vaccination and longer duration
of immune protection against different infections. In ad-
dition, this work demonstrates the prospects for more ex-
tensive use of MM methods for preventive vaccination,
including development and assessment of effectiveness
of new vaccines, and, presumably, will give another im-
petus to development of this sector of research.
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