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A R T I C L E I N F O                   A B S T R A C T 

Introduction: The global co-circulation of two influenza B virus genetic lineages known 

as B/Yamagata and B/Victoria may lead to a mismatch between the circulating virus and 

the strain recommended for use in influenza vaccines. Little is known about the protective 

efficacy of unmatched influenza B strains, especially when it comes to live attenuated 

influenza vaccine. The main purpose of this study was to demonstrate the viability of using 

live attenuated influenza vaccine developed on B/USSR/60/69 backbone to protect against 

heterologous influenza B challenge infection.  Methods: To estimate the potential cross-

protective activity of mono- and trivalent live attenuated vaccines based on B/Victoria or 

B/Yamagata genetic lineage virus against a heterological challenge, ferrets were given one 

dose of vaccine and then were challenged with influenza B virus. The ferrets were then 

monitored for clinical signs associated with influenza infection. Samples of the ferrets’ 

airways were tested for the presence of the challenge virus. Results: Mono- and trivalent 

live attenuated influenza vaccines were shown to be safe and cross-protective against 

genetically different influenza B viruses based on virological and histological data and 

clinical signs. A lower titer of heterologous challenge virus in the airways of the vaccinated 

ferrets compared to mock-vaccinated animals inoculated with the challenge virus was 

detected. Interestingly, B/Victoria-based vaccines were more cross-protective compared 

with B/Yamagata-based vaccines.  Conclusion: In the case of mismatches of B component 

of the trivalent live attenuated influenza vaccine and lineage of the circulating influenza B 

viruses, one of the options could be using trivalent preparation containing a B/Victoria 

lineage component. 
 

 

INTRODUCTION 
Immunization with an influenza vaccine is the best 

intervention to prevent influenza infection [1]. Since 1999, the 

World Health Organization (WHO) has made annual 

recommendations on the composition of influenza virus 

vaccines for use during the Northern and Southern hemisphere 

influenza seasons, based on global surveillance programs and 

the prognosis of the most likely strains to be circulating [2,3]. 

The efficacy of influenza vaccination depends primarily on the 

antigenic match between the circulating and the vaccine strains. 

At the same time, influenza vaccines, in particular, live 

attenuated influenza vaccine (LAIV), may induce broad-

spectrum and long-lasting immune responses, providing 

protection against drifted influenza viruses [4–7]. In the 1970s, 

influenza B viruses were classified into two major antigenically 

distinct lineages, B/Victoria and B/Yamagata [8]. The first 

B/Victoria-like strains were dominant worldwide since the late 

1980s and then were almost replaced by B/Yamagata lineage 

viruses. In 2001–2002 B/Victoria lineage re-emerged and was 

detected in several countries in Europe, Asia, and in the USA. 

As of today, these two lineages have co-circulated among 

humans all over the world [9–14]. Notable changes in the 

currently circulating influenza B viruses included an increasing 

prevalence of B/Victoria or B/Yamagata lineage in different 

countries and areas. Importantly, either B/Victoria or 

B/Yamagata lineage is the most predominant in specific 

countries and areas; hence, predicting which genetic lineage of 

influenza B virus will dominate in the circulation in particular 

area during the next influenza season is not always possible 

[15–19]. For instance, the influenza B strains recommended for 

the Northern hemisphere seasonal influenza vaccine were 

incorrect during 5 out of 10 influenza seasons of 2001–2002 to 

2010–2011 [16]. A mismatch between the circulating influenza 

viruses and the vaccine components may dramatically affect the 

vaccine efficacy [2,18,20–22]. 

This problem could be solved by including an additional 

influenza B virus strain in the trivalent vaccine which includes 

one influenza A (H1N1) strain, one influenza A (H3N2) strain 

and one influenza B strain. Theoretically, such quadrivalent 

influenza vaccine should provide the best match between the 

vaccine strains and the circulating influenza B viruses. In 2012, 

WHO first suggested that influenza vaccines might contain two 

influenza B viruses (one of each B lineage), allowing countries 
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Table 1. LAIVs containing the following influenza B virus components 

to decide if they would prefer to produce the trivalent or the 

quadrivalent influenza vaccines [23]. The quadrivalent LAIV 

(LAIV-4) is licensed in the USA, Canada, and Europe and in 

some other countries. However, a number of pro et contra 

opinions on the use of the quadrivalent influenza vaccine have 

been raised [21,24] and some countries including Russia still 

produce trivalent preparations, IIV-3 or/and LAIV-3 only. 

The potential mismatch between the circulating influenza B 

strains and the trivalent vaccine makes broadly effective 

influenza B vaccine components an important public health 

urgency [25–27]. Contemporary realities dictate the need for an 

extensive study in countries that still produce the trivalent 

influenza vaccine to assay the potential cross-protective activity 

of vaccines containing the B/Victoria or B/Yamagata lineage 

viruses against a heterological influenza B virus challenge. A 

potential cross-protectivity of influenza vaccines against 

antigenically distinct influenza B viruses through local and 

cellular immune responses have been reported in some studies 

[28–30]. In our study, the cross-protectivities of LAIV-1 and 

LAIV-3 in naïve ferrets against challenge with influenza B 

virus of genetically different lineages were evaluated. As a 

control, the protection provided by the quadrivalent LAIV 

(LAIV-4) has also been estimated. 

 

MATERIALS and METHODS 
Viruses 

(I) Wild-type (WT) influenza B viruses, 

B/Phuket/3073/2013 (B/Yamagata lineage, Yam) and 

B/Brisbane/60/08 (B/Victoria lineage, Vic) were used. (II) A 

list of LAIVs used in this study is shown in Table 1. 

LAIV Influenza B virus component 

LAIV-1 (Yam) B/Phuket/3073/2013 (Yam) 

LAIV-1 (Vic) B/Brisbane/60/08 (Vic) 

LAIV-3 (Yam) B/Phuket/3073/2013 (Yam) 

LAIV-3 (Vic) B/Brisbane/60/08–like (Vic) 

LAIV-4 B/Phuket/3073/2013 (Yam), 

B/Brisbane/60/08–like (Vic) 

 

All LAIV candidates with the genomic backbone of 

Russian master donor viruses, A/Leningrad/134/17/57 (H2N2) 

and B/USSR/60/69, were developed as described in [31]. 

Experimental series of monovalent LAIVs contained 10
7.0

 

EID50/mL of vaccine virus. The LAIV-3 and LAIV-4 were 

provided by the Serum Institute of India Private Limited (Pune, 

India) and contained individual vaccine components in the 

range of 10
8.0

–10
8.7 

EID50/mL. 

Animals 

Two studies were performed in ferrets to assess the 

protective efficacy of the LAIVs against influenza B viruses 

belonging to different genetic lineages. All procedures for the 

use and care of animals were approved by the Local Bioethical 

Committee of the Institute of Preclinical Research Ltd., St 

Petersburg, Russia (No. 1.4/17 from 18 January 2017 for Study 

#1 of LAIV-1 and No. 1.33/17 from 5 June 2017 for Study #2 

of LAIV-3 and LAIV-4). All experimental procedures with 

ferrets were carried out according to the principles of European 

Union legislation [32] under short-term anesthesia. Every effort 

was made to reduce the discomfort and suffering of the animals. 

At the end of the experiments, the ferrets were humanely 

euthanized according to IACUC guidelines.  

Using a routine HI test [33], adult male and female ferrets 

(Mustela putorius furo), 5–6 months of age, were determined to 

be negative for human influenza B viruses being tested in this 

study. Animals were inoculated intranasally with a single dose 

of LAIV or PBS (mock immunized) in a volume of 0.5 

mL/nostril under short-term anesthesia induced by inhalation of 

Isoflurane (Study #1) or under intramuscular injection of Zoletil 

100 at a dose of 12.5 mg/kg of body weight (Study #2). At the 

end of the experimental period, the ferrets were euthanized with 

a combination of Zoletil 100 and Xylazine. 

Study Design 

The study population was used to estimate the cross-

protective potential of LAIV-1 and LAIV-3 against infection 

with influenza B viruses of genetically different lineages. 

Groups comprised 3 ferrets each were inoculated intranasally 

with the vaccine, on study day 0. Additional study groups were 

used as mock-vaccinated controls and received PBS on day 0. 

Three weeks later, the vaccinated and the mock-vaccinated 

animals of Study #1 and 4 weeks later, the vaccinated and the 

mock-vaccinated animals of Study #2 were inoculated with 

10
6.0 

EID50/mL of B/Phuket/3073/2013 (Yam) or 

B/Brisbane/60/2008 (Vic) WT virus at a volume of 1.0 mL. The 

WT challenge virus titer was determined by routine titration at 

the temperature of 37 ºC in embryonated chicken eggs and 

calculated by Reed and Munch method [34]. An additional 

group of animals did not receive either the vaccine or the 

challenge virus (mock-inoculated animals). LAIV-4 was used 

as a control of protection.  

Assessment of morbidity outcomes and clinical signs 

Animals were randomly selected and housed in individual 

cages. Daily clinical assessment of inoculated and control 

ferrets was performed 1 week before inoculation and for 3 days 

after vaccination and challenge. Ferrets were assessed for 

symptoms of respiratory infection and level of activity. In the 

preliminary Study #1, the body (rectal) temperature was 

measured using a digital thermometer. The body temperature of 

the ferrets of Study #2 was recorded by ultra-small temperature 

data loggers (Star-Oddi, Reykjavik, Iceland), which were 

implanted in the peritoneal cavity and recorded temperature 

every 30 minutes. The area under the temperature curve 

(AUTC) was calculated for periods of 3 days after the challenge 

for each animal using appropriate tools in GraphPad Prism 

software. We considered 38.0 °C as the cut-off temperature for 

AUTC calculation. 

Assessment of the Virus Replication in Ferrets’ 

Airways in Embryonated Chicken Eggs 

Three days after the vaccination and challenge, nasal 

wash specimens were collected for virological analysis. At the 

end of the study, on day 3 post-challenge, lung tissue samples 

were taken for histopathological and virological analyses. 

Determination of the virus replication was assessed by endpoint 

titration of tested samples in 10–11-day-old embryonated 

chicken eggs at a temperature of 32 °C for 72 h. The virus titer 

was detected by routine hemagglutination test [33] with 1.0% 

chicken erythrocytes and calculated as EID50/mL for the nasal 

washes and as EID50/mL per gram of the lung tissue samples 

[34]. 
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Assessment of the virus replication by real-time PCR 

Samples of the nasal lavages and the lung tissues were tested by 

real-time PCR for the detection of influenza B virus RNA, as 

described in [35] using a threshold cycle (Ct) comparison 

method. The RNA extraction from the tested samples was 

performed using a RIBO-sorb reagent kit (InterLabService). 

Primers and probes for influenza virus RNA amplification were 

obtained from the CDC (Atlanta, USA). One-step qRT-PCR 

System was supplied by Invitrogen. 

Hemagglutination Inhibition (HI) Test  

Serum antibody response in the non-vaccinated and 

vaccinated ferrets was detected by a routine HI test [33] with 

1.0% chicken erythrocytes. To remove non-specific agglutinin 

serum, samples collected from the ferrets were treated with a 

receptor-destroying enzyme (DENKA SEIKEN Co. Ltd) 

according to the manufacturer’s instructions. A fourfold rise in 

titers in paired sera was considered as seroconversion.  

Gross Pathology  
Complete macroscopic examinations (gross pathology) of 

trachea and lung tissues of the ferrets were performed at the 

time of necropsy. The severity of the lesions (color, number of 

damaged areas) was assessed in points.  

Histopathology 

One lobe of the lung and trachea from each sacrificed 

ferret were taken for histological analysis. After fixation in 10% 

buffered formalin, samples of the lung tissue and the trachea 

were embedded in paraffin. Tissue sections of 5µm were 

prepared and stained with Alcian blue (pH 2.5), followed by 

hematoxylin and eosin staining to reveal goblet cells on 

microscopic examination. Histological analysis was performed 

for the following lung tissue damage parameters: exudate in 

lung and bronchiole lumen, hypertrophy, and hyperplasia of the 

bronchial and bronchoalveolar epithelium, necrosis of bronchial 

and bronchoalveolar epithelium, hyperemia, emphysema, 

hemorrhages, inflammatory damage of bronchi, alveoli, 

interstitial tissue, and blood vessels. Each of these parameters 

was scored as follows: absent – 0; minimal – 1; slight – 2; 

moderate – 3; strong – 4; and severe – 5, on the 3 sections from 

each lung as described in [36].  

Statistics 

The Shapiro-Wilk test was used (normality test) to assess 

the distribution parameters. Differences between groups were 

analyzed by a post hoc Tukey test, one-way analysis of variance 

(one-way ANOVA), Kruskal-Wallis ANOVA, Mann-Whitney 

U-test by StatSoft Statistica 10.0 (USA) or GraphPad Prism 7. 

Data are presented as mean values ± SEM unless otherwise 

indicated. Differences were considered to be statistically 

significant at p ≤0.05. 

 

RESULTS 
Clinical Examinations of the Ferrets;  

Effect of Anesthesia on a Macroscopic View of Lung 

Tissue of the Ferrets 

The ferrets received 5 applications of anesthesia in total, 

namely 3 days prior to the vaccination when screening for 

seronegative animals to the viruses being tested, on day 0 for 

the vaccination, on day 3 post-vaccination, on the day of the 

challenge, and on day 3 post-challenge. In Study #1, inhalation 

of the anesthesia was maintained by Isoflurane which did not 

affect the main clinical symptoms, body weight, body 

temperature, behavior, and the viral replication. However, 

localized pulmonary hemorrhages were detected after 5 

inhalations in all study groups including ferrets which had been 

intranasally inoculated with PBS (Fig. 1 a,b). As a result, 

microscopic examination of the ferrets’ airways was not 

performed. Further, in Study #2, we eschewed inhalation of 

anesthetic and used intramuscular anesthesia which was 

induced by injection with Zoletil 100. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

Activity and Respiratory Symptoms  

No clinically significant features were observed in 

immunized ferrets of Study #1 and Study #2. On days 1–3 post-

vaccination, monitoring revealed a slight decrease in behavioral 

activity. No clinical signs of respiratory infection were detected 

in the vaccinated ferrets (data not shown). 

All ferrets of both studies survived the 3-day follow-up 

observations, post-challenge period. After the challenge, the 

mock-vaccinated animals showed pronounced behavioral 

activity loss, compared with those from the vaccinated groups. 

One dose of LAIV significantly reduced clinical signs in ferrets 

challenged with WT viruses; the physiological state of the 

vaccinated animals post-challenge was close to normal (data 

not shown).  

 

 

 

 

 

 

Fig. 1. Macroscopic view of lungs of the ferrets after 

multiple rounds of anesthesia. Yellow arrows – pulmonary 

hemorrhages. The ferrets received 5 applications of 

anesthesia. Isoflurane maintained inhalation anesthesia, 

intramuscular anesthesia was induced by injection with 

Zoletil 100. At the end of the experiment, the ferrets in all 

groups were humanely euthanized with a combination of 

Zoletil 100 and Xylazine. (a) Placebo group (ferrets that 

received only PBS)—Isoflurane; (b) B/Victoria challenge 

virus control group—Isoflurane; (c) placebo group 

(PBS)—Zoletil 100; (d) B/Victoria challenge virus control 

group—Zoletil 100. 
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Bodyweight 

Fig. 2 shows body weight changes in ferrets after 

vaccination and challenge with WT virus. The mock-inoculated 

ferrets, challenged with the mock inoculation showed a slight 

increase in their body weights on days 0–3 (Study #1) or a 

slight decrease (Study #2). Vaccination with LAIV-1, LAIV-3, 

or LAIV-4 did not influence the body weights. Meanwhile, 

changes in body weights of the immunized ferrets were not 

significantly different from those in the mock-inoculated group.  

 

The data of bodyweight changes from day 0 to day 3 post-

challenge followed a normal distribution. Bodyweights of the 

immunized animals after the challenge did not differ 

significantly from that of the mock-inoculated ferrets. A 

minimum weight loss (2.7–3.6%) was seen in ferrets vaccinated 

with the LAIV-3 (Vic) after challenge with homologous WT 

B/Victoria virus. The utmost decrease in body weighst was 

recorded in the mock-vaccinated animals of Study #2, 

inoculated with B/Victoria (5.8–9.9%) or B/Yamagata (5.3–

6.3%) challenge viruses. 

Body Temperature  

Body temperature changes, together with respiratory 

symptoms, is one of the most accurate and objective indicators 

of influenza infection in ferrets. The absence of statistically 

significant effects of the administration of LAIV-1, LAIV-3, 

and LAIV-4 on body temperature on any day between  

 

 

vaccination and challenge was confirmed by one-way ANOVA 

(Fig.3 a,d). 

A short-term depression of body temperatures of the 

ferrets followed by intramuscular anesthesia with Zoletil was 

noticed (Fig. 3, lower panel). However, it did not cause any 

non-specific pulmonary hemorrhages (Fig. 2c) as Isoflurane did 

(Fig. 2a). In Study #1, a slight increase in body temperature 

(0.5–0.7 °C, average 39.2 °C) was detected in the control 

groups on day 1 post-inoculation with B/Victoria or 

B/Yamagata challenge viruses and persisted for 1–2 days. In 

both studies, post-challenge monitoring revealed that the 

vaccinated ferrets did not develop clinical signs of influenza 

infection with the exception of a rise of body temperature in the 

group vaccinated with LAIV-3 (Yam) after its challenge with 

B/Vic WT virus (Study #2, one-way ANOVA, F = 11.34, p = 

0.0010) (Fig. 3). A significant rise in body temperatures was 

also seen in the mock-vaccinated animals after challenge with 

Fig. 2. Bodyweight changes in the vaccinated and the mock-vaccinated animals before and after challenge with 

homologous or heterologous WT influenza B virus. Data presented as % of initial (Day 0) body weight (mean ± 

SEM). Upper panel (a–c): body weights of animals post-vaccination with LAIV-1 or PBS and subsequent challenge; 

lower panel (d–f): body weights post-vaccination with LAIV-3, LAIV-4 or PBS and subsequent challenge. (a) Day 0-

3 post-vaccination with LAIV-1 or the mock inoculation; (d) Day 0–3 post-vaccination with LAIV-3, LAIV-4 or the 

mock inoculation; (b, e) Day 0–3 post-challenge with B/Victoria; (c, f) Day 0–3 post-challenge with B/Yamagata. 

*Significantly different from the control of challenge virus (Mann-Whitney U test, p ≤ 0.050) 
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Fig. 4.  AUTC of the ferrets for the period of 3 days after challenge with homologous or heterologous WT influenza B 

virus. Statistically significant differences with the control groups (mock-vaccinated, mock-inoculated) and the study 

groups are indicated (p value, Tukey post hoc test, one-way ANOVA, p = 0.0010)  
 

B/Victoria virus (one-way ANOVA, F = 11.34, p = 0.0010). In 

addition, AUTC was calculated for the period after the 

challenge for all groups (since a moment of body temperature 

normalization after anesthetic treatment). Significant 

differences in AUTC were detected for the mock-vaccinated 

ferrets and for ferrets vaccinated with LAIV-3 (Yam) after 

B/Victoria challenge (Fig. 4). Differences between other groups 

were not significant. 

 

 

 

 

 

Fig. 3. Body temperature changes among studied groups of the vaccinated ferrets before and after challenge with 

homologous or heterologous WT influenza B virus. Upper panel (a–c): rectal temperature of the animals post-vaccination 

with LAIV-1 or PBS and subsequent challenge (temperature was measured two times per day by digital thermometer), 

mean ± SEM; lower panel (d–f): body temperatures post-vaccination with LAIV-3, LAIV-4 or PBS and subsequent 

challenge (temperature was recorded every 30 min by temperature loggers), mean values. (a) Day 0-3 post-vaccination 

with LAIV-1 or mock; (d) Day 0–5 post-vaccination with LAIV-3, LAIV-4 or mock; (b, e) Day 0–3 post-challenge with 

B/Victoria; (c, f) Day 0–3 post-challenge with B/Yamagata. Black arrows indicate administration of Zoletil 100. 
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Replication of the Vaccine Virus in Embryonated 

Chicken Eggs 

The replication of the vaccine virus in the upper 

respiratory tract (URT) of the immunized ferrets was assessed 

on day 3 post-vaccination by end-point titration of the nasal 

lavages in embryonated chicken eggs. No virus was found in 

the non-vaccinated ferrets. In contrast, the vaccine virus titers 

of LAIV-1 ranged from 10
3.7 

to 10
3.9 

EID50/mL. The total virus 

titer of LAIV-3 and LAIV-4 varied from 10
4.20

 to 10
4.53 

EID50/mL (Fig. 5a). 

 

 

 

 

 

Assessment of the Vaccine Virus Replication by 

Real-Time PCR 

Expressed replication of each influenza B vaccine virus in 

URT of the ferrets has been verified by real-time PCR. Cycle 

quantification values of B components of all vaccines tested in 

nasal washes on day 3 post-vaccination ranged from the 

minimum value of 11.41 for LAIV-1 (Vic) to the maximum 

value of 20.47 (LAIV-3 (Vic) (Fig. 5b).  

Replication of the Challenge Virus in Embryonated 

Chicken Eggs 

In Study #1 the mock-vaccinated control ferrets 

challenged with WT virus showed average lung viral titers of 

10
3.01

 (Vic) and 10
0.96

 (Yam) EID50/mL/g, respectively. In Study 

#2 the lung viral titers were higher – 10
6.10

 (Vic) and 10
3.37

 

(Yam) EID50/mL/g, respectively (Fig. 6). In both studies, the 

vaccinated animals shed the heterologous challenge virus in 

their URT at significantly lower levels than the mock-

vaccinated animals (Mann–Whitney U, p < 0.05). None of the 

vaccinated ferrets had a detectable replication of the challenge 

virus in the lungs with only one exception where the animals 

inoculated with LAIV-3 (Yam) showed B/Victoria challenge 

virus lung titer of 10
4.70

 EID50/mL per gram of tissue that was 

not significantly different from the lung virus titer in the control 

group of the mock-vaccinated ferrets (10
4.7

 EID50/mL vs. 10
6.1

 

EID50/mL, Mann–Whitney U test, p = 0.127). 

Assessment of the Challenge Virus Replication by 

Real-Time PCR 

Pronounced replication of the WT challenge virus in the 

airways of the mock-vaccinated ferrets was confirmed by real-

time PCR. Cycle quantification values in nasal washes ranged 

from 14.92 to 20.69 Ct for B/Victoria and from 17.89 to 21.75 

Ct for B/Yamagata, in the first and the second study, 

respectively. In the lungs, Ct values varied from 29.18 to 20.45 

for B/Victoria and from 27.86 to 24.72 for B/Yamagata, in the 

first and the second study, respectively. Vaccination inhibited 

replication of the challenge viruses in the upper and low 

airways of ferrets vaccinated with monovalent LAIV. It should 

be noted that LAIV (Vic) had a more pronounced effect on the 

replication of the heterologous challenge virus than 

immunization with LAIV (Yam) while B/Victoria challenge 

virus was detected in the lungs of animals vaccinated with 

LAIV-1 (Yam) or LAIV-3 (Yam) (Fig. 7). These results were 

found to be close to those obtained by end-point titration of the 

nasal washes and the lung tissue samples in eggs. Mann-

Whitney U test. (a, b) Ct for B/Vic challenge virus on day 3 

after challenge; (c, d) Ct for B/Yam challenge virus on day 3 

after challenge; (a, c) nasal washes; (b, d) lung tissue.  

Serum Antibody Response to B Components of 

LAIVs 

All the ferrets were seronegative for the tested influenza 

B viruses. Particularly, all of the ferrets had HI antibody titers  

< 1:10 to B/Victoria or B/Yamagata influenza viruses prior to 

the vaccination. Titers < 1:10 were set to 5 for calculation of the 

geometric mean titer (GMT) as described in [37,38]. Twenty-

one days after the vaccination with LAIV-1 or 28 days after the 

vaccination with LAIV-3 or LAIV-4, all the ferrets presented a 

fourfold or higher increase in HI antibody titers to the 

homologous WT virus (Table 2). The antibody titer increase 

ranged from 3.6 to 7.2-fold for B/Victoria component and from 

4.5 to 18.0-fold for B/Yamagata component, respectively. In 

contrast, no cross-lineage antibody response to the heterologous 

challenge virus was seen. 

Gross Pathology 

Macroscopic examination of the organs of the vaccinated 

and non-vaccinated animals showed no pathological changes in 

their trachea or lungs. The administration of the LAIV or 

Fig. 5. Detection of the vaccine virus in embryonated chicken eggs and by RT-PCR. P values indicated a 

significant difference from the control of challenge virus by Mann-Whitney U test. (a) LAIV virus shedding 

detected by culture in embryonated chicken eggs; threshold limit value was estimated as < 101.5 EID50/mL 

(dotted line); (b) assessment of the vaccine virus replication by RT-PCR; Ct: the number of PCR cycles 

which is necessary to achieve a given level of fluorescence; estimated threshold limit value of Ct was 

suggested as high as 40 (dotted line); samples displayed Ct value ≥ 40 were considered as negative. 
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vaccination with LAIV followed by challenge with homologous 

or heterologous influenza B virus did not result in damage to 

the trachea or lungs of the ferrets. Thus, gross pathologic 

examination revealed that LAIV provided protection from 

infection with WT not only for homologous but also for 

heterologous influenza B virus in the ferrets. 

 

 

 

 

 

Histopathology 

The semi-quantitatively examination of histological 

changes is presented in Table 3 as an average sum of the scores 

per ferret ± standard error of the mean. Histopathological 

analysis of the mock-inoculated control group established that 

there was little to no change in the lung tissue. The mean score 

for the lung lesions in the control group was 12.7. The 

histological examination of the tracheas of all the ferrets 

showed no damages. 

In the mock-vaccinated ferrets challenged with influenza 

B viruses, more severe changes were defined: mild to moderate 

inflammatory damage to the bronchi, blood vessels, alveolar, 

and interstitial tissue. Histological examination also showed 

diffuse infiltration of mononuclear cells, hyperemia of the 

alveolar septa, alveolar emphysema, and focal hemorrhages. 

Bronchiolitis, peribronchitis, and hyperplasia of the 

pneumocytes were also detected. Collectively, the mean score  

 

for the lung lesions was significantly higher than in the mock-

inoculated control (35.7 compared to 12.7, Tukey test, p 

=0.004). In the lungs of the mock-vaccinated ferrets challenged 

with B/Yamagata lineage, severe pathological changes were 

defined. Histological examination revealed moderate to severe 

catarrhal bronchitis and bronchiolitis, with detection of a cell 

exudate in the lumen of the bronchi and bronchioles. 

Hyperplasia and hypertrophy of the bronchial epithelium with 

focal necrosis and lymphocytic infiltration were also detected. 

The mean score for the lung lesions was significantly higher 

than the mock-inoculated control (32.7 compared to 12.7, 

Tukey test, p = 0.004). Histological examination of LAIV-

vaccinated ferrets showed less pronounced changes in the lung 

tissue compared with the lungs of the mock-vaccinated animals 

after the challenge with the WT virus. Slight damage to the 

bronchial epithelium and a low degree of lymphocytic and 

mononuclear infiltration in the interstitial tissue were also 

Fig. 6. Shedding of the challenge virus was detected in embryonated chicken eggs. Threshold limit value was 

estimated as < 101.5 EID50/mL (dotted line). P values indicated a significant difference from the control of 

challenge virus by Mann-Whitney U test. (a, b) B/Vic challenge virus on day 3 after challenge; (c, d) B/Yam 

challenge virus on day 3 after challenge; (a, c) nasal washes; (b, d) lung tissue. 
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found. The acute inflammation in the lungs of LAIV-vaccinated 

ferrets was not defined. It is also relevant that ferrets vaccinated 

with T-LAIV (B/Yam) had fewer goblet cells of bronchial 

epithelium after B/Victoria challenge compared with the mock 

group. The mean scores in the groups of LAIV-vaccinated 

ferrets had values between 16.3 and 22.0 (compared 12.7 in the 

mock-inoculated control group). 

 

 

 

 

Study Test article 

B/Victoria WT antigen B/Yamagata WT antigen 

HI GMT1 Fold increase HI GMT1 Fold increase 

#1 LAIV-1 (Vic) 5.0 / 36.0 7.2 5.0 / 5.0 1.0 

LAIV-1 (Yam) 5.0 / 5.0 1.0 5.0 / 90.0 18.0 

Intact group 5.0 / 5.0 1.0 5.0 / 5.0 1.0 

#2 LAIV-3 (Vic) 5.0 / 35.6 7.1 5.0 / 5.0 1.0 

LAIV-3 (Yam) 5.0 / 5.0 1.0 5.0 / 31.7 6.3 

LAIV-4 5.0 / 17.8 3.6 5.0 / 22.4 4.5 

Mock-inoculated animals 5.0 / 5.0 1.0 5.0 / 5.0 1.0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Shedding of challenge viruses was detected by RT-PCR. Ct: the number of PCR cycles 

which is necessary to achieve a given level of fluorescence. Estimated threshold limit value of Ct 

was suggested as high as 40 (dotted line). Samples displayed Ct value ≥ 40 were considered as 

negative. P values indicated for significantly different from the control of challenge virus by 

Mann-Whitney U test. (a, b) Ct for B/Vic challenge virus on day 3 after challenge; (c, d) Ct for 

B/Yam challenge virus on day 3 after challenge; (a, c) nasal washes; (b, d) lung tissue. 

 

Table 2. Humoral immune response to B components of LAIVs (HI test). 

1Day 0/day 21 for study #1 and day 0/day 28 for study #2 (twofold dilutions) 
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Group 
Lung examination1 on day 4 after challenge with 

B/Victoria B/Yamagata 

LAIV-3 (Vic) 16.3  2.73 18.7  2.91 

LAIV-3 (Yam) 22.0  2.08 17.3  2.03 

LAIV-4 19.3  2.73 19.0  3.21 

Control of challenge virus (mock-

vaccinated animals) 
35. 7  1.762 32.7  2.732 

Mock-inoculated animals 12.7  1.76 

 

 

 

 

 

 

DISCUSSION 

The quadrivalent influenza vaccine is likely to be more 

effective compared with the trivalent vaccine [39]. In seasons 

with relatively high influenza B activity, the quadrivalent 

inactivated influenza vaccine (IIV-4) has appeared to be more 

protective than IIV-3 [40]. In addition, LAIV-4 and IIV-4 

maintained a similar level of protection against a new antigenic 

variant H3N2. However, in children 2–17 years of age, LAIV-4 

has provided significantly better protection against a drifted 

influenza B virus [41]. The quadrivalent influenza vaccine 

compared to the trivalent preparation may lead to a substantial 

decrease in an epidemiological burden and influenza-associated 

costs [42,43]. On the other hand, if the vaccine strain matches 

with circulating influenza B virus, there is no need for the 

quadrivalent vaccine. In addition, a number of different factors 

are influenced by the development and use of the quadrivalent 

vaccine in different countries. For instance, the quadrivalent 

vaccine is more expensive than the trivalent preparation [39], 

the limited production capacity may result in fewer doses of the 

quadrivalent vaccine compared with the trivalent vaccine [21] 

and there is a longer time of production for the quadrivalent 

preparation [15]. Obviously, matched vaccines provide the best 

protection; however, little is known about the protectivity of 

unmatched vaccines.  

Evidence of cross-protectivity of unmatched influenza B 

components of vaccines is still contradictory and sparse, 

especially for LAIV-3. The main purpose of our study was to 

demonstrate the viability of using Russian LAIV-3 to protect 

ferrets from heterologous influenza B challenge infection. In 

our work, a single dose of LAIV-4 was used as a control of 

vaccine protectivity. In our study, LAIV-4 had no adverse 

effect on the clinical condition, body temperature, or 

bodyweight of the ferrets. The immunization of the animals 

with LAIV-4 followed by challenge with B/Victoria or 

B/Yamagata virus led to a significant reduction of clinical signs 

of influenza infection. The overall efficiency of protection was 

sustained. As assessed by challenge virus detection in ferrets’ 

airways, immunization with LAIV-4 proved to be equally 

effective against both influenza B virus lineages. This implies 

that LAIV-4 is the best option for protection against influenza 

B virus infection. 

The evaluation of clinical symptoms in ferrets and 

examination of virological data demonstrated the cross-

protectivity of LAIV-1 and LAIV-3. The clinical manifestation 

of respiratory infection after challenge with homologous and 

heterologous influenza B lineage viruses was significantly 

milder in the immunized ferrets than in the mock-vaccinated 

animals; the physiological condition of vaccinated animals was 

close to the normal state. In mock-vaccinated ferrets, challenge 

infection with B/Victoria or B/Yamagata influenza viruses led 

to nasal discharge, a decrease in body weight and behavioral 

activity, and to some rise in body temperature. In Study #1, the 

clinical manifestation of the challenge infection with 

B/Yamagata in the mock-vaccinated animals was less 

pronounced than infection with B/Victoria lineage. These data 

may correspond to the findings of a study [44] that reported 

preferential binding of the B/Yamagata lineage to α2-6 sialic 

acid linkages, which are predominant in the ferret URT [45]. In 

contrast to our Study #1, B/Yamagata challenge virus of Study 

#2 was less reactogenic for the animals than B/Victoria strain.  

Interestingly, cross-protection against challenge with 

B/Yamagata virus after vaccination with B/Victoria-containing 

LAIVs was stronger than cross-protection against challenge 

with B/Victoria virus after vaccination with B/Yamagata-

containing LAIVs. These results correlate with the results of 

clinical trials on children immunized with IIV-3. Skowronski 

and co-authors [46] have demonstrated that IIV-3 (Yam) did 

not sufficiently prime young children for the response to 

subsequent immunization with B/Victoria-contained vaccine. In 

our study, ferrets immunized with LAIV-3 (Yam) had a lower 

level of B/Victoria challenge virus in the respiratory tracts were 

compared with the mock-vaccinated animals. However, cross-

protection was less expressed. This data corresponds well with 

the clinical results of other authors. In an earlier study, 

serologically negative children were not protected against 

infection with B/Victoria lineage after vaccination with 

B/Yamagata lineage [47]. However, these findings need to be 

further studied. 

One dose of LAIV-1 or LAIV-3 stimulated intensive 

production of specific antibodies to homologous influenza B 

virus. In contrast, the antibody response to the heterologous 

lineage of influenza B virus was not detected. It should be taken 

into account that the humoral immune response is not the only 

indicator of vaccine efficacy [4]. This cross-protectivity may be 

related to other mechanisms, in particular, cell-mediated or 

local immune responses. It is well known that the live 

attenuated influenza vaccine provides broad-spectrum immune 

responses against the circulating strains, including heterotypic 

protective immunity [4,6,7]. In contrast, the immune response 

to IIV is strain-specific. Virus-specific CD8+ T-cell-response 

and local immunity stimulated by LAIV also play an important 

Table 3. Histopathology of the ferret lung tissues after challenge with homologous or heterologous WT influenza B virus. 

 

1Semi-quantitative analysis of the lung tissue, the average sum of scores per ferret ± SEM.  
2Significantly different from non-vaccinated mock-inoculated control by one-way ANOVA, post hoc Tukey 

test, control of B/Victoria challenge virus p = 0.004, control of B/Yamagata challenge virus, p = 0.010.  
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role in preventing influenza infection [4,48–53]. It has been 

demonstrated that influenza B viruses contain cross-reactive 

cytotoxic T-lymphocyte (CTL) epitopes; CTL response directed 

to one lineage of influenza B virus may cross-react with another 

lineage [54]. 

Histopathological examinations have an important role in 

preclinical animal studies of vaccines. Ketamine is widely used 

in veterinary practices as a surgical anesthetic for general 

anesthesia. However in Russia, Ketamine is included in the list 

of narcotic drugs, psychotropic substances, and their precursors, 

which are subject to control; hence, its usage is strictly limited. 

In Russian veterinary practice, Isoflurane and Zoletil 100 are 

broadly used as anesthetic agents. However, in Study #1, we 

faced an unexpected problem with inhalation of the anesthesia, 

induced by Isoflurane. The efficacy and safety of Isoflurane 

have been shown in a number of nonclinical [55–57] and 

clinical [58] trials; however, these studies have not included 

post-mortem exploration of the animal lungs. In our 

experiments, a five-fold inhalation of Isoflurane dramatically 

affected the lung tissue and caused injuries in form of 

hemorrhagic lung edema. Gross necropsy examination revealed 

gross lung lesions in a mock-inoculated group, similar to the 

mock-vaccinated animals challenged with WT virus. This 

finding corresponded to a previous study [59] in which the 

authors have reported that general anesthesia with volatile 

agents including Isoflurane provoked lung injury, acute 

inflammatory response, and leukocytic infiltration in rats. In 

contrast, the absence of any non-specific lung damages in 

ferrets caused by the injection of Zoletil 100 was reported in 

studies of influenza virus [60,61].  

Hypothermia is a well-known side effect of general 

anesthesia described for a number of mammals 

[55,57,58,62,63] and humans [64]. In our second ferret study, 

Zoletil 100 provoked a temporary decrease in the body 

temperatures. However, it did not affect the lung tissue as 

Isoflurane in Study #1 did. Macroscopic and histological 

inspection of the lung tissue of the mock-inoculated control 

animals of Study #2 showed very little or no pathological 

changes. In the mock-vaccinated ferrets challenged with WT 

influenza B viruses, histopathological changes in the lungs were 

significantly higher than in the mock-inoculated ferrets. 

In conclusion, our results collectively show that LAIV 

may protect against infection with genetically distinct influenza 

B lineages. Overall, the relevance of quadrivalent influenza 

vaccines is unquestionable. They have a favorable safety profile 

and provide a sustained level of protection against each vaccine 

component. However, the quadrivalent influenza vaccines, 

including LAIV-4 are not on the market worldwide yet. In the 

case of mismatches of the trivalent vaccine and lineage of the 

circulating influenza B viruses, one of the options could be 

using LAIV-3 containing a B/Victoria lineage component 

which its broad-spectrum and cross-protective potencies may 

provide substantial protection against heterologous B/Yamagata 

virus.  
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