
Article

Vaccine Quality Is a Key Factor to Determine Thermal Stability
of Commercial Newcastle Disease (ND)Vaccines

Nabila Osman 1 , Danny Goovaerts 2,3, Serageldeen Sultan 4 , Jeremy Salt 3 and Christian Grund 5,*

����������
�������

Citation: Osman, N.; Goovaerts, D.;

Sultan, S.; Salt, J.; Grund, C. Vaccine

Quality Is a Key Factor to Determine

Thermal Stability of Commercial

Newcastle Disease (ND)Vaccines.

Vaccines 2021, 9, 363. https://

doi.org/10.3390/vaccines9040363

Academic Editor: Caterina Lupini

Received: 7 February 2021

Accepted: 6 April 2021

Published: 9 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Poultry Diseases, Faculty of Veterinary Medicine, South Valley University, Qena 83523, Egypt;
nabila.osman@vet.svu.edu.eg

2 DGVAC Consulting, 2460 Antwerp, Belgium; Danny.Goovaerts@galvmed.org
3 GALVmed, Edinburgh EH26 0PZ, UK; Jeremy.Salt@galvmed.org
4 Department of Microbiology, Virology Division, Faculty of Veterinary Medicine, South Valley University,

Qena 83523, Egypt; sultanserageldeen@gmail.com
5 Institute of Diagnostic Virology, Friedrich-Loeffler-Institut, Edinburgh EH26 0PZ, UK
* Correspondence: christian.grund@fli.de

Abstract: Vaccination against Newcastle disease (ND), a devastating viral disease of chickens, is
often hampered by thermal inactivation of the live vaccines, in particular in tropical and hot climate
conditions. In the past, “thermostable” vaccine strains (I-2) were proposed to overcome this problem
but previous comparative studies did not include formulation-specific factors of commercial vaccines.
In the current study, we aimed to verify the superior thermal stability of commercially formulated
I-2 strains by comparing six commercially available ND vaccines. Subjected to 37 ◦C as lyophilized
preparations, two vaccines containing I-2 strains were more sensitive to inactivation than a third I-
2 vaccine or compared to three other vaccines based on different ND strains. However, reconstitution
strains proved to have a comparable tenacity. Interestingly, all vaccines still retained a sufficient virus
dose for protection (106 EID50) after 1 day at 37 ◦C. These results suggest that there are specific factors
that influence thermal stability beyond the strain-specific characteristics. Exposing ND vaccines
to elevated temperatures of 51 and 61 ◦C demonstrated that inactivation of all dissolved vaccines
including I-2 vaccine strains occurred within 2 to 4 h. The results revealed important differences
among the vaccines and emphasize the importance of the quality of a certain vaccine preparation
rather than the strain it contains. These data highlight that regardless of the ND strain used for
vaccine preparation, the appropriate cold chain is mandatory for keeping live ND vaccines efficiency
in hot climates.

Keywords: heat stability; Newcastle disease virus; paramyxovirus; vaccine quality; vaccine stability

1. Introduction

Newcastle disease (ND) is one of the most devastating endemic viral diseases of
poultry in many countries worldwide [1,2]. The economic impact of this is severe—for
example, with estimated losses of USD 288 million annually in Bangladesh [3], USD
23 million in Nigeria [4] and USD 162 million in the United States of America [5]. The
disease is caused by avian orthoavulavirus 1(AOAV-1, ND virus (NDV)) within the subfamily
Avulavirinae of the family Paramyxoviridae [6]. Depending on the virulence of the ND virus
(NDV), infections can cause a wide spectrum of clinical signs ranging from asymptomatic
(apathogenic, lentogenic pathotype) or mild clinical respiratory signs or a drop of egg
production (mesogenic pathotype) to up to 100% mortality (velogenic pathotype) [7]. One
of the hallmarks of ND prevention was the discovery of lentogenic NDVs in America [8,9].
The subsequent development of the vaccine strains La Sota and B1 with derivatives such
asclone30 are the basis for most ND vaccines. Some strains of NDV isolated in Australia
between 1967 and 1978 were also found to be avirulent [10], and the V4 strain, which was
claimed to have enhanced thermostability, was used to develop live ND vaccines with the
I-2 strain as its variant.
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Today, ND vaccination is applied worldwide and is effective in reducing the impact
of the disease. Particularly for smallholder chicken productivity in the developing world,
backyard chicken ND vaccination is an important tool for poultry health [11,12]. However,
easy thermal inactivation of the live virus vaccine in hot climates and distant regions can
affect its efficacy [13–15]. Akin to most live vaccines, paramyxovirus-based ND vaccines are
heat labile and require a cold chain to preserve the quality of vaccines during transport and
storage. Reliability of the cold chain is a challenge and temperature excursions outside the
optimal temperature range are frequently observed during transport and storage [16,17].
Inappropriate equipment, human errors and power shortages are important causes of cold
chain breaking [18,19]. It is estimated that roughly 50% of all lyophilized vaccines are
discarded annually, and poor thermostability is an important contributing factor in this
issue [20].

To tackle this problem, several so-called thermostable strains have been described,
including V4, TS09-C, and I-2 [21]. Phylogenetically, all these strains belong, as the Ulster
strain does, to class 1 viruses, genotype I. The I-2 strain was selected based on the recovery
of infectious virus after exposure to 56 ◦C for 3 h [22], while strain TS09-C was developed
by serial passages of strain V4 in BHK-21 cells [23]. Vaccines prepared from some of these
strains are thought to be safe, thermostable, immunogenic, able to spread between chickens,
and suitable for delivery on food [24,25].

What determines the stability of a certain vaccine might depend on intrinsic properties
of the strain, but other factors such as manufacturing and lyophilization processes can
have an equally important impact. Whereas studies on properties of specific strains in a
standardized formulation are available [26,27], data on the influence of the galenics for
thermostability of ND vaccines are missing so far. To address this question, we tested a
number of commercially available freeze-dried preparations, comparing three conventional
and three so-called thermostable vaccines containing the I-2 strain.

Studying commercially available ND vaccines will elucidate further possible reasons
for vaccination failure, addressing the impact of manufacturing aspects of freeze-dried
vaccines. The results are important in the development of successful vaccination strategies
for hot climates based on appropriate supply chains, the selection of adequate ND vaccine
strains and application routes to ensure that birds will be vaccinated with sufficiently
protective doses of a live ND vaccine virus.

2. Material and Methods

For this investigation, six commercial vaccines against ND were tested, four of them
claiming enhanced thermostability (A, D–F) and two not (B, C), (Table 1). The vaccine
shipment was organized by GALVmed and reached the FLI in good conditions. All
vaccines were used well within their shelf lives. Upon arrival, vaccines were stored
at 4 ◦C. Exposure to elevated temperatures (37, 41, 51 and 61 ◦C) was carried out in a
water bath for the indicated periods, using either the original lyophilized material or
vaccine vial diluted in 2 mL sterile double distilled water (ddH2O). Temperatures were
chosen based on the temperature in an incubator for cell cultures (37 ◦C), similar to the
body temperature of chickens (41 ◦C), and wereincreasedby10 ◦C (i.e., 51to 61 ◦C). After
the indicated exposure times, all vials were stored at −70 ◦C until they were tested for
infectivity and hemagglutinating activity. As a reference, lyophilized vaccine vials were
kept at 4 ◦C and tested on days 0, 7 and 21 after the start of the experiment.
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Table 1. Tested live Newcastle disease vaccines.

Code Vaccine Strain Dose/Vial Vol. 1 EID 2 TCID 2 HAU 3 EID/TCID EID50/HAU

A
La Sota

thermostable
ND

Hester La Sota 100 2 mL 4.7 × 106 9.3 × 105 128 5.1 3.7 × 106

B ND clone 30 MSD AH clone 30 1000 2 mL 6.3 × 106 6.3 × 106 128 10.0 4.9 × 107

C Hipraviar
CLON Hipra CI/79 5000 2 mL 1.3 × 107 1.3 × 105 512 84.8 1.2 × 108

D ND-Kukustar Brentec I-2 500 1 mL 8.3 × 107 6.3 × 108 256 65.8 1.6 × 108

E Avivax ND
I-2 lyophilisé

MCI
Santé

Animale
I-2 100 2 mL 9.6 × 106 1.3 × 106 512 7.6 1.9 × 106

F Avivax I-2 Kevevapi I-2 100 2 mL 1.4 × 108 4.9 × 106 64 28 2.1 × 106

1 Volume used to dissolve the vial; 2 infection dose 50 per vaccine dose; 3 hemagglutination units in dissolved preparations.

2.1. Determination of Infectivity

Infectivity was determined for vaccine vials diluted in 2 mLddH2O and subsequently
inoculated either on LMH cell culture (ATCC® CRL-2117™; [28]) or using specific pathogen
free (SPF) chicken eggs (VALO BioMedia, Germany) following standard procedures [29].
In short, tenfold serial dilutions were prepared in cell culture medium (DMEM) and 0.2 mL
of each dilution was inoculated in the allantoic sac of five 10-day-old embryonated SPF
chicken eggs. After 5 days, eggs were chilled at 4 ◦C for 2 h and amnion-allantoic fluid
(AAF) was harvested and subsequently tested for hemagglutinating (HA) activity. Eggs
with HA-positive AAF but negative for bacteria were considered AOAV-1 infected.

For determination of the infectious dose in cell culture, LMH cells were freshly trans-
ferred to 96-well plates in medium supplemented with TCPK-Trypsin (2 µg/mL) but
without fetal calf serum. The addition of exogenous protease enabled multicycle replication
of lentogenic vaccine strains with induction of multinucleated giant cells and subsequent
cell necrosis. For each time point, two independent tenfold virus dilutions in cell culture
medium were prepared and 2 × 4 replicates for each dilution with 50 µL each were trans-
ferred to the cells. Three days after infection, wells were investigated by microscopy for
the induced cytopathic effect.

Egg infectious dose 50 (EID50) and tissue culture infectious dose 50 (TCID50/mL) were
calculated according to the method by Reed and Muench [30]. Values were normalized to
the vaccine dose within vaccine vials.

2.2. Hemagglutination Assay

All samples from different time/temperature intervals were investigated in parallel to
infectivity titers for hemagglutination according to standard protocols [29].

3. Results

Investigation of vaccines stored at 4 ◦C over a period of 21 days resulted in virus
titers well above 106 EID50 per dose at any time (Figure 1A). Fluctuation of the virus
titer was within a limit of one dilution (log10) and can be considered as an indication
for the variations of the biological titration system in embryonated chicken eggs. Virus
titers measured by cell culture were lower, but clearly support the notion of stability of
lyophilized ND vaccines at 4 ◦C (Figure 1B). Results of the HA units (HAUs) were in line
with titration as HAUs remained stable for each of the vaccines over the entire observation
period (Table S1a).
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Figure 1. Stability of commercial Newcastle disease (ND) vaccines stored at 4 ◦C. Lyophilized original vaccine vials were
stored at 4 ◦C and at indicated time points after the start of the experiments vials were investigated for infectivity on
embryonatedspecific pathogen free (SPF) chicken eggs (A) and on LMHcells (B). Symbols represent vaccine A (•), vaccine B
(�), vaccine C (N), vaccine D (#) vaccine E (�), and vaccine F (∆).

At 37 ◦C, lyophilized vaccines again started out with virus titers well above 106 EID50per
dose (9.5 × 106–2.7 × 108 EID50/dose) (Figure 2A). Titration on cells resulted in lower virus
titers (3 × 105–9.7 × 106 TCID50/dose)—on average, a 36-fold difference (5–85-fold) compared
to titers obtained from egg culture was observed (Figure 2B). The ratio between EID50 and
TCID50 remained within this range for the subsequent time points, with 14-, 28- and 11-fold
higher EID50values for samples collected 10, 14 and 21 day safter exposure (dpe) at 37 ◦C,
respectively. Over this 3-week period, EID50 remained above 105 for 4 out of the 6 vaccines
tested (1.3 × 105–1.3 × 106). Infectivity of two out of three vaccines containing the I-2 strain
(Figure 2A, vaccine D,F) dropped dramatically, with vaccine F becoming negative by day
14 after exposure to 37 ◦C and vaccine D only having minimal residual virus titers in samples
from day 10 to 21 (1.4–2 × 101 EID50). The decay of infectivity became apparent on days 5
(vaccine F) and 10 (vaccine D) (Figure 2A). In contrast, HAactivity remained at the same level
for the entire observation period (Table S1).

Considering testing stability for dissolved vaccines (Figure 2C,D), it was remarkable
that at the end of the 4-day observation period the virus titers of 4 out of 6 viruses were
above 105 EID50 (1.1 × 105–9.5 × 106 EID50)(Figure 2C). Vaccines B and F still had virus
titers of above 106 EID50, an amount that is indicated as vaccine dose (2.7 × 106 EID50 and
9.5 × 105 EID50,respectively), while vaccines A, D and E contained 2.5 × 105, 1.1 × 105

and 5.8 × 104 EID50 per dose, respectively. Loss of infectivity higher than 104 EID50was
observed only for vaccine C, resulting in a final virus titer of 5.5 × 102 EID50 per dose. The
same trend was evident for the samples tested by cell culture (Figure 2D). Again, after
vaccine dissolution, HA activity remained at the same level for the entire observation
period (Table S1).

Comparing the data from both experimental settings, it became apparent that the
displayed loss of infectivity for vaccines D and F was particularly evident with lyophilized
vaccine preparations, while losses in solution were less pronounced. To verify these
results, fresh virus stocks from all vaccine strains were prepared by propagating viruses in
the allantoic cavity of embryonated SPF chicken eggs. The obtained AAF was frozen at
−70 ◦C as virus stocks. Virus titers were determined from one aliquot and ranged between
1.3 × 108 TCID50(Vaccine A) and 1.3 × 109 TCID50 (Vaccine D).
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Figure 2. Stability of ND vaccine at 37 ◦C. ND vaccines were exposed to 37 ◦C in a water bath for
indicated days (dpe). In the first experiments the vaccines were incubated as lyophilized materials
in the original package and tested for residual infectivity using embryonatedSPF chicken eggs (A)
or LMHcells (B). The second experiment tested vaccines dissolved in 2 mL ddH2O and determined
residual infectivity with embryonatedSPF chicken eggs(C) or LMHcells (D). The infectivity is nor-
malized per dose of the original package. In a third set of experiments amnion-allantoic fluid (AAF)
from virus stocks generated in the laboratory in embryonated SPF chicken eggs were used and tested
for residual infectivity on LMH cells (F). To normalize results, residual infectivity is given as % of the
original virus stock. For comparison, data from dissolved vaccines (C) are included as % residual
infectivity (E). Symbols represent vaccine A (•), vaccine B (�), vaccine C (N), vaccine D (#) vaccine E
(�), and vaccine F (∆).

To test strain thermostability, fresh aliquots of the prepared virus stocks were diluted
with DMEM medium to give a final titer of 108 TCID50and were subsequently exposed to
a temperature of 37 ◦C in a water bath. Comparable to the previous experiment with the
original vaccine, loss of infectivity remained moderate for the first day, from 2.0 × 107 to
1.3 × 108 TCID50, representing 16–135% residual infectivity (Figure 2F). An exception to
this trend is virus stock A, with a drop in the virus titer to 5.0 × 106 TCID50, representing
0.97% residual infectivity. However, on day 3, the decay of infectivity slowed down
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for virus stock A, resembling the results of four other virus strains, with a virus titer of
1.3 × 106 to 1.0 × 107 TCID50representing 0.3–5.8% residual infectivity (Figure 2F). At this
point in time, virus stock B showed the most prominent decline in virus titer, dropping to
6.3 × 104 TCID50, representing 0.068% residual infectivity on day 3 and becoming negative
on day 5. At day 7, temperature exposure infectivity was present in all other vaccine virus
stocks, and at the end of the experiment on day 10 residual infectivity was detectable
only in viral stocks from vaccines D, E and A with virus titers of 3.7 × 100, 1.4 × 102, and
1.6 × 102 TCID50, respectively.

The results obtained for a temperature of 37 ◦C demonstrate that some NDV vaccines,
irrespective of the strains tested, are remarkably stable at a temperature close to the
physiological environment encountered during virus replication. However, in hot climates
more elevated temperatures might also be relevant with live NDV vaccination. Therefore,
the effect of exposure of vaccines and vaccine virus stocks to 51 and 61 ◦C was investigated.
In addition to the original vaccine B, viral vaccine stocks were tested (Figure 3). It became
evident that lyophilized vaccine could withstand 41 ◦C and even 51 ◦C for one day with
infectivity of 1.5 × 105 TCID50 per dose (Figure 3A). At day three at 51 ◦C, the virus titer
dropped to 2.3 × 103 TCID50 and after that only residual infectivity was left. At 61 ◦C
infectivity declined more rapidly but was still present on days 1 (1.3 × 102 TCID50) and
3 (1.3 × 101 TCID50). Dissolved vaccine could not withstand elevated temperatures: at
the first time point tested, i.e., 6 h of exposure, infectivity was below the detection limit
(Figure 3B). In subsequent experiments, where different fresh stocks of vaccine strains
were tested at 51 (Figure 3C) and 61 ◦C (Figure 3D), rapid decay was verified. After 2 h
exposure at 51 ◦C, residual virus titers were between 3.7 × 101 TCID50 (vaccine virus B)
and 1.5 × 104 TCID50 (vaccine virus F). After 4 h, residual infectivity was only detected for
vaccine viruses D and E (3.7 × 101 TCID50). At 61 ◦C, inactivation was complete after 2 h,
irrespective of the strain used in the vaccines.
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Figure 3. Stability of NDvaccines at elevated temperatures.Vaccine B was tested at elevated tempera-
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A (•), vaccine virus B (�), vaccine virus C (N), vaccine virus D (#) vaccine virus E (�), and vaccine
virus F (∆).
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4. Discussion

Vaccines are an effective tool in disease prevention, but the efficacy of live vac-
cines is hampered by thermal inactivation, particularlyin hot climates [11]. To minimize
temperature-induced degradation, virus strains such as I-2 that are considered thermostable
were proposed to be most suitable for ND vaccination in rural areas in hot climates [31].
Studies on this subject have mainly focused on the use of different vaccine strains, but the
intrinsic quality of vaccine preparations and the importance of freeze-dry technology have
not been consideredequally. Here, we report on six commercial products that represent
four vaccines claiming increased thermostability, three based on the use of the I-2 strain
(vaccines D, E and F)and one containing an improved freeze-dry process with the La Sota
strain(vaccine A). Two vaccines not claiming enhanced thermostabilityare based on La
Sota derivatives (vaccines B and C). The results revealed that all vaccines contained viral
titers above 106 EID50 per dose in the original material and were stable as lyophilized
preparation at 4 ◦C. However, after incubation at 37 ◦C infectivity dropped dramatically
for two lyophilized vaccines containing I-2 (vaccines D and F), whereas the other four
vaccines retained a virus titer above 105 EID50 until the end of the investigation period of
21 dpe. Our results revealed that the La Sota vaccine (vaccine A) and vaccines based on its
derivatives (vaccines B and C) are relatively stable at an ambient temperature of 37 ◦C. For
La Sota (vaccine A), this is in agreement with previous work [31], but for clone30 (vaccine
B) our data contradict previous findings. While in Boumartet al.’s [31] study complete loss
of infectivity of the freeze-dried clone30 was observed when tested at 14 dpe, our study
results revealed a loss of only less than 1 log10 over this period.

A possible explanation might be that in contrast to our study, Boumart and col-
leagues [31] did not test commercially ready-to-use vaccines but freeze-dried AAF prepara-
tions using the same stabilizer for all strains, thus disregarding the impact of quality and
manufacturing aspects of the individual manufacturer. This striking difference between
the two studies points to the influence of manufacturing factors, which is in agreement
with earlier investigations, comparing seven vaccines containing either La Sota or Hitchner
B1 strains [32]. Individual manufacturers could potentially have selected the most optimal
stabilizer combinations and freeze-dry conditions depending on the vaccine strain and
as such have considerably improved robustness of vaccine preparation. Such differences
among products may include vaccine formulation, stabilizers, methods of vaccine prepara-
tion, and residual moisture of the freeze-dried pellet, factors that can considerably influence
quality on the level of vaccine batches [20,33,34].

To elaborate further whether strain differences or manufacturing aspects were the
basis of the observed differences between individual vaccines, fresh AAF stocks were
prepared in the laboratory and subjected to elevated temperatures. A decrease in infectivity
after 3 days was comparable to the dissolved commercial vaccines with a drop of two
log10 TCID50. However, in this experiment the clone30 preparation (vaccine B) was the
most sensitive to heat treatment. This became even more pronounced after five dpe. At this
point in time no residual infectivity was left in the clone30 stock (vaccine B), while all other
viruses still yielded considerable infectivity. In conjunction with the first set of experiments,
this further supports the notion that thermostability of a given vaccine does not depend
solely on the used vaccine strain, but that the overall excellence of the manufacturing
process can be as or even more important for the quality of the vaccine. This was also
clearly demonstrated by the important differences found among the three vaccines, all
using the I-2 strain but which are clearly different with respect to thermostability. It is
striking that two out of three vaccines based on the I-2 strain and claiming enhanced
thermostability were considerably less stable at elevated temperatures compared to the
other vaccines. Moreover, none of the vaccines claimed to have enhanced thermostability
performed better compared to the vaccines containing the clone30(vaccine B) and Cl/79
(vaccine C) strains, for which no thermostability properties have been claimed.
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5. Conclusions

A specific definition and criteria for thermostability (time, temperature, acceptable
losses) in the literature and in regulatory requirements are currently lacking. It is clear from
our data that for the benefit of the user strict criteria are urgently needed and need to be
properly controlled in case certain manufacturers want to make such claims for commercial
reasons. However, our results also clearly demonstrate that enhanced thermostability
or any other characteristic of a certain vaccine should be evaluated as a property of the
product and should not solely rely on a part of the content of such a product. In evaluating
the quality of a vaccine, one cannot only rely on a single ingredient, e.g., the strain, but
every individual aspect will finally have its impact on the overall outcome. The LMH cell
culture appears to be a suitable test system for such a characterization process. Compared
to embryonated egg culture, results in both systems gave very comparable results and
were well correlated (Figure S1). However, comparison to the HA results clearly show that
measuring HA activity is insufficient to monitor the biological stability of a vaccine.

From a practical point of view, the rapid decay of infectivity at 51and 61 ◦C indicates
that all vaccines tested are prone to inactivation at elevated temperatures. This is in line with
earlier observations [35] and should be considered for application of live ND vaccines. Not
only in hot climates but also on hot days in moderate climates, water pipes and reservoirs
might become warmed up and accelerate degradation of the ND vaccine. Thus, in addition
to errors due to inappropriate storage temperature, human mishandling or defective
transport equipment [16,17], inappropriate application may account for vaccination failure.
In order to ensure the application of an appropriate vaccine dose, maintaining the cold
chain for live ND vaccines is necessary.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/vaccines9040363/s1: Figure S1: Correlation of titer obtained by egg or cell culture; Table S1:
Stability of HAU in lyophilized ND vaccines (A–F).

Author Contributions: Conceptualization, D.G., J.S. and C.G.; Data curation, N.O., C.G.; Investi-
gation, N.O.; Supervision, C.G.; Visualization, C.G.; Writing—original draft, C.G., N.O. and S.S.;
Writing—review and editing, N.O., S.S., D.G. and C.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This work is based on research funded in part by the Bill andMelinda Gates Foundation
(Investment ID OPP1176784) and with UK aid from the UK Government (Project 300504) through
GALVmed. The findings and conclusions contained within are those of the authors and do not neces-
sarily reflect positions or policies of the Bill andMelinda Gates Foundation or the UK Government.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets during and/or analyzed during the current study avail-
able from the corresponding author on reasonable request.

Acknowledgments: We thank Sybille Kubald and Cornelia Illing for excellent technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bagust, T.J. Poultry health and disease control in developing countries. In Poultry Development Review; FAO: Rome, Italy, 2014;

ISBN 978-92-5-108067-2.
2. Ganar, K.; Das, M.; Sinha, S.; Kumar, S. Newcastle disease virus: Current status and our understanding. Virus Res. 2014, 184, 71–81.

[CrossRef] [PubMed]
3. Khatun, M.; Islam, I.; Ershaduzzaman, M.; Islam, H.; Yasmin, S.; Hossen, A.; Hasan, M. Economic Impact of Newcastle Disease

on Village Chickens-A Case of Bangladesh. Asian Inst. Res. J. Econ. Bus. 2018, 1, 358–367. [CrossRef]
4. Shittu, I.; Joannis, T.M.; Odaibo, G.N.; Olaleye, O.D. Newcastle disease in Nigeria: Epizootiology and current knowledge of

circulating genotypes. VirusDisease 2016, 27, 329–339. [CrossRef]
5. Cattoli, G.; Susta, L.; Terregino, C.; Brown, C. Newcastle disease: A review of field recognition and current methods of laboratory

detection. J. Vet. Diagn. Investig. 2011, 23, 637–656. [CrossRef]

https://www.mdpi.com/article/10.3390/vaccines9040363/s1
https://www.mdpi.com/article/10.3390/vaccines9040363/s1
http://doi.org/10.1016/j.virusres.2014.02.016
http://www.ncbi.nlm.nih.gov/pubmed/24589707
http://doi.org/10.31014/aior.1992.01.03.33
http://doi.org/10.1007/s13337-016-0344-6
http://doi.org/10.1177/1040638711407887


Vaccines 2021, 9, 363 9 of 10

6. ICTV International Committee on Taxonomy of Viruses. Virus Taxonomy. 2019. Available online: https://talk.ictvonline.org/
taxonomy/ (accessed on 19 November 2020).

7. Samal, S.K. Newcastle disease and related avian paramyxoviruses. In The Biology of Paramyxoviruses; Samal, S.K., Ed.; Caister
Academic Press: Norfolk, UK, 2011; pp. 69–114.

8. Goldhaft, T.M. Historical note on the origin of the LaSota strain of Newcastle disease virus. Avian Dis. 1980, 24, 297–301.
[CrossRef]

9. Hitchner, S.B. Serendipity in science. Discovery of the B 1 strain of Newcastle disease virus. Avian Dis. 1975, 19, 215–223.
[CrossRef]

10. Simmons, G.C. The isolation of Newcastle disease virus in Queensland. Aust. Vet. J. 1967, 43, 29–30. [CrossRef]
11. Alders, R.G.; Bagnol, B.; Young, M.P. Technically sound and sustainable Newcastle disease control in village chickens: Lessons

learnt over fifteen years. Worlds Poult. Sci. J. 2010, 66, 433–440. [CrossRef]
12. Bessell, P.R.; Woolley, R.; Stevenson, S.; Al-Riyami, L.; Opondo, P.; Lai, L.; Gammon, N. An analysis of the impact of Newcastle

disease vaccination and husbandry practice on smallholder chicken productivity in Uganda. Prev. Vet. Med. 2020, 177, 104975.
[CrossRef] [PubMed]

13. Aini, I.; Ibrahim, A.L.; Spradbrow, P.B. Field trials of a food-based vaccine to protect village chickens against Newcastle disease.
Res. Vet. Sci. 1990, 49, 216–219. [CrossRef]

14. Allan, W.H.; Lancaster, J.E.; Toth, B. Newcastle Disease Vaccines Their Production and Use; FAO Animal Production Series No. 10;
FAO: Rome, Italy, 1978.

15. Young, M.; Alders, R.; Grimes, S.; Spradbrow, P.; Dias, P.; da Silva, A.; Lobo, Q. Controlling Newcastle Disease in Village Chickens: A
Laboratory Manual, 2nd ed.; ACIAR Monograph; ACIAR: Bruce, Australia, 2012; Volume 87, pp. 31–66.

16. Matthias, D.M.; Robertson, J.; Garrison, M.M.; Newland, S.; Nelson, C. Freezing temperatures in the vaccine cold chain: A
systematic literature review. Vaccine 2007, 25. [CrossRef]

17. Nelson, C.; Froes, P.; Van Dyck, A.M.; Chavarría, J.; Boda, E.; Coca, A.; Crespo, G.; Lima, H. Monitoring temperatures in the
vaccine cold chain in Bolivia. Vaccine 2007, 25, 3980–3986. [CrossRef]

18. Milhomme, P. Cold chain study: Danger of freezing vaccines. Can. Commun. Dis. Rep. 1993, 19, 33–38.
19. Setia, S.; Mainzer, H.; Washington, M.L.; Coil, G.; Snyder, R.; Weniger, B.G. Frequency and causes of vaccine wastage. Vaccine

2002, 20, 1148–1156. [CrossRef]
20. Schlehuber, L.D.; McFadyen, I.J.; Shu, Y.; Carignan, J.; Duprex, W.P.; Forsyth, W.R.; Ho, J.H.; Kitsos, C.M.; Lee, G.Y.; Levinson,

D.A.; et al. Towards ambient temperature-stable vaccines: The identification of thermally stabilizing liquid formulations for
measles virus using an innovative high-throughput infectivity assay. Vaccine 2011, 29, 5031–5039. [CrossRef]

21. Wen, G.; Shang, Y.; Guo, J.; Chen, C.; Shao, H.; Luo, Q.; Yang, J.; Wang, H.; Cheng, G. Complete genome sequence and molecular
characterization of thermostable newcastle disease virus strain Ts09-C. Virus Genes 2013, 46, 542–545. [CrossRef]

22. Bensink, Z.; Spradbrow, P. Newcastle disease virus strain I2—A prospective thermostable vaccine for use in developing countries.
Vet. Microbiol. 1999, 68, 131–139. [CrossRef]

23. Wen, G.; Shang, Y.; Guo, J.; Yang, J.; Wang, H.; Luo, Q.; Zahng, R.; Shao, H.B. Serial passages culture of Newcastle disease virus
thermostable TS09-C strain in BHK cells. Hubei Agric. Cult. Sci. 2012, 51, 5424–5427.
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