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INTRODUCTION

Animal husbandry is an intricate attribute of the human foodchain and livelihood. Cattle,

being the most commonly domesticated livestock animal after poultry, cover a global population

of 192.49 million (FAO, 2019) and serve as the bread and butter for the vast majority of small

and medium-scale farmers. Any disease condition affecting the livestock is a great scourge for

the economy, particularly those relying on agricultural outputs. Lumpy skin disease (LSD) is

one of the most devastating infectious viral diseases of cattle and buffaloes and has affected

almost eight million cattle in the African continent since its first occurrence in 1929 (Wainwright

et al., 2013). More importantly, LSD has crossed international boundaries in recent years and

has spread to Europe and Asian countries. Currently, LSD is the biggest threat to the cattle

population in the majority of South-Asian countries, including India. Credited to its significant

economic impact and potential to readily cross national and international borders (Tuppurainen

and Oura, 2012), LSD is included in the list of notifiable diseases of cattle by the World

Organization for Animal Health (OIE).

Lumpy Skin Disease virus (LSDV; Genus – Capripoxvirus and Family - Poxviridae),

the etiological agent of LSD, produces a progressive and nodular infection in cattle and buffalo

and is closely related antigenically to sheeppox and goatpox viruses. The major mode of

LSDV transmission is the bite of an arthropod vector (Chihota et al., 2001; Lubinga et al.,

2014), though direct transmission has been reported (Annandale et al., 2014). Clinically, the

disease is characterized by pyrexia, inappetence, salivation, lachrymation, enlarged lymph

nodes, a considerable decline in milk production, weight loss, and an eruption of multiple, firm,

circumscribed nodules mainly on the head, neck, perineum, genitalia, udder, and limbs
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(Abutarbush et al., 2017). Histologically, the LSDV replicates and produces characteristic

intracytoplasmic inclusion bodies in keratinocytes, endothelium, pericytes, fibrocytes, and

macrophages, and results in vasculitis, lymphangitis, thrombosis, and infarction (Coetzer and

Tuppurainen, 2004). The clinical course and histological progression of LSD in cattle have

been documented (Turan, 2017), however, the molecular aspects during LSD infection, in

particular, the pathways involved in cell survival/death, remain largely unexplored.

One such evolutionary conserved and highly regulated cell survival/death pathway

during viral infections is autophagy. Autophagy is a self-degradative process as well as a survival

mechanism occurring at the cellular level in response to stress and plays a pivotal role in the

removal of misfolded proteins, clearing damaged organelles, and eliminating intracellular

pathogens (Cooper, 2018). As an integral part of the host’s innate immune response, autophagy

regulates the lysosome-mediated degradation of intracellular pathogens. Additionally, autophagy

augments adaptive immune response by facilitating antigen presentation and antibody production

(Deretic, 2009; Kudchodkar and Levine, 2009; Orvedahl et al., 2010). Overall, autophagy

plays a pivotal role in the outcome of viral infections by modulating the cellular immune response

against a variety of viral insults.

To counter autophagy, viruses adopt multiple strategies, including either escaping/evading

autophagy or utilizing it for their benefit (Kudchodkar and Levine, 2009). Autophagy plays an

anti-viral role in the pathogenesis of herpes simplex virus-1 (HSV-1), vesicular stomatitis virus

(VSV), respiratory syncytial virus (RSV), Rift Valley fever virus (RVFV), bovine viral diarrhea

virus (BVDV) and foot and mouth disease virus (FMDV), whereas, the autophagic machinery

is reported to enhance the replication of coronaviruses, coxsackie virus B3, poliovirus, hepatitis

C virus (HCV), dengue fever virus, PPRV, canine distemper virus and Newcastle disease

virus (Khandia et al., 2019). However, the literature on the role of autophagy in the host-

pathogen interaction of Poxviruses is limited. Autophagy induced by the Moscow strain of

Ectromelia (mousepox) virus boosts viral proliferation and encourages cell necrosis, particularly

in the spleen of vulnerable mouse strains (Martyniszyn et al., 2013). Autophagy inhibition

enhances the replication of the vaccinia virus, whereas it has no significant role in the replication

of Orf viruses, even though infection of the host with the Orf virus has induced some autophagic

-2-
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response (Mauthe et al., 2016; Lan et al., 2016). The impact of autophagy on the replication

of Capripox viruses, particularly LSDV, and vice-versa remains largely unexplored. The

knowledge gaps on the molecular events during LSDV infection, with special reference to

autophagy, make it necessary to understand the autophagic machinery during the LSDV infection.

To this end, the current research proposal entitled “Delineating the role of

autophagy in the molecular pathogenesis of lumpy skin disease  in the cell-culture

system” has been envisaged with the following objectives:

1. To delineate the in vitro regulation of autophagy during the LSDV infection.

2. To investigate the cellular autophagic machinery in response to an inactivated

LSDV.

���
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REVIEW OF LITERATURE

2.1 Aetiology of LSD

The aetiological agent of Lumpy Skin Disease (LSD) is the LSDV belonging to the

Poxviridae family, Chordopoxvirinae subfamily, and Capripox virus genus (Quinn et al., 2015).

The genus includes three host-specific viral species, goatpox virus (GTPV), sheeppox virus

(SPPV), and LSDV (King et al., 2012). LSDV is an enveloped virus with 151 kbp of linear

and double-stranded DNA with a central coding region transcribing 156 putative genes encased

by comparable 2.4 kbp terminal repeats (Bhanuprakash et al., 2006). LSDV has a dimension

of about 300 × 270 nm and a complex symmetry. LSDV genome reveals 97% nucleotide

homology with SPPV and GTPV (Tulman et al., 2002). Nevertheless, nine genes in the terminal

region of the LSDV genome (including LSDV 132, Myxoma virus M003.2 and M004.1,

Interleukin-1 receptor, vaccinia virus N2L, K7L, and F11L genes) are either disrupted or

absent in SPPV and GTPV and are likely responsible for virulence and host range functions

(Tulman et al., 2002).

2.2 History of LSD

The first clinical case of LSD occurred in Zambia in Africa in 1929 (Morris, 1930).

Earlier, the clinical signs were mistaken for poisoning or hypersensitivity to insect bites, later

infectious nature of the disease was recognized in subsequent outbreaks in Botswana,

Zimbabwe, and the Republic of South Africa between 1943 and 1945. LSD occurred as a

panzootic event in South Africa which vanished the lives of about eight million cattle and the

disease continued until 1949 creating mass economic losses (Thomas and Mare 1945; Von

 
2 



Delineating the role of autophagy in the molecular pathogenesis of lumpy skin disease in the.... -5-

Review of Literature

Backstrom, 1945; Diesel, 1949). The disease created havoc in Kenya, Sudan, West Africa,

and Somalia in the years 1957, 1972, 1974, and 1983, respectively (Ali and Obeid, 1977;

Davies, 1991a and 1991b). LSD outbreak occurred and re-emerged in Egypt due to the

movement of infected cattle from affected African countries because of a lack of restrictions

on cattle movement (Ali et al., 1990). Israel witnessed its first outbreak in 1989 which is

believed to be due to the movement of infected Stomoxys calcitrans from Egypt (Yeruham et

al., 1995). The disease further spread into the Middle East (2012), Europe (2015), Russia

(2017), and the majority of Southeast Asian countries (2019), including India (Sudhakar et

al., 2020).

2.3 Stability of LSDV

LSDV is extremely robust, may endure room temperatures for extended periods, and

is preferably found in dried scabs. It is extremely defiant to inactivation. The virus can persist

in dry scabs, hides, and nodules, respectively for at least 35, 18, and 33 days (Tuppurainen et

al., 2015). LSDV is inactivated at 55°C for two hours and 65°C for 30 minutes. The virus is

vulnerable to high acidic or alkaline pH and can be inactivated by using 2-4% sodium

hypochlorite, 2% phenol, sodium dodecyl sulfate, iodine compounds (1:33), 0.5% quaternary

ammonium compounds, etc (OIE, 2013). Reports suggest that the nodular lesions stored at -

80 ºC for 9 years and infected tissue culture fluid held at 4 ºC for 6 months can still act as a

source of LSDV (Mulatu and Feyisa, 2018).

2.4 Epidemiology of LSD

The morbidity and mortality rates of LSD outbreaks vary greatly depending on

geographic region, climate, management practices, nutritional status, breed, immune status,

population sizes, the spread of potential insect vectors, and virulence of the virus strain

(Tuppurainen et al., 2017). Although 1% to 5% morbidity rates are thought to be more typical,

the morbidity rates of LSD may range from 5% to 45%, while the mortality rate may reach up

to 10% (Coetzer and Tuppurainen, 2004). An appreciably higher number of cases have been

reported in epizootics from Southern, West, and East Africa and Sudan (Yeruham et al.,

1995). Typically, it is connected to periods of intense precipitation, humid environments, and high
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insect activity as a consequence. Other risk factors that may enhance the occurrence of the

disease include the animal density, presence of arthropod vectors, unrestricted animal

movements, and  shared pasture and water troughs (Gari et al., 2010; Ince et al., 2016;

Sevik and Dogan, 2017). Both sexes, all breeds, and ages of cattle are susceptible to the

illness (Tuppurainen et al., 2011). There is a restricted vertebrate host range for LSD. The

species that naturally contract the disease in the course of field outbreaks are cattle and buffalo.

Clinical LSD instances in Asian water buffaloes, Bubalus bubalis, have been documented (Ali

et al., 1990). One clinical case of Capripox infection, most likely caused by LSD, was reported

in an Arabian oryx kept in a Saudi Arabian zoo (Greth et al., 1992). Experimental inoculation

of wild animals, including the giraffe (Giraffa camelopardalis), Thomson’s gazelle (Gazella

thomsonii), and impala (Aepyceros melampus), led to the development of skin lesions

characteristic of LSD (Tuppurainen et al., 2018). However, the role of wildlife in the prevalence

and epidemiology of LSD remains unclear (Tuppurainen et al., 2017).

2.5 Economic Impact of LSD

In endemic areas, LSDV has resulted in significant economic losses. Due to high fever

and subsequent mastitis, the illness may reduce milk yield by 10% to 85%. Damaged skins, a

decrease in the growth rate of beef cattle, temporary or permanent infertility, miscarriage,

treatment and immunization expenditures, and the death of afflicted animals further compound

the economic impacts of the disease (Babiuk et al., 2008; Sajid et al., 2012; Sevik and

Dogan, 2017). A study in Turkey encompassing 393 herds revealed a total loss of 822 940.7

GBP (Sevik and Dogan, 2017). For native zebu and Holstein Friesian, the projected financial

damages in Ethiopia were 6.43 USD and 58 USD per head, respectively (Gari et al., 2010).

Estimates of the disease’s overall productivity losses in commercial cattle farms range from

45% to 65% (Tuppurainen and Oura, 2012). The budget for supportive antibiotic therapy for

an epidemic in Jordan was determined to be 27.9 British pounds per client (Abutarbush et al.,

2015). Given the culling rates and the number of bulls at risk, a risk analysis for LSD on an

Ethiopian bull market indicated a financial loss of US$ 6,67,785.6 (Abutarbush et al., 2016).

Estimated quarantine costs in the USA were 145,000 dollars, which included labor, feed, and

diagnostic costs, costs associated with dismissing test positives, and other unsettling costs



Delineating the role of autophagy in the molecular pathogenesis of lumpy skin disease in the.... -7-

Review of Literature

(Agianniotaki et al., 2017). Israel spent roughly US$ 750,000 to manage the initial LSD

outbreak by culling all suspected animals in the area and carrying out the ring vaccination

(Casal et al., 2018; Rossiter and Hammadi, 2009).

High morbidity and mortality in the recent outbreaks of LSD in India had a huge

impact on the economy of the livestock sector. Over 97,000 cattle succumbed to death

across India in a span of three months (July to September 2022) involving 15 states with

major epidemics in Gujarat and Rajasthan. Gujarat reported a decrease in milk collection in

August 2022 by around 100,000 liters per day in some areas. Also, milk collection in Rajasthan

dropped by almost 20% in August 2022, and in   subsequent months; it had fallen by 500,000–

600,000 liters per day. Rajasthan’s milk collection had dropped to zero in several areas

(https://en.m.wikipedia.org/wiki/Lumpy_skin_disease_outbreak_in_India).

2.6 Transmission of LSDV

Cattle, water buffalo, and wild ruminants can all be infected with lumpy skin disease.

It appears that the virus does not affect sheep and goats (El-Nahas et al., 2011; Lamien et

al., 2011). Arthropods, particularly blood-sucking insects (Chihota et al., 2001, 2003), feed

and water contaminated with secretions of diseased animals, and direct transmission through

nasal secretions, semen, and saliva are all means of LSDV transmission (Annandale et al.,

2014; Irons et al., 2005; Tuppurainen et al., 2017). Reports suggest that the relation between

animal density and infective rates is unapparent, highlighting the insignificance of direct virus

transmission, at least in early stages as compared to the significant indirect transmission through

the bite of arthropods (Carn and Kitching, 1995; Magori-Cohen et al., 2012). LSD outbreaks

tend to occur during the summer when arthropod activity is at its peak, further signifying the

importance of different types of blood-sucking vectors in the propagation of  LSDV (Kahana-

Sutin et al., 2017; Sprygin et al., 2018). Hard ticks are probably involved in LSDV

transmission (Lubinga et al., 2015; Tuppurainen et al., 2011, 2013), and the tick components,

including the hemocytes, salivary glands, and midgut, were reported to contain the LSDV and

LSDV antigens (Lubinga et al., 2013, 2014). Furthermore, molecular evidence also suggests

that ticks mechanically and transstadially transmit the LSDV (Tuppurainen and Oura, 2012).

However, ticks serve as reservoir hosts as the quick emergence of widespread epidemics
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could not be explained by their strong attachment to the host (Kahana et al., 2017). The only

dipteran capable of fully transmitting the virus to vulnerable cattle is Aedes aegypti (Chihota et

al., 2001). The virus could not be transmitted by mosquitoes like Culicoides nubeculosus,

Culex quinquefasciatus, or Anopheles stephensi (Chihota et al., 2003). Despite the presence

of Stomoxys calcitrans in LSD outbreaks and its ability to spread the Capripox virus to

sheep and goats, LSDV has not been successfully transferred to susceptible animals

(Baldacchino et al., 2013; Yeruham et al., 1995). Furthermore, LSDV has been detected in

Culicoides punctatus (Sevik and Dogan, 2017) and, the likelihood of LSDV transmission

has been positively linked with the ratio of biting insects to the host population (Gubbins et al.,

2008). The appearance of significant skin lesions in the aborted calves suggests an intra-

uterine infection (Weiss, 1968; Irons et al., 2005). Additionally, the heifers inseminated with

LSDV spiked semen showed positivity for LSDV, indicating pathogenic potential of LSDV

transmission through artificial insemination  (Annandale et al., 2014).

2.7 Pathogenesis of LSDV

Limited investigations have been done on the pathogenesis of LSD in cattle (El-Kenawy

and El-Íoloth, 2010). Following LSDV infection, the virus replicates in macrophages, fibroblasts,

pericytes, endothelial cells, and keratinocytes. This is followed by viremia, pyrexia, and LSDV

localized to the skin leading to the formation of hard nodular eruptions (Constable et al.,

2016). Vasculitis and lymphangitis are common sequelae and are caused by LSDV replication

in the endothelial and  perivascular cells of the blood vessels and lymphatics in the affected

areas. Severe infections may lead to thrombosis and infarction (Coetzer and Tuppurainen,

2004). After experimental intradermal inoculation of the LSDV, localized swelling in the form

of 1-3 cm nodules at the inoculation site; viremia and release of virus in oral and nasal discharges;

enlargement of regional lymph nodes and generalized skin nodular eruptions, and virus load in

semen were detected 4 to 7, 6 to 18, 7 to 19 and 42-days post-infection, respectively (Coetzer

and Tuppurainen, 2004). Young, underweight, and animals in the milking stage with compromised

immune function are more prone to LSDV infection (Babiuk et al., 2008), whereas recovered

animals have demonstrated lifetime immunity. Acquired immunity through maternal antibodies

may persist and can protect calves for up to 6 months (Tuppurainen et al., 2005). Diseased
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animals generally recover from the virus and do not act as LSDV carriers (Tuppurainen et al.,

2017). In the majority of cases, animals that survive clinical disease establish a lifelong cell-

mediated immunity.

2.8 Clinical presentation in LSD

The incubation period of LSD ranges from 1-4 weeks, after which fever and depression

occur which may last for 4-14 days (Turan, 2017). Depending upon the number of skin nodules,

the frequency of complications, the dose of the inoculum, the host’s vulnerability, and the

density of insect populations, LSD can exhibit mild and severe forms. Accordingly, the clinical

signs of mildly afflicted cattle include the development of a few nodules within two days of the

commencement of the fever (1 to 5 cm in diameter), depression, anorexia, excessive salivation,

ocular and nasal discharge, agalactia, and emaciation. The nodular lesions may be painful and

hyperaemic (Salib and Osman, 2011). On the other hand, serious lethargy, anorexia, and

numerous similar- sized nodules are seen throughout the animal’s body in severe cases, which

may last for 7–12 days (Weiss, 1968). The nodules are hard, regular, and circumscribed and

may coalesce to become larger, irregular nodules. They are round and about 0.5-5 cm in

diameter and are seen as circumscribed areas of upright hair over slightly elevated skin regions.

Frequently, a narrow ring of hemorrhage that affects the epidermis, dermis, nearby subcutis,

and muscle separates the nodules from the surrounding normal skin, and exudation of serum

from the skin is evident. Nodules may disappear, but they might also remain as hard lumps,

transform into a moist, necrotic slough, or become ulcerated. Lesions devoid of skin could

persist for long and (Constable et al., 2016) the sloughing away of skin lesions generates a

cavity on the skin resulting in the “sit fast” lesion, an “inverted conical zone” of necrosis

(Abutarbush et al., 2017). Excessive nasal discharge, salivation, emaciation, and other typical

signs are manifested due to the necrotic plaques and nodular lesions in the conjunctiva, mucosal

surfaces, and skin. Lesions in the udder may lead to secondary mastitis and reduced milk

yield. Abortion in infected cows and pox- like lesions in the aborted calves support intra-

uterine LSDV transmission. In infected bulls, orchitis is seen occasionally. Lymphadenopathy

is a characteristic feature of LSD in which there will be 2-3 times enlargement of prescapular

and prefemoral lymph nodes. Permanent sterility in both sexes may occur upon lesions in the
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reproductive tracts (Constable et al., 2016). Deep ulcerative skin lesions, keratitis (unilateral

or bilateral), and edematous inflammatory swellings of the brisket, face, and one or more limbs

are also present in infected cows and can severely impair movement.

2.9 Haematological and biochemical findings in LSD infection

Neamat-Allah (2015) demonstrated that experimentally infected animals revealed a

significant decrease in RBC, Hb, and PCV with an overall picture of macrocytic hypochromic

anemia. Leucogram of LSDV-infected animals exhibited leucopenia and lymphopenia;

agranulocytic leukocytosis probably due to secondary acute bacterial infections, particularly

pyogenic bacterial infections (Neamat-Allah, 2015). In natural infections, LSD has also been

linked to inflammatory thrombocytopenia, hyperfibrinogenemia, reduced creatinine

concentration, hyperchloremia, and hyperkalemia (Abutarbush, 2015). Studies by Neamat-

Allah (2015) and Abutarbush (2015) revealed a considerable drop in serum total protein and

albumin, but a dramatic rise in globulin, particularly gamma globulins in LSD-infected cows.

Studies conducted by Sevik and colleagues (2016) on the serum biochemical evaluation of

calves infected with LSD revealed that aspartate aminotransferase and alkaline phosphatase

levels rise along with concentrations of globulin protein and creatinine. Conclusively, the serum

and biochemical alterations of LSDV are a result of hepatic and renal failures, a severe

inflammatory process, anorexia, and diminished muscle mass.

2.10 Clinical Pathology

 Skin nodules are often uniform in size, firmly rounded, and elevated, however, some

may fuse into enormous irregular and circumscribed plaques. Skin nodules have a reddish-

gray surface along with edema in the sub-cutis layer. The entire alimentary and respiratory

tracts can develop characteristic circular necrotic lesions (Al-Salihi and Hassan, 2015;

Tuppurainen et al., 2017). In addition to local cellulitis, regional lymph nodes proliferate (up to

ten times their normal size), become edematous, congested, and have pyaemic foci (Salib and

Osman, 2011). In extreme cases, pleuritis and mediastinal lymph node enlargement can be

observed. The musculature and fascia of the leg are also invaded with the LSD nodular lesions,

which are grey-white and bordered by red inflammatory tissue. The necrotic lesions progress
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to ulcers that heal gradually by granulation. Bacterial pneumonia is the most common

complication; tracheal stenosis and respiratory distress occur due to nodular involvement in

mucous membranes and subcutaneous tissue (El-Neweshy et al., 2013).

Histopathological findings in LSD are characteristic and serve as a foundation for

diagnosis. In addition to ballooning and cell layer degeneration, the pathognomonic eosinophilic

intracytoplasmic inclusion bodies can be seen under a microscope in the keratinocytes,

macrophages, endothelial cells, and pericytes from skin nodules. Eosinophils, lymphocytes,

and macrophages invade the damaged tissue. Additionally, histological analysis reveals extensive

vasculitis due to the viral tropism for endothelial cells (Gari et al., 2011; Body et al., 2012).

Severe coagulative necrosis in subcutaneous muscle may be seen if there is a muscular injury

during LSD. The different types of epithelial components, sebaceous glands, and follicular

epithelium may have specific intracytoplasmic inclusions. Inclusion bodies are primarily

eosinophilic purple and have a visible halo around them which is likely a processing artifact

(Burdin, 1959; Ali et al., 1990; El-Neweshy et al., 2012).

2.11 Diagnosis of LSD

Diagnosis of LSD relies on the history, typical clinical signs, and lesions, combined

with laboratory detection of virus or viral antigens/genome. Clinically suspected cases are

confirmed usually by the detection of the LSDV genome through PCR (traditional real-time)

(Bowden et al., 2008; Balinsky et al., 2008; Tuppurainen et al., 2005; Orlova et al., 2006;

Zheng et al., 2007). Additionally, different species of Capripoxviruses viz. LSDV, sheep,

and goatpox viruses could be differentiated using a real-time PCR method (Lamien et al.,

2011). Loop-mediated Isothermal Amplification (LAMP) assay is also available for the

identification of Capripox viruses with high sensitivity (Bowden et al., 2008; Balinsky et al.,

2008).  Restriction Fragment Length Polymorphism (RFLP) is employed to distinguish virulent

LSDV from the vaccine strain (Menasherow et al., 2014). In addition, LSDV has been detected

using electron microscopy, virus isolation, virus neutralization, and serological methods (OIE

2018), though molecular methods are considered more accurate, efficient, and quick (Stubbs

et al., 2012).
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The only currently validated test among serological methods is the viral neutralization

test, which is slow and expensive and has a high specificity but a low sensitivity (Beard, 2016).

Agar gel immunodiffusion (AGID) though employed as a diagnostic tool, has the drawback of

cross-reaction with bovine papular stomatitis and pseudocowpox viruses. Utilizing the produced

structural P32 protein, an ELISA technique for the detection of antibodies against the Capripox

virus has been devised (Carn et al., 1994; Heine et al., 1999). Although the test is costly and

challenging to perform, Western blot analysis offers a sensitive and specific approach for the

identification of antibodies to Capripox virus structural proteins (OIE, 2018).

Immunohistochemistry could also be used for the in-situ demonstration of LSDV antigens in

tissue samples (Babiuk et al., 2008).

2.12 Prophylaxis and control of LSD

The best prophylaxis approach for LSD is immunization with homologous (Neethling

strain) or heterologous live attenuated vaccine (Sheep/Goat pox vaccine) (Abera et al., 2015;

OIE 2021). Different strains of LSDV and sheepox/goatpox virus have been used in different

geographical regions of the world (Abutarbush, 2017). The Gorgan GTP vaccine could

successfully protect cattle against LSDV, while the Neethling and KSGP O-180 vaccines

were less effective against LSD in Ethiopia, suggesting the necessity of additional molecular

characterization of LSD vaccines (Gari et al., 2015). Due to the safety concerns of a live

attenuated LSDV vaccine in an LSD-free nation, where sheep/goat are protected against

respective pox viruses by the sheep pox/goat pox vaccines, it is advised to use the same

vaccine during LSD outbreaks (Tuppurainen and Oura, 2012).

For control and eradication, strict measures including quarantine and culling of infected

animals, regular decontamination of animal facilities, proper waste disposal, and pest control

are required along with enforcement of stern trade regulations (Constable et al., 2016). Since

arthropods are likely the most important means of LSDV transmission, controlling LSD through

quarantine and movement restrictions alone may prove insufficient to contain disease spread.

However, using insecticides in conjunction with repellents helps in the prevention of the spread

of LSD (Constable et al., 2016).
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2.13 Autophagy – an innate immune response

Autophagy is a fundamental catabolic process that plays a vital role in cellular

homeostasis and is necessary to preserve normal cellular activity during nutrient deficiency/

excess during physiological and pathological stress (Cooper, 2018). Organelles and proteins

are degraded by the lysosomal system in a non-selective (bulk) or selective manner as a result

of this basic cellular “self-eating,” process (Yang et al., 2011). In selective autophagy, cargo is

recognized by particular receptors to allow for their precise identification, sequestration, and

degradation by the autophagosome. In non-specific autophagy, however, all materials are

digested by the lysosome in a non-specific manner (Kissová et al., 2007; Zaffagnini and

Martens, 2016). To degrade and recycle sequestered contents, autophagy (macroautophagy)

involves the creation of double-membrane vesicles (autophagosomes), which later combine

with lysosomes inside which the degradation occurs (Yang et al., 2011).  To maintain the

homeostasis of body systems and regulate healthy living processes, it combats carcinogenic,

infectious, degenerative, and toxic agents; hence, its dysfunction is known to cause a variety of

human disorders (Mizushima, 2007; Yang, 2010; Lee, 2018; Lee et al., 2018). However, the

main focus is given on cancer (Yun and Lee, 2018; Daskalaki, 2018), microbial infection

(Pleet et al., 2018; Sharma et al., 2018; Majdoul et al., 2017), and degenerative disorders

(Fujikake et al., 2018; Metaxakis et al., 2018). Numerous cellular regulators, such as

transcription factors and genes, control the physiological processes of autophagy. If these

regulators are upset for genetic or functional reasons or as a result of overexertion, they may

have an impact on homeostatic processing (Lee, 2018; Füllgrabe et al., 2016; Hsu and Shi,

2017). Thus errors in autophagy can influence the pathogenesis of certain diseases (Hsu and

Shi, 2017).

2.14 Types of autophagy

Macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA) are

the three different forms of autophagy (Mizushima et al., 2008). Macroautophagy, or simply

“autophagy,” is the primary pathway that engulfs significant amounts of cytoplasm and cellular

contents (such as damaged organelles, aggregated proteins, and intracellular microbes) into a
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double-membraned vacuole called the autophagosome. The autophagosome then fuses with

lysosomes to form an autolysosome, which degrades the autolysosomal contents (Kunz et al.,

2004; Li et al., 2012; Ueno and Komatsu, 2017). Small amounts of the cytosolic substrate

are immediately engulfed and digested by lysosomes during the process known as

microautophagy without the formation of autophagosomes (Nagar, 2017; Paolini et al., 2018).

A pentapeptide sequence similar to KFERQ in the heat shock cognate protein (HSC70; 71-

kDa, also known as HSPA8), which is involved in CMA, is activated by physiological stressors

such as prolonged fasting (Campbell et al., 2018; Majeski and Dice, 2004). The CMA pathway

interacts with lysosome-associated membrane protein type 2A (LAMP-2A) to transport target

proteins over lysosomal membranes and into the lysosomal lumen (Kunz et al., 2004).

Consequently, as CMA does not require vesicular trafficking, it differs from microautophagy

and macroautophagy (Campbell et al., 2018). Irrespective of the type, autophagy functions

as a cleaning mechanism by expelling or degrading unnecessary substances from the body

(such as proteins, microbes, and organelles), while retaining substances (such as biochemicals,

and metabolites, and organelles) essential for survival, function, and development (Su et al.,

2015; Hsu and Shi, 2017).

2.15 Mechanism of autophagy

Activated by a variety of triggers, such as nutrient deprivation (Su et al., 2015; Joy et

al., 2018), oxidative stress (Li et al., 2016; Tang et al., 2015), pathogenic infection (Fu et al.,

2014; Ahmad et al., 2018) and ER stress (Lee et al., 2015), autophagy is an evolutionarily

conserved mechanism. Nutrient deprivation and stress can inhibit mTOR to start autophagy

with a minimum of four complexes, the unc-51-like kinase (ULK) complex, made of  ULK-1,

Atg13, Atg101, and FAK-family interacting protein (FIP200); the PI3K complex, consisting

of Atg14, vacuolar protein sorting (VPS)15, VPS34, Beclin 1, and Beclin 1-regulated autophagy

protein 1 (AMBRA1) transmembrane protein complexes, including Atg9 and WIPI; and two

ubiquitin-like protein conjugation systems (Atg12 and LC3) ( Mizushima and Komatsu., 2011;

Mercer et al., 2018).

The ULK complex assembles to begin autophagy, which phosphorylates AMBRA1

and activates the PI3K complex (Yu et al., 2010; Mercer et al., 2018). While PI3K and
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Beclin 1 mediate membrane nucleation, Class III PI3K is known to take part in a variety of

membrane trafficking activities. The Atg5-Atg12-Atg16 complex is drawn to the pre-

autophagosomal structure (PAS), where it interacts with the phagophore’s outer membrane to

stop the early union of vesicles and lysosomes (Kaur and Debnath, 2015). The engagement of

the second ubiquitin-like system promotes when phosphatidylethanolamine (PE) and Atg8/

microtubule-associated protein 1 light chain 3 (LC3) are bound to the phagosome (LAPosome),

which has a high affinity for lysosome (Herb et al., 2020). For the extension and completeness

of the autophagic membrane, Atg3, Atg4, and Atg7 convert LC3 into LC3-II, a molecular

marker for autophagosomes which is present on both its inner and outer surfaces (Glick et al.,

2010). The Atg5-Atg12-Atg16 complex separates from the autophagosome during

autophagosomal closure. Atg9 is essential for the creation of intraluminal vesicles and is confined

inside the autolysosomes for acidification (Bader et al., 2015). Additionally, Atg9 is moved to

the region where autophagosomes are formed and a membrane is released for elongation of

the limiting membrane, referred to as phagophore (Mari et al., 2010). Later, the fusion of the

autophagosome with the lysosome forms the autolysosome regulated by lysosomal membrane

proteins as well as cytoskeletal proteins (Mizushima et al., 2007). The maturation of the

autophagosome is under the control of the LAMP-1/2 protein. Hydrolytic enzymes inside the

autolysosome break down the accumulated cargo and the internal autophagosome membrane,

and then the broken-down byproducts, including amino acids, are released which must be

recycled, into the cytosol.

Detection of autophagy can be done either by directly observing the presence and fate

of autophagy-related structures or by quantitatively measuring the autophagic degradation of

various substrates.The presence of autophagosomes can be detected through a transmission

electron microscope. Analysis of autophagic structures at an instantaneous point in time may

be misinterpreted, and thus, there is a need to determine the autophagic flux, which is the

amount of autophagic degradation occurring in the complete autophagic process (Klionsky et

al., 2016). A plethora of autophagic- related factors, such as ULK-1,WIPI-1& 2, LAMP-1,

ATG 5, STX-17, microtubule- associated protein light chain (LC3), etc have been used as a

marker for autophagy, however, except for LC3, majority of these factors are involved in
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other metabolic pathways and are not involved exclusively in autophagic degradation. LC3 is

indispensable for the induction and progression of autophagy and is considered a specific

marker of autophagic induction (Itakura et al., 2012). However, not only the induction of

autophagy, but also the inhibition of lysosomal degradation can increase the concentration of

cytoplasmic LC3, therefore the amount of the degraded substrate in a lysosome-dependent

manner needs to be delineated for an accurate estimation of autophagy, i.e. the autophagic flux

(Mizushima et al., 2010). Another widely used marker for measuring the autophagic flux is

p62 (SQSTM-1). The p62 acts as a carrier and translocates the cargo/autophagic substrates

to the autophagosome, and is degraded along with other substrates in the autolysosomes.

Under an experimental setup, autophagy can be induced by either starvation or by the use of

drugs/chemicals (Rapamycin, tunicamycin, trehalose, etc.). Similarly, autophagy can be reversed

by supplying nutrients and can be chemically inhibited using bafilomycin A1, E64d, pepstatin

A, 3-methyladenine, clarithromycin, chloroquine, etc (Mizushima  and Yoshimori, 2007).

2.16 Role of autophagy in viral pathogenesis

Cells utilize autophagy for mounting antiviral immune response as it plays a crucial part

in cellular defense against virus invasion (Orvedahl et al., 2010; Deretic, 2009; Kudchodkar

and Levine, 2009). During an infection, autophagy aids in the removal of viral pathogens,

regulates immune responses, and prevents harmful hyperactivation and inflammatory processes

via diverse molecular mechanisms (Paul and Münz, 2016). As an illustration, autophagy enhances

the presentation of endogenous viral antigens in the cell’s MHC class I molecules in herpes

simplex virus type 1 (HSV-1) infection. Autophagosome input is continually accepted by MHC

class II molecules, enabling MHC class II molecules to deliver antigens (Nimmerjahn et al.,

2003; Schmid et al., 2007). Vesicular stomatitis virus (VSV) resistance in Drosophila is mostly

mediated by autophagy, which can transport viral antigens to TLRs for expression (Shelly et

al., 2009; Nakamoto et al., 2012). Additionally, it has been demonstrated that SIRT1, an

NAD (+)-dependent deacetylase, modifies the stimulation of dendritic cells and autophagy

during induced immune responses against the respiratory syncytial virus (RSV), thereby directing

an efficient anti-viral immune response (Owczarczyk et al., 2015). Rift Valley fever virus

(RVFV) multiplication is regulated by TLR signaling in flies and mammals (Moy et al., 2014).
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Salicylamide and its derivatives stimulate autophagy contrary to the Flaviviridae pestivirus

cytopathic bovine viral diarrhea virus (cp-BVDV) (Needs et al., 2016). By destroying Atg5-

Atg12 using the viral protein 3Cpro, Foot-and-Mouth Disease Virus (FMDV) disease

overcomes autophagy and NF-8B anti-viral activities, indicating that Atg5-Atg12 favourably

controls anti-viral NF-8B and IRF3 pathways to restrict FMDV propagation (Fan et al.,

2018).

When the cellular autophagic machinery is disrupted, pathogens can obtain resources

for growth and reproduction (Shintani and Klionsky, 2004). Coronaviruses (Reggiori et al.,

2010), coxsackie virus B3 (Wong et al., 2008), poliovirus (Taylor and Kirkeggard, 2007,

hepatitis C virus (HCV) (Egger et al., 2002; Sir et al., 2008; Ke et al., 2011) and dengue

fever virus (Lee et al., 2008) are all known to induce and involve autophagy for enhanced

replication. Autophagy also plays a significant role in viral replication and pathogenesis (Li et

al., 2017). When infected with influenza, autophagy-deficient cells are more likely to die,

while altering cellular autophagy with chemotherapeutic drugs or RNA interference can prevent

the build-up of viral proteins (Rossman and Lamb, 2009; Zhou et al., 2009). To increase viral

replication, paramyxo viruses like Newcastle disease virus (NDV) have been found to induce

autophagy in U251 glioma cells (Meng et al., 2012).   Various strategies are used by the

human immunodeficiency virus (HIV) to control autophagy and accelerate its replication (Zhou

and Spector, 2008; Kyei et al., 2009). Coronavirus multiplication and the formation of their

replicative structures depend heavily on autophagy. Through the use of an intermediate

omegasome, the nonstructural proteins (nsp6) of the coronavirus drive the development of

autophagosomes and omegasomes from the ER (Maier and Britton, 2012; Cottam et al.,

2011). Rapamycin, an autophagy activator, was demonstrated to promote viral replication of

FMDV, but 3-methyladenine or small-interfering RNAs inhibited the autophagosomal pathway

to reduce viral replication (O’Donnell et al., 2011). It has been shown that restricting autophagic

vacuoles promotes the maturation of the infectious bursal disease virus (Wang et al., 2017).

By raising ATP, necessary to boost the metabolism of the infected cells and the amino acid

pools for the biosynthesis of viral proteins, autophagy may favor adenoviral infection. Atg12-

Atg5 complex is highly upregulated in the advanced phases of adenoviral infection as an

indication of increased autophagy (Jiang et al., 2008).
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2.17 Autophagic modulation by poxviruses

A limited number of studies have been carried out to ascertain the role of autophagy in

the pathogenesis of pox viral infections; though the screening of autophagy-related proteins in

the Vaccinia virus proved that autophagy inhibition enhanced its replication (Mauthe et al.,

2016). Infection with the vaccinia virus revokes starvation-induced formation of

autophagosomes and results in no degradation (Smith et al., 2002). Autophagy induced by

the Moscow strain of Ectromelia (mousepox) virus will boost viral proliferation and encourage

cell necrosis, particularly in the spleen of vulnerable mouse strains (Martyniszyn et al., 2013).

Infection of the host with the Orf virus has induced some autophagic response though not

significant to influence its replication (Mauthe et al., 2016; Lan et al., 2016).  The role of

autophagy in the host-pathogen interaction of capripox viruses, particularly LSDV, remains

largely unexplored. To this end, the present study is designed to assess the regulation of

autophagic machinery in cells during LSDV infection.

2.18 Activation of autophagy by LSDV in BEF cells

A recent study conducted by the scientists of the Chinese Academy of Agricultural

Sciences in Bovine embryonic fibroblast (BEF) cells reveals that infection of the cells with

LSDV induces autophagy, which was confirmed by the detection of autophagy-specific protein

Microtubule- associated protein light chain (LC3) through Western blotting and the presence

of LC3 puncta through immunofluorescence.

Expression of LC3 was analyzed in LSDV- infected and uninfected BEF cells and the

ratio of LC3 to LC3 was determined for 5- time intervals (0, 12, 24, 48, and 96 hpi) through

Western blotting and immunofluorescence. They found that the ratio was unchanged at 0, 12,

24, and 48 hpi while being increased at 96 hpi suggesting that the virus may induce autophagy

in BEF cells. For the visualization of autophagy and confirmation of the results obtained through

Western blotting, LC3 puncta/spots were identified through immunofluorescence in which

more than 20 LC3 spots were identified in BEF cells in 96 hpi, while no remarkable spots

were observed either at initial periods or in mock- infected cells, which throws into light that

LSDV infection could initiate autophagy in BEF cells (Tan et al., 2023).

���





MATERIALS AND METHODS

3.1 MATERIALS

3.1.1 Biologicals

3.1.1.1 Cell line

The Madin-Darby Bovine Kidney (MDBK) cell lines maintained at the Division of

Virology, ICAR-IVRI, Mukteshwar, were used for the study. The cells were propagated in

Leibovitz’s L-15 medium (HIMEDIA, AL011), supplemented with Fetal Bovine Serum (FBS)

(2-20%) and antibiotic-antimycotic solution in a humidified incubator at 37 °C.

3.1.1.2 Virus

Lumpy skin disease virus (LSDV-WB/IND/19), maintained in the Pox laboratory at

the Division of Virology, ICAR-IVRI Mukteshwar, was employed for the study. The virus

isolated in Lamb Testicular cells and was passaged once in Vero cells. The virus was adapted

in MDBK cells for 7 passages, and the virus titer was determined using the Tissue Culture

Infective Dose (TCID
50

) method in MDBK cells.

3.1.1.3 Antibodies

1. Anti-LC3 Polyclonal Ab (Rabbit; Novus, Cat: NB100-2220)

2. Anti-Beta actin monoclonal Ab (Mouse; Invitrogen, Cat: AM4302)

3. Anti-Capripoxvirus polyclonal sera in rabbits (in-house produced)

4. Goat Anti-Rabbit IgG (Life Technologies, Cat: A16104)

5. Goat Anti-Mouse IgG (Life Technologies, Cat: A16072)

 
3 
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3.1.2 Instruments

1. Class II Type B2 Biological Safety Cabinet, LB2-4A2 (Esco Micro Pvt.Ltd.,

Singapore)

2. Weighing Balance (Citizon, India)

3. Inverted binocular microscope CX41RF (Olympus Optical Co. Ltd., Japan)

4. Sonicator (Sonics and Materials Inc., Newton, USA)

5. Icemaker (Ice-Matic, India)

6. Freezers (-80oC, -20 oC) (VetFrost, Denmark)

7. Refrigerator (4-8 oC) (LG, India)

8. Centrifuge (Eppendorf, Hamburg, Germany)

9. Vertical SDS-PAGE Apparatus (Bench Top)

10. Semi-Dry Blotting Apparatus (Hoefer Inc., Massachusetts, USA)

11. Circulating Water Bath (Julabo, Seelbach, Germany)

12. Haemocytometer (Cosmo scientific Traders, New Delhi)

13. pH Meter (Eutech Instruments, Singapore)

14. Incubator (Sanyo, Osaka, Japan)

15. Rocking platform/Shaker (Memmert, Pune, India)

16. Thermocycler (TaKaRa, Japan)

17. Nanodrop Spectrophotometer ND 1000 (Fotodyne Inc., Walnut Ridge, USA)

18. Dry bath (Model: LI-DB-120, GeNei, India)

19. Spinix Vortex Shaker (Tarsons, India)

20. Refrigerated Microcentrifuge (Eppendorf, Hamburg, Germany)

21. Real-Time Thermal Cycler (StepOne Plus, Applied Biosystems)

22. Inverted Fluorescent Microscope (Model: NAO30, Leica, Wetzlar, Germany)

3.1.3 Plastic and glassware

1. Serological pipettes (Axygen Scientific Inc., Union City, USA, and Cole-Parmer India

Pvt Ltd., Mumbai, India).

2. Cell culture flasks - 25 cc and 75 cc capacities (Cole-Parmer India Pvt Ltd., Mumbai,

India).

3. Multiwell cell culture plates - 6 and 96 wells (TPP, Zollstrasse, Switzerland).
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4. Micropipettes and pipette tips of various volumes (Axygen Scientific Inc., USA, and

Eppendorf, Hamburg, Germany).

5. Petri dish (90×15 mm, polystyrene Petri dish, Genetix Biotech, New Delhi, India).

6. Centrifuge tubes - 15 mL and 50 mL (SPL Life Sciences, Pocheon-si, Korea, Genaxy

Scientific Pvt Ltd., New Delhi, India).

3.1.4 Reagents and chemicals

A. Cell culture reagents

1. Fetal bovine serum (Gibco, Billings, MT, USA)

2. Leibovitz’s L15 medium (HIMEDIA, Mumbai, India)

3. 0.25%Trypsin EDTA (HIMEDIA, Mumbai, India)

4.  Phosphate buffered saline (HIMEDIA, Mumbai, India)

5. Tissue culture grade sterile water (HIMEDIA, Mumbai, India)

6. Antibiotic-antimycotic Solution (100X) (HIMEDIA, Cat:A002)

B. SDS-PAGE and Western Blotting reagents

1.  Protease phosphatase inhibitor( HIMEDIA, Mumbai, India)

2. 10X TBST (HIMEDIA, Mumbai, India)

3. 10X Tris-Glycine transfer buffer (Bio-Rad, U. S. A.)

4. 10X TRIS-glycine-SDS gel running buffer (HIMEDIA, Mumbai, India)

5. 5X Laemmli buffer (HIMEDIA, Mumbai, India)

6. Protein ladder (Gene to Protein, Cat: MWM010)

7. Distilled water (HIMEDIA, Mumbai, India)

8. Dimethyl sulfoxide (DMSO; PIERE, USA)

9. Disodium hydrogen orthophosphate (CDH, New Delhi)

10. 37-40% Formaldehyde (Merck, Darmstadt, Germany)

11. Sodium phosphate monobasic (PIERE, USA)

12. 40% Acrylamide-Bisarcylamide 29:1 (AMRESCO)

13. Ammonium persulphate (APS) (Sisco, Delhi)

14. N, N, N',N'-Tetra methyl ethylene diamine (TEMED; MP Biomedicals, Mumbai,

India)

15. N- butanol (British drug house, England)
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16. Tris base (HIMEDIA, Mumbai, India)

17. Glycine (MERCK, Darmstadt, Germany)

18. Sodium dodecyl sulfate (SDS) (HIMEDIA, Mumbai, India)

19. Absolute methanol (MERCK, Darmstadt, Germany)

20. Diaminobenzidine (DAB) powder (Biobasic)

21. Imidazole (HIMEDIA, Mumbai, India)

22. Cobalt Chloride (Sigma Aldrich, USA)

23. 3% Hydrogen peroxide (Life Sciences)

24. Beta mercaptoethanol (Biogene, USA)

25. Polyvinylidene difluoride (PVDF) membrane (BIO-RAD, Cat:1620177)

C. Immunofluorescence reagents

1. 2.5 % Normal Horse Serum (Vector Laboratories, California, USA)

2. Alexa Fluor 594 tagged anti-rabbit ready to use secondary Ab (Vector Laboratories,

California, USA)

3. DAPI nuclear stain (Vector Laboratories, California, USA)

4. Tween-20 (Calbiochem, Cat: 655205)

D. Virus inactivation

1. Bromoethyl amine (Sigma Aldrich, USA)

2. Sodium hydroxide (Sigma Aldrich, USA)

3. Sodium thiosulfate (Merck, Darmstadt, Germany)

E. Miscellaneous reagents

1. Rapamycin (Selleck Chem, Cat: S1039)

2. Bafilomycin A1 (Enzo Life Sciences, Cat: 501031771)

3.1.5 Kits used

1. DNA isolation kit (Invitrogen, Cat No: K1820-02)

2. RNA purification kit (PROMEGA, Cat:Z3105)

3. cDNA synthesis kit (PROMEGA, Cat: A5000)

4. Real-time PCR kit (Puregene, Cat: QPS-201)

5. Autofluorescence quenching kit (Vector Laboratories, California, USA)
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3.2 METHODS

3.2.1 Maintenance and propagation of MDBK cells

MDBK cells (passage level-102) maintained at the Division of Virology, ICAR-IVRI

Mukteshwar was used for the study.

The cells were revived as follows:

� The cell vial was removed from liquid Nitrogen cryocan and immediately thawed in a

37 ºC water bath until some amount of ice crystals remained at the edges.

� The cell vial was transferred to the biosafety cabinet and disinfected using 70% alcohol.

The cell suspension was transferred dropwise into a 15ml centrifuge tube containing

10 ml of Leibovitz’s L-15 medium with 20% FBS and centrifuged at 1500 rpm for 15

minutes.

� The supernatant was removed and the cells were resuspended in 5 ml complete media

(Leibovitz’s L-15 media containing FBS) and centrifuged at 1200 rpm for 5 minutes.

� The supernatant was discarded and MDBK cells were resuspended in L-15 media

containing 10% FBS and transferred to a 25cc culture flask and kept in an incubator

(37 °C) to stimulate growth.

� Routinely observed for the cell growth and morphology, media pH and change of the

media was carried out accordingly.

� Routine subculture was done using 0.25%Trypsin EDTA when the monolayer attained

80-90% confluency in 1:4 split ratios.

3.2.2 Adaptation of LSDV in MDBK cells

LSDV virus has limited permissibility in cell lines. The virus was adapted in the MDBK

cells using the following protocol:

� MDBK cells with 80-90% confluency were inoculated with LSDV passaged once in

Vero cells (P1).

� Routine media change was done according to the requirement and cells were observed

regularly for CPE.

� In the absence of apparent CPE, blind passages were given and the infected cells

were harvested by 3 consecutive freeze-thaw cycles.
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� Subsequent infection was given in the MDBK cells with the recovered virus until
characteristic CPE (cell rounding, clustering, vacuolation, granulation, and presence

of refractile cells) was observed.

� Sequential passaging was done up to P7, and the virus was harvested and stored at

-20 °C in small aliquots.

3.2.3 Virus titration

The titration of LSDV was performed in MDBK cells as follows:

� The titration of the LSDV was performed on MDBK cells in a 96-well cell culture

plate with serial ten-fold dilution (10-1 to 10-6) and cells mock infected with complete

media served as Control.

� MDBK cells in a 25-cc flask were subcultured using 0.25%Trypsin EDTA and the

cell suspension was prepared in the complete growth medium. The cell concentration

was estimated and 3×10 4 cells were added to each well.

� A hundred microlitres of serially diluted LSDV was transferred to respective wells of

the 96-well cell culture plate and 100 µl of media was added to the Control wells.

Each dilution was tested in six replicates.

� The 96-well plate was incubated at 37 °C and plates were regularly observed for

CPE.

� The final reading was taken on the 7th day post-infection and the 50% endpoint dilution

(TCID
50

) was calculated using the Reed-Muench formula (Reed and Muench, 1938).

3.2.4 Induction of autophagy and autophagic flux in the MDBK cells

For induction of autophagy in the in-vitro system, starvation of cells and chemical

inducers has been used at different concentrations (Cheng et al., 2019). In MDBK cells

specifically, rapamycin at varying concentrations have been used (Fu et al., 2014; Zhou et al.,

2017; Cheng et al., 2019). Based on the available literature, autophagy in the MDBK cells in

the present study was induced as follows:

� MDBK cells (P
108

) maintained in Leibovitz’s L-15 medium were sub-cultured after

attaining 80-90% confluency and seeded into 6- well (6×105 cells/well) and 96-well
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(7.3×104 cells/well) cell culture plates for assessment of autophagy induction through

Western blotting and immunofluorescence, respectively.

� Cells were divided into 3 groups: i) treatment with autophagy inducer Rapamycin

(250 nm) for 48 hours, ii) starved for 2 hours by replacing media with PBS, and iii)

Negative control cells overlaid with complete medium.

� After the specified duration, cells in the 6-well cell culture plates were collected in cell

lysis buffer in the presence of a protease inhibitor cocktail and further subjected to

Western blotting (briefed in section 3.2.6) for the detection of the LC3B II protein.

The cells in the 96-well culture plate were fixed with 10% NBF for 15 minutes and

subjected to immunofluorescence assay (briefed in section 3.2.7) for the in-situ

detection of the LC3B autophagy marker.

� The experiment was repeated twice and rapamycin (250 nM) was selected for inducing

autophagy (Positive control) in the present study accounting for more uniform and

consistent results (as assessed by Western blotting and IFT).

3.2.5 Inhibition of lysosomal degradation by bafilomycin A1

The accumulation of LC3 II in cells is subjected to a balance between its production

and lysosomal degradation, and thus, LC3B II concentrations in the presence and absence of

a lysosomal inhibitor is a prerequisite for meaningful interpretation. The inhibition of autophagic

flux/lysosomal turnover was done as follows:

� MDBK cells (P
112

) after attaining the desired confluency were seeded into 6-well and

96-well cell culture plates with a cell density of 1.5×106 cells/well in the 6-well and

8.4×104 cells/well in the 96-well culture plates.

� The cells were divided into 3 groups: i) treatment with autophagy inducer Rapamycin

(250 nm) for 48 hours, ii) starved for 2 hours by replacing media with PBS, and iii)

Negative control cells overlaid with complete medium.

� The cells of each group were treated with the lysosomal inhibitor Bafilomycin A1 at a

concentration of 100 nM for 2 hours prior to the sample collection/fixation.

� After the stipulated time periods, cells were processed for immunofluorescence and

Western blotting.
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3.2.6 Detection of autophagy marker LC3B II in cells lysate

Western blot assay was optimized to detect the presence of LC3B II in cell lystaes.

Briefly, the following protocol for Western blot assay was used:

� Sample preparation: The cells were resuspended in 40 µl of nuclease and protease

free water supplemented with protease-phosphatase inhibitor cocktail (Cell Signaling

Technology, Massachusetts, USA) followed by sonication (0.5 second sonication at

20% amplitude for 3 cycles with 9 seconds gap between cycles).

� Separation of protein bands: The protein bands were separated by running the lysate

samples through 15% SDS-PAGE.

� Membrane transfer: The separated protein bands were transferred to a PVDF

membrane (0.45 µm pore size) using Tris-Glycine buffer employing a semi-dry transfer

method with the current density of 1.2 mA/cm2 for 45 minutes.

� Membrane blocking: The blocking was done by commercially available WB blocking

solution (TaKaRa) for overnight at 4 °C.

� Primary antibody: The membranes were incubated with primary antibody at 37 °C

for 1 h with gentle shaking at following dilutions:

Anti-LC3B in rabbit – 1:1000 dilution (Novus Biologicals)

Anti-�-actin in mouse (endogenous control) – 1:20,000 dilution (Invitrogen)

� Secondary antibody: Following washing step, membranes were incubated in secondary

antibodies at 37 °C for 1 h with gentle shaking at following dilutions:

Anti-mouse HRPO conjugate – 1:5000 dilution (Life Technologies)

Anti-rabbit HRPO conjugate – 1:5000 dilution (Life Technologies)

� Immunodetection: The chromogenic immunodetection was done using modified DAB

containing Imidazole and cobalt chloride as described previously (Pukac et al., 1997).

3.2.7 In-situ detection of autophagy markers using immunofluorsence technique

In the autophagic assay for in-situ detection of LC3B in MDBK cells,

immunofluorescence assay (IFT) was employed. The cells were fixed at each time point in all

the groups and were processed for IFT as follows:
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� MDBK cells showing 70-80% confluency were trypsinized and were seeded in 96-

well plate at a seeding density of 6×104 cells/well.

� The cells were treated with either rapamycin (250 nM), or were starved for 2 h or

mock-treated with complete media.

� After completion of each time point, the cells were fixed with 4% paraformaldehyde

for 15 min at room temperature.

� The cells were washed twice with TBST (0.1% T-20).

� Protein blocking was done using 2.5% normal horse serum (Vector Laboratories,

Burlingame CA USA) for 15 min at room temperature.

� The cells were incubated with primary antibody (Anti-LC3B, Novus Biologicals) at

1:100 dilution and kept at 37°C and room temperature for 1 hour each.

� Following washing, cells were incubated with duel fluorescence labelling reagent

containing a cocktail of DyLight 488 conjugated anti-mouse and DyLight 594

conjugated anti-rabbit secondary antibodies (Vector Laboratories, Burlingame CA

USA) for 45 min at room temperature.

� The cells were washed four times with PBST, 5 min each.

� Autofluorescence was quenched by Autofluorescence quenching reagents for 5 minutes

(Vector Laboratories, Burlingame, CA, USA).

� The nuclei were counterstained with DAPI (Vector Laboratories, Burlingame CA USA)

for 30 min at room temperature.

� The cells were examined under a fluorescent microscope (Leica, Wetzlar, Germany)

at low and high magnification under TRITC/Rhodamine filter and the cells showing

distinct bright red fluorescence were considered positive for LC3B.

3.2.8 In-vitro infection of MDBK cells with LSDV

After optimizing various reagent concentrations and parameters for Western blotting

and immunofluorescence, the in-vitro experiment was performed to compare autophagic and

autophagic flux in differently treated cells. The in-vitro experiment was repeated in triplicates,

and the samples were collected and processed from each experiment.
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3.2.8.1 Infection with live LSDV

LSDV adapted in MDBK cells (P
7
) at a MOI of 0.005 was used for giving infection

in the present study. The in-vitro infection was carried as follows:

� MDBK cells were trypsinized and seeded in a 6-well plate with 1.5 x 106 cells per

well. The cells were divided into three groups: i) Negative control (mock-infected with

media containing carrier DMSO 1:20,000 diluted), ii) Positive control (Rapamycin

treated @ 250 nM), and iii) LSDV-infected where cells were infected with live LSDV

(LSDV-WB/IND/19).

� For infection, the virus was allowed to adsorb for 1.5 h at 37 oC with intermittent tilting

of cell culture plates.

� Following virus adsorption, the cells were washed twice with fresh media and overlaid

with complete media containing 2% FBS. This time point was considered as 0 h time

point. Simultaneously at 0 h, cells were mock-infected or treated with rapamycin.

� At predetermined time points of 6 h, 12 h, 24 h, 48 h, 72 h, and 96 h samples were

collected for further processing.

� Additionally, for the autophagic flux study, each group was further divided into two

groups: i) without Bafilomycin A1 and ii) with Bafilomycin A1 (BafA1). Cells were

treated with lysosomal inhibitor BafA1 @ 100 nM for 2 h prior to sample collection

for complete blockage of lysosomal turnover.

3.2.8.2 Collection and preservation of cells

At the completion of each predetermined time point, the samples were collected and

preserved for further analysis as follows:

� The media was discarded and the cells were washed twice with sterile ice-cold PBS.

The cells were scrapped in 500 µl ice-cold PBS, transferred to a 2 ml tube., and

centrifuged at 10000 rpm at 4 ºC for 10 minutes.

� The supernatant was discarded and the cell pellet was resuspended in 200 µl ice-cold

PBS. The cell suspension was further aliquoted into 5 tubes containing 40µl each and

centrifuged at high speed.

� The supernatant was aspirated and the cell pellet was labelled for representative samples.
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� For the Western blot assay, the cell pellet was stored in dried form directly at -20 ºC,

whereas for relative quantification of autophagy-related genes, the cells were vortexed

in 200 µl RNA lysis buffer (Promega) and stored at -20 ºC.

� The same experiment was repeated in 96-well plates and the cells were fixed for 15

min with 10% NBF at the end of each time point. The formalin-fixed cells were stored

at 4 ºC until further processed for IFT.

3.2.9 Relative quantification of autophagy-related genes

To explore the expression of various autophagy-related genes (ATGs) during LSDV

infection, the expression of ATG3, ATG5, ATG14 and LAMP2 genes were estimated relative

to the housekeeping gene beta-actin using SYBR-green chemistry-based two-step RT-qPCR.

3.2.9.1 RNA isolation

Isolation and purification of RNA from collected cell pellets were done using a

commercially available total RNA extraction kit (SV total RNA isolation kit, Promega, Cat

no.- Z3105) as per the kit’s recommendations. Briefly, the following protocol was used:

� 350µl RNA dilution buffer was added to the 200 µl of the cells lysed in RNA lysis

buffer. The solution was mixed by inverting the tubes 3-4 times, and placed in a heating

block at 70 ºC for 3 minutes.

� Following centrifugation at 12000 ×g for 10 minutes, the cleared lysate was transferred

to a fresh centrifuge tube.

� 200 µl of 95% ethanol was added to the lysate and mixed by pipetting 3-4 times.

� The solution was transferred to a fresh spin column assembly and centrifuged at 12000×g

for 1 minute.

� 600 µl of RNA wash solution was added to the spin columns and centrifuged at 12000×g

for 1 minute.

� 50 µl of freshly prepared DNase incubation mix was added directly to the membrane

and incubated for 15 minutes at 20-25 ºC.

� 200 µl of DNase stop solution was added to the spin columns and centrifuged at

12000×g for 1 minute.
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� The columns were washed with RNA wash buffer twice and dried by centrifugation at

maximum speed for 2 minutes.

� The spin column was transferred to a fresh centrifuge tube and 75 µl NFW was added

directly to the membrane.

� The assembly was centrifuged at maximum speed, the spin column was discarded and

the purified RNA was stored at -20 ºC until further used.

3.2.9.2 cDNA SYNTHESIS FROM THE PURIFIED RNA

cDNA was synthesized from the purified RNA using a commercially available kit

(Promega, Cat. No- A5000) as per the manufacturer’s instructions. The protocol used is as

follows:

� The RNA mix was prepared by mixing the following components:

Experimental RNA 3µl

Oligonucleotide primer 1µl

Random primer 1µl

� Each tube of the RNA mix was closed tightly and heated to 70 ºC for 5 minutes and

immediately chilled in ice for 5 minutes.

� The tubes were centrifuged briefly and stored in ice until a reverse transcription (RT)

mix was added.

� RT mix was prepared by combining the following components in a sterile

microcentrifuge tube on ice:
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Sr. Component Volume
No. (µl)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
1. 5X reaction buffer 4

2. MgCl
2

2.5

3. Nucleotide mix 1

4. RT enzyme 1

5. RNase inhibitor 0.5

6. NFW 6

Total 15
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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� The RNA mix was added to the RT mix on ice to make a total volume of 20 µl.

� Annealing was done  at 25ºC and  5 minutes.

� The tubes were incubated at 42ºC for 1 hour, followed by thermal inactivation of RT

enzyme at 70 ºC for 15 minutes.

� The synthesized cDNA was stored at -20 ºC until real-time PCR was done.

3.2.9.3 Real-time PCR for the detection of autophagy-related genes

The expression levels of specific autophagy-related genes (ATG5, LAMP2, ATG3,

and ATG14) regulating the cellular autophagic responses were assayed by quantitative real-

time PCR using Thunderbird SYBR Green qPCR mix (Puregene, Cat: QPS-201) in

StepOnePlus real-time thermal cycler (Applied Biosystems, CA, USA). The primers used in

the RT-qPCR are detailed in the table 1. Each sample was run in duplicate. The fold change in

the expression levels of each gene was calculated by the 2-��Ct method (Livak and Schmittgen,

2001) and normalized against the housekeeping �-Actin gene.

All reactions were set in a 20 µl reaction mix in 0.2 ml thin-walled PCR tubes (Axygen,

Central Ave Union City, CA USA) as follows:
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Components Volume (µl)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

2x PCR master mix 10.0

Forward primer (10 pmol/µl) 0.25

Reverse primer (10 pmol/µl) 0.25

Rox dye 0.40

Template 2.0

Nuclease-free water 7.1

Total: 20.0 µl
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

The details of optimized thermal cycling conditions used for the amplification of ATG

genes are as follows:
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–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
S.No. Steps Temperature Time
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Step 1 Initial heat activation 95 °C 60 sec

Step 2 Two-step cycling (40 cycles)

� Denaturation 95 °C 15 sec

� Combined annealing/extension 60/63 °C 60 sec

 Step 3 Melt curve 95 °C 15 sec

60 °C 1 min

95 °C 15 sec
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

3.2.10 Determination of autophagy induction in LSDV infected cells with different

MOIs

To determine whether autophagy induction is guided by the dose of viral infection,

MDBK cells were infected with LSDV at 3 different MOIs (0.001, 0.0025, and 0.005) for

specific time periods (24, 48, 72, and 96 hpi).

� MDBK cells grown in a 25-cc flask were subcultured and seeded in a 6-well cell

culture plate with a seeding density of 1.5×106 cells/well.

� The cells were infected by LSDV at indicated MOIs and the volume of infection was

determined by the following equation:

    Volume of virus (µl)      1
MOI = (Virus titer x 0.7) X –––––––––––––––––––––––– x  ––––––

                       (Number of cells seeded)            1000

� The virus suspension was overlaid on the cells for 1.5 h with intermittent gentle rotation.

Following virus adsorption, the cells were washed twice and overlaid with complete

media.

� After each predetermined time point viz. 24 h, 48 h, 72 h, and 96 h, the cells were

harvested and subjected to the detection of autophagy-specific cell protein LC3B II

using Western blotting.

3.2.11 Chemical inactivation of LSDV

Binary Ethylineimine (BEI) was used for the inactivation of LSDV as described

previously (Hulskotte et al., 1997). Briefly, the following protocol was used:
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� BEI was freshly prepared before the experiment by dissolving 400 mg of 2-

bromoethylamine hydrobromide (BEA, SIGMA- Aldrich, China) in 1 ml of 0.2 N

NaOH solution to attain a concentration of 0.1 M.

� The solution was mixed at 37 °C in a shaker for 1 hour to facilitate the conversion of

BEA to BEI.

� The freshly prepared BEI was filter sterilized and 20 µl of the mixture was added to 1

ml of the LSDV suspension to yield a final concentration of 2 mM.

� The tube was kept at 37 ºC with shaking for 6 hours, followed by transfer to another

2 ml centrifuge tube and kept again at 37 ºC with shaking for a further 24 hours to

allow a total contact time of 30 h.

� The inactivated virus suspension was neutralized by the addition of 1.5 µl of 1M sodium

thiosulphate (10% of the volume of the BEI solution used).

� The inactivated virus suspension was aliquoted and stored at -20 ºC until use.

3.2.11 Validation for the complete inactivation of LSDV

The complete inactivation of LSDV by BEI treatment was confirmed by two

approaches:

a) Absence of LSDV-induced CPE in MDBK cells

b) Absence of LSDV genome detection in sequential cell passages

3.2.11.1 Absence of LSDV-induced CPE in MDBK cells

� MDBK cells were seeded in a 6-well cell culture plate at a seeding density of 1.5 x

106 cells per well.

� 25 µl of BEI-inactivated LSDV and live-LSDV (P
7
) were inoculated in MDBK cells

for 2 h at 37 ºC.

� Following virus adsorption, the cells were washed and overlaid with complete media.

� The cells were incubated for 6 days at 37 ºC to detect the presence of LSDV-specific

CPE.

Materials and Methods
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� In the absence of apparent CPE in BEI-inactivated LSDV after 6 days, the cells were

freeze-thawed thrice and the lysate was further sonicated (0.5-second sonication at

20% amplitude for 3 cycles with 9 9-second gap between cycles).

� The lysate was centrifuged at 8000 rpm for 15 min and the supernatant was collected.

The supernatant was further used for another round of infection in MDBK cells.

� The process was repeated twice and the absence of characteristic CPE in the third

passage of BEI-inactivated LSDV and the presence of typical cell rounding,

degeneration, clumping, and refractile cell in the positive control (live-LSDV) was

considered as a marker of complete inactivation of LSDV.

3.2.11.2. Absence of LSDV genome detection in sequential cell passages

To further validate that the LSDV is completely inactivated and no traces of live LSDV

are present in the BEI-treated virus suspension, the sequential passages of live and BEI-

inactivated LSDV in MDBK cells were subjected to the detection of LSDV genome employing

SYGR-green-based qPCR.

a). DNA isolation

Total cellular DNA was isolated from the cell lysate as per the instructions of a

commercially available kit (Invitrogen, USA, Cat. No- K1820-02) as below:

� 200 µl of the cell lysate was mixed with 20 µl RNAase A by brief vertexing and

incubated at room temperature for 2 minutes.

� 200 µl genomic lysis/binding buffer was added and the solution was incubated at 55 ºC

for 10 minutes to promote protein digestion.

� 200 µl 96-100% ethanol was added to the sample and the solution was transferred to

a fresh spin column.

� The spin column was centrifuged at 10000×g for 1 minute. The 500 µl wash buffer 1

was added and again centrifuged at 10000×g for 1 minute.

� After the addition of 500 µl of wash buffer 2 to the spin column, the column was

centrifuged at maximum speed for 3 minutes.
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� 50 µl of the elution buffer was added to the column and the purified DNA was isolated

by centrifugation at maximum speed for 1 minute.

b) Real-time PCR for amplification of LSDV gene

The detection of the LSDV RNA polymerase subunit gene (RPO147) was conducted

by quantitative real-time PCR with Thunderbird SYBR Green qPCR mix (Puregene, Cat:

QPS-201) in StepOnePlus real-time PCR system (Applied Biosystems, CA, USA) as described

previously (Gelaye et al., 2017).  The primers used are detailed in the table 2. Each sample

was run in duplicate. Melting curve analysis was employed to confirm the specificity of the

amplicon

Table 2: Details of primers used for the amplification of the RPO147 gene of LSDV
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Sr. Primer 5’-3’ Sequence Product length G+C
No. (bp) Content
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

1 CaPV-Fw TCCTGGCATTTTAAGTAATGGT 100 38

2 CaPV-Re GTCAGATATAAACCCGGCAAGTG 100 38

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

The reactions were set in a 20µl reaction mix in 0.2 ml thin-walled PCR tubes (Axygen,

Central Ave Union City, CA USA) as follows:
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Components Volume (µl)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
2x PCR master mix 10.0

Forward primer (10 pmol/µl) 0.25

Reverse primer (10 pmol/µl) 0.25

Rox dye 0.40

Template 2.0

Nuclease-free water 7.1

Total: 20.0 µl
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

The details of optimized thermal cycling conditions used for the amplification of the

LSDV RPO147 gene are as follows:

Materials and Methods
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–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
S.No. Steps Temperature Time
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Step 1 Initial heat activation 95 °C 60 sec

Step 2 Three-step cycling (40 cycles)

� Denaturation 95 °C 15 sec

� Annealing 59 °C 30 sec

� Extension 72 °C 30 sec

 Step 3 Melt curve 95 °C 30 sec

60 °C 1 min

85 °C 15 sec
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

3.2.12 Infection of MDBK cell with BEI-inactivated LSDV

The protocol for the infection of MDBK with BEI-inactivated LSDV is briefly described

below:

� MDBK cells were seeded at a density of 1.5 x 106 cells per well in a 6-well cell

culture plate.

� The cells were divided into three groups – i) negative control (mock-infected with

media), ii) BEI-inactivated LSDV infected, and iii) positive control (live LSDV infected).

� Positive control cells were infected with live LSDV (LSDV-WB/IND/19) at MOI =

0.005 and inactivated LSDV group cells were infected with BEI-inactivated LSDV at

an equivalent pre-inactivated MOI of 0.005.

� The cells were incubated for 48 h and 72 h post infection and cells were collected as

described earlier.

� The collected cells were processed for detection of LC3B II protein through Western

blot assay.

���
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RESULTS

4.1 Detection of autophagy and autophagy flux in response to in-

vitro LSDV infection

4.1.1 Adaptation of LSDV in homologous cell line and virus titration

To simulate the natural infection, LSDV isolated and passaged in heterologous cell line

(Vero cells) were adapted in host homologous cell line MDBK. The MDBK cells showing 70-

80% confluency was inoculated with Vero-adapted LSDV and passaged serially. The MDBK

cells exhibited no CPE for the initial three passages. In the absence of apparent CPE, consecutive

blind passages were given until CPE characteristics to LSDV (cell rounding, clustering,

vacuolation, granulation, and the presence of refractile cells) were noted in passage 4 (Figure

1). To increase the virus titer, the virus was further adapted to passage 7 (P
7
)

.
The LSDV P

7

was harvested, aliquoted in small batches, and stored at -20 °C. The virus titration was carried

out in a 96-well cell culture plate using the Reed and Muench method, and the virus titer was

determined as 105.5TCID
50

/ml.

Furthermore, in-situ detection of LSDV through an immunofluorescence test

demonstrated the cytoplasmic presence of LSDV from 24 hours onwards. At 24 hours post-

infection, the number of LSDV-positive cells was meagre (Figure 2A & 2B). The LSDV

replication progresses in MDBK cells and by 72 hours post-infection, a large majority of cells

were infected by LSDV (Figure 2C & 2D).

4.1.2 Expression of autophagy marker LC3B in response to LSDV infection

The induction of autophagy is characterized by the detection of specific autophagy

markers and conversion of LC3B I to LC3B II is considered as the most reliable marker of

 
4 
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autophagy. To detect the effect of LSDV infection on the cellular autophagic machinery, the

level of LC3B II was estimated in LSDV-infected MDBK cells through Western blot assay.

The cell lysate collected at pre-determined time points from different groups was

subjected to SDS-PAGE, followed by detection of LC3B (14-16 kDa) by Western blotting

using anti-LC3B pAb. The bands in the Western blot assay were quantified using densitometry,

lane-normalized and normalized against the levels of housekeeping protein �-actin to nullify

the variation in sample loading. The data was subjected to suitable statistical analysis.

The results of Western blotting revealed the detection of autophagy marker LC3B

across all the groups, viz.mock-infected, Rapamycin treated and LSDV infected cells (Figure

3). A basal level of autophagy is evident throughout the Control group, suggesting the high

proliferative and metabolic profile of MDBK cells. During the entire experiment, the autophagy

marker LC3B showed mild variation in the mock-infected and the LSDV infected cells and

were comparable between the groups (Figure 4). A progressive increase in the autophagy was

noted in the Rapamycin treated cell post 48 hr. At 96 hr post-treatment, an appreciably higher

mean expression of LC3B was noted in the Rapamycin treated cells as compared to the other

two groups. Statistical analysis also revealed no significant differences among the mock infected

and the LSDV infected cells, suggesting that LSDV is maintaining the basal levels of cellular

autophagy either by inhibiting the autophagic induction or by upregulating the lysosomal

degradation of autophagic markers.

4.1.3 Influence of LSDV on autophagic flux

The levels of LC3B protein in the cells are subjected to a balance between its formation

and its lysosomal degradation in the cell cytoplasm. Therefore, an increase or decrease in the

LC3B detection alone is not a conclusive indicator of autophagy induction/inhibition. To this

end, differences in the levels of LC3B expression in the presence and absence of lysosomal

inhibitor (Bafilomycin A1) were carried out across the groups. The expression of LC3B in cell

lysate was carried out through Western blotting and the relative quantification of the LC3

protein levels compared to �-Actin protein levels was determined by densitometry (Figure 5).
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Bafilomycin-treated cells in all three groups showed an upregulated expression of

LC3B II as compared to those without Bafilomycin treatment, indicating an effective inhibition

of the autophagic degradation and accumulation of LC3B in cells (Figure 6). However, LSDV-

infected cells post-24-hour infection exhibited a marginal difference in the mean LC3B levels

even after the inhibition of lysosomal fusion and degradation by Bafilomycin A1 (Figure 7),

implying a probable suppression of autophagosomal degradation. Despite this, no significant

variation in the levels of LC3B among the Bafilomycin-treated and untreated cells was noted

across the groups.

Collectively, the results of LC3B detection through Western blot assay indicate that

in-vitro LSDV infection does not alter the basal level of cellular autophagy, likely by maintaining

the normal levels of LC3B proteins and by suppression of the lysosomal degradation of

autophagosomal contents. Also, the mean expression of LC3B protein levels increases throughout

the study in all the groups (Figure 8).

4.1.3 In-situ detection of autophagy marker in LSDV-infected cells

Besides the detection of LC3B in cell lysates, LC3B protein was also detected in-situ

through an immunofluorescence assay. A minimum of ten high-power fields (40x) were observed

under the inverted fluorescent microscope and the LC3B positive cells showing bright red

fluorescence (DyLight 594) and the total number of cells (blue fluorescence of DAPI) were

counted manually. The percentage of the LC3B positive cells was estimated and compared

across different groups in the presence and absence of lysosomal inhibitor Bafilomycin A1.

Immunofluorescence assay revealed the presence of LC3B-associated vacuoles in

the cytoplasm of cells, localizing in a perinuclear space to encompassing the entire nucleus

(Figure 9 & 10). A basal level of autophagy was observed in all the groups throughout the

experiment. Interestingly, the mean per cent positivity of LC3B ranged from 17% to 22.8% in

the mock-infected cells at different time points. Rapamycin-treated cells demonstrated markedly

enhanced expression of LC3B vacuoles as compared to the other groups, particularly in the

Bafilomycin A1-treated cells (Figure 11). The level of LC3B expression in mock-infected and

LSDV-infected cells was comparable, except for the 24-hour time point. Overall, no significant
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difference was noted in the LC3B in-situ detection across the mock-infected, rapamycin-

treated and LSDV-infected cells at different time points (Figure 12). Also, the

immunofluorescence assay exhibited a insignificant difference in the relative fold change

expression of LC3B in LSDV-infected MDBK cells with respect to negative control (Figure

13).

4.1.4 Effect of virus titre on cellular autophagy

To assess the effect of LSDV titer on the cellular autophagy machinery, MDBK cells

were infected with different MOIs of LSDV (0.001, 0.0025 and 0.005) and the difference in

autophagy induction was determined for four-time points (24, 48, 72 and 96 hpi) by Western

blotting and calculating the relative expression of the LC3B protein by densitometry.

In all the groups, conversion of LC3B I to II was noted. At 24 hpi, however, a

progressive decline in LC3B II detection was noted with an  increase in the titer of LSDV used

for giving infection. MOI of 0.005 resulted in minimal detection of LC3B II, hinting that higher

titers of LSDV are inhibiting the conjugation of LC3B I, although the results were marginally

insignificant between MOI = 0.001 and MOI = 0.005 (adjusted p = 0.0541) (Figure 14). The

results were comparable at later time points (48 h onwards) with no variation in the levels of

LC3B following infection with varying MOIs of LSDV (Figure 15).

4.1.5 Expression of ATGs in LSDV-infected cells

The expression levels of the autophagy-specific genes (ATG5, LAMP2, ATG3, and

ATG14) were assayed by quantitative real-time PCR (Figure 16 – 18). For each gene, relative

fold change expression was determined by the 2-��Ct method and analysed statistically using

the two-way mixed model repeated measures ANOVA.

a. Expression of ATG-3 gene

The relative fold change of ATG3 was comparatively more in the rapamycin-treated

cells, whereas the expression of the ATG3 gene in mock-infected and LSDV-treated cells was

comparable. No significant differences were noted in the ATG3 gene expression within the

groups with progression of time. Also, no appreciable variations were observed between the

differently treated groups.



Fig. 1: Morphological changes and cytopathic effects in MDBK cells infected with
LSDV. (A) Healthy MDBK cell. MDBK cells infected with (B) 10-2 dilution,
(C) 10-3 dilution and (D) 10-4 dilution of LSDV, showing varying levels of
degeneration, detachment, cell rounding and clustering

A B

C D

Fig. 2: DyLight 594 labelled cytoplasmic localization of LSDV in the infected cells
(A) merged with nuclear stain (DAPI) after 24 hpi, X400 (B). Increased number
of LSDV-infected cells (C) merged with nuclear stain (DAPI) at 72 hpi, X100
(D)

A B

C D



Fig. 3: Detection of autophagy induction by LSDV in MDBK cells. MDBK cells were
mock-infected, treated with rapamycin (250nM) and LSDV-infected (MOI =
0.005) and the autophagy marker protein LC3B II was detected through
Western blot at 6 h, 12 h, 24 h, 48 h and 96 h post-treatment (A)

Fig. 4: LC3B II protein expression among mock-infected (NC), rapamycin-treated
(PC) and LSDV-infected MDBK cells at different time points



Fig. 5: Detection of LC3B in the mock-infected, Rapamycin treated (250 nM), and
LSDV-infected cells in the presence and absence of autophagy inhibitor
Bafilomycin A1 (100nM) at different time points through Western blotting using
anti-LC3B specific pAb

Fig. 6: Graphical presentation of the normalized LC3B II protein in the mock-infected,
Rapamycin-treated (250nM), and LSDV-infected (MOI = 0.005) cells in the
presence and absence of autophagy inhibitor Bafilomycin A1 (100nM) at
different time points



Fig. 7: Graphical representation of the difference in the LC3B II protein expression
in the presence and absence of Bafilomycin A1 (100nM) among the different
groups at predetermined time points

Fig. 8: A) Box- Whisker plot and B) Interaction plot revealing the normalized LC3B
II protein in the mock-infected, Rapamycin-treated, and LSDV-infected cells
in the presence and absence of autophagy inhibitor Bafilomycin A1 (100nM)
at different time points

(A) (B)
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b. Expression of ATG-5 gene

The normalized expression of ATG5 revealed a near-constant expression in mock-

infected and rapamycin-treated cells. Contrary to this, LSDV-infected cells exhibited a sharp

rise in ATG5 expression at 12 hr post-infection before reaching the basal levels. A significantly

higher expression (adjusted p = 0.0266) was noted at 12 hr post-treatment in the LSDV-

infected group as compared to the other two groups (Figure 19)

c. Expression of ATG-14 gene

A significantly higher expression of the ATG14 gene was noted in the mock-infected

cells at 6 hpi whereas the rapamycin-treated and LSDV-infected cells demonstrated a marked

increase in ATG14 gene expression at 24 hpi (Figure 20). The fold change differences were

significant between different time points within the groups (adjusted p = >0.0001 for all the

time points) as well as between different groups (adjusted p = >0.0001 between mock and

LSDV infected).

d. Expression of LAMP-2 gene

Within the mock-infected group, an appreciable increase in the LAMP2 gene expression

was noted at 06-hour post-treatment, however, significantly higher levels were observed at

96-hour post-treatment (adjusted p = 0.0215). Contrary to this, LSDV-infected cells maintained

the basal levels of LAMP2 up to 72 hours post-infection but revealed a consequential decline

in LAMP2 at 96 hours post-infection (Figure 21) as compared to the mock-infected cells

(adjusted p = >0.0001).

4.2 Cellular autophagy in response to inactivated LSDV

4.2.1 Chemical inactivation of LSDV

The complete inactivation of LSDV P
7
 by BEI was confirmed by the absence of

characteristic CPE in three sequential passages of inactivated LSDV in the MDBK cells.

Contrary to this, equivalent live LSDV produces characteristic CPE and severe degeneration

of cells in the subsequent passages. For further confirmation of complete inactivation, healthy

MDBK cells, BEI-inactivated LSDV P
3 
and LSDV P

10 
were amplified for the LSDV-specific
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gene (RNA polymerase subunit gene). The amplification plot and melt curve demonstrated

specific PCR amplification in only LSDV P
10 

(figure 22), suggesting the lack of LSDV genome

in BEI-inactivated LSDV P
3.

4.2.2 Effect of LSDV inactivation on cellular autophagy

The cellular autophagic response in terms of LC3B II expression was analyzed in the

mock-infected, live LSDV-infected (MOI = 0.005) and BEI-inactivated LSDV (equivalent to

pre-inactivated MOI of 0.005) at 48 and 72 hpi. Dunnett’s multiple comparisons test revealed

a significantly higher (p = 0.0453) LC3B II expression in MDBK cells infected with BEI-

inactivated LSDV as compared to the mock-infected cells at 72 hpi (Figure 23). Also, like the

previous Western blot assay, the LC3B lipidated form (LC3B II) was comparable between

the mock-infected and live LSDV-infected groups, suggesting that live LSDV, and not inactivated

LSDV, has the potential to inhibit the autophagy induction.

���



Fig. 9: Immunofluorescenece assay detecting the total LC3B protein in the mock-
infected (A & B) and LSDV-infected (C & D) MDBK cells at 12 hpi. FAT with
Dylight 594 giving bright red colour to LC3B counterstained with DAPI, X100

A B

C D

Fig. 10: Immunofluorescenece assay detecting the total LC3B protein in the LSDV-
infected (A & B) and mock-infected (C & D) MDBK cells at 24 hpi. FAT
with Dylight 594 giving bright red colour to LC3B counterstained with DAPI,
X100

A B

C D



Fig. 11: Immunofluorescenece assay detecting the total LC3B protein in the
Rapamycin-treated (A& B) and Bafilomycin A1 treated, in addition to
Rapamycin treatment (C & D) MDBK cells 24 hour post treatment. FAT
with Dylight 594 giving bright red colour to LC3B counterstained with DAPI,
X100

A B

C D



Fig. 12: A) Bar graph and B) Interaction plot showing the mean percent of cells
showing LC3B positivity in immunofluorescence among different groups in
the absence and the presence of Bafilomycin A1 (100nM) at predetermined
time points of 6 h, 12 h, 24 h, 48 h, and 72 h

Fig. 13: Relative fold change in the LC3B expression in Rapamycin-treated and
LSDV-infected cells with respect to mock-infected negative control

(A)

(B)



Fig. 14: LC3 II expression in MDBK cells infected with different MOIs of LSDV
(0.001, 0.0025 and 0.005) for 24, 48, 72, and 96 hpi. *p = 0.0541

Fig. 15: A) Box- Whisker plot & B) Interaction plot showing LC3 II expression in
MDBK cells infected with LSDV with different MOIs (0.001, 0.0025 and
0.005) at 24, 48, 72, and 96 hpi

(A) (B)
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Fig. 16: SYGR-green based RT-qPCR amplification of ATG5 gene in mock-infected,
rapamycin-treated and LSD-infected MDBK cell showing A) Amplification
plot and B) Melt curve

(A) (B)

Fig. 17: SYGR-green based RT-qPCR amplification of ATG14 gene in mock-infected,
rapamycin-treated and LSD-infected MDBK cell showing A) Amplification
plot and B) Melt curve

(A) (B)

Fig. 18: SYGR-green based RT-qPCR amplification of LAMP2 gene in mock-
infected, rapamycin-treated and LSD-infected MDBK cell showing A)
Amplification plot and B) Melt curve



Fig. 19: A) Box- Whisker plot & B) Interaction plot showing the relative fold change
of ATG5 gene in the different  groups, mock- infected (1), Rapamycin- treated
(2), and LSDV- infected (3) for different time points. *- p = 0.0266.

(A) (B)

*

*

Fig. 20: A) Box- Whisker plot and B) Interaction plot showing the relative fold change
of ATG14 gene in the different groups, mock- infected (1), Rapamycin -treated
(2), and LSDV- infected (3) for different time points. *p < 0.0001

(A)
(B)

*

*

Fig. 21: A) Box-Whisker plot & B) Interaction plot showing the relative fold change
of LAMP2 gene in the different groups, mock- infected (1), Rapamycin-
treated (2), and LSDV- infected (3) for different time points. *p < 0.0001

(A)

(B)



Fig. 22: PCR confirmation of the complete inactivation of LSDV following BEI
treatment.  (A) Amplification plot showing positive amplification of LSDV in
live MDBK adapted LSDV P10 and lack of amplification in mock-infected
MDBK and BEI-inactivated P3 of LSDV. (B) Melt curve analysis revealing
a single melt curve peak of LSDV positive amplicon

(A) (B)

Fig. 23: Box- Whisker plot (A) and interaction plot (B) showing the LC3B II
expression in mock-infected (group 1), BEI inactivated LSDV P1 infected
(group 2), and live LSDV P10 infected (group 3) MDBK cells  at 48 h and 72
h post-infection. *p = 0.0453

(A) (B)





 
6 5 DISCUSSION

The Poxvirus family has caused widespread devastation in humans and animals from

time immemorial. With the exception of dogs, the majority of domestic animals can contract

diseases spontaneously from viruses belonging to the Poxviridae family. It is distinguished by

its extensive and intricate genome, which is made up of a single linear molecule of double-

stranded DNA that code for about 200 different proteins. The family contains 8 important

genera which are of clinical importance (Quinn et al., 2015). The Capripoxvirus genus stands

out as particularly detrimental within the Poxviridae family when it comes to impacting domestic

ruminants. Starting from the pandemic of smallpox more than 3000 years ago to monkeypox

virus outbreaks in 2022, poxviruses continue spreading a scenario of caution and threat to

human and animal lives (Tegnell et al., 2002; Thornhill et al., 2022). A recent point of concern

for the global livestock industry is a series of  Lumpy skin disease outbreaks in Southeast

Asian countries from 2019 onwards, surpassing over 1 lakh cattle mortality in India (Kumar

and Tripathi, 2022). An estimated INR 18337.76 crores (USD 2217.26 million) were lost in

India as a result of the LSD outbreak in cows (Singh et al., 2023). Persistent poxvirus outbreaks

prompt apprehension regarding viral transmission and pathogenesis, necessitating comprehensive

studies for a better understanding of host-pathogen interaction.

LSDV is a crucial member of the Capripoxvirus genus along with the goatpox virus

and sheeppox virus. LSDV exhibits a nucleotide sequence homology with GTPV and SPPV

that surpasses 97% (Gershon et al., 1989). LSDV possesses severe economic ramifications

by impacting cattle hides, reproduction, and the quality of milk, leading to significant financial

losses. Approximately 2.4 million animals were impacted as of October 21, 2022, with over

110,000 animal deaths recorded in India alone (Mathivanan et al., 2023).
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Continuing research efforts are directed towards creating advanced vaccines and

diagnostic tools to better combat lumpy skin disease. Despite the widespread acceptance of

prevention-based strategies in virus control, it remains critical to thoroughly examine the disease

process triggered by the virus. Also, vaccines against LSDV trigger short-term protection (6

months to 1 year) and require repeated booster doses. More importantly, LSDV replicates

efficiently in cell cytoplasm despite an armour of anti-viral innate immune responses. This

further necessitates the need to understand the host-pathogen interaction at the molecular level

for devising better and long-lasting prophylactic/therapeutic interventions.

Among the various innate cellular immune responses, autophagy plays an important

role in curbing the progression of viral infections by mediating the lysosome-mediated cytoplasmic

degradation. Despite a plethora of autophagic studies in viral infections (Deretic, 2009), the

information on the role of autophagy in LSDV infection remains largely unknown. To this end,

the present study was aimed at delineating the role of autophagy in the molecular pathogenesis

of LSDV in the cell culture system.

LSDV exhibits a limited spectrum of permissibility in cell culture. Historically, its

cultivation has predominantly relied on primary cells derived from ruminants, including lamb

testis cells, fetal bovine muscle and skin cells (Binepal et al., 2001). Cell lines such as BHK-

21 cells (Davies, 1982), Vero cells (Ayelet et al., 2013), MDBK cells (Awad et al., 2010),

ovine testis cell line (OA3.Ts) (Babiuk et al., 2007) have been used for the isolation and

propagation of LSDV. To simulate the natural infection as closely as possible, a homologous

cell line of bovine origin, MDBK cells, was used for the present study. The LSDV adapted

well in the MDBK cells and started showing characteristic CPE from P
4
 and attained a titer of

105.5TCID
50

/ml in just seven passages in MDBK. The growth characteristics of LSDV in

MDBK cells have been reported previously (Fay et al., 2020). The adaptation of LSDV in

MDBK cells and the cytopathic effects observed in the present study were very similar to

those reported in the previous studies (Fay et al., 2020; Naveen et al., 2021).

To evaluate the effect of LSDV replication on cellular autophagy, we determined the

levels of protein LC3B II and total LC3B through Western blot assay and immunofluorescence,

Discussion
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respectively, in mock-infected, rapamycin-treated, and LSDV-infected MDBK cells. Because

the amount of LC3-II represents the number of autophagosomes and autophagy-related

structures, LC3 is now the most extensively utilized autophagosome marker (Yoshii et al.,

2017). Our Western blot assay revealed a marked conversion of LC3B I to II in Rapamycin-

treated cells, indicating the strong induction of autophagy in response to an inciting stimulus.

More importantly, no significant differences were observed in the levels of LC3B II among the

mock-infected and the LSDV-infected MDBK cells. Also, at several time points, the level of

LC3B II in LSDV treated cells is even lower than the mock-infected cells. These findings

suggest that LSDV is somehow allowing basal autophagy and is inhibiting the induction of

cellular autophagy machinery to facilitate its replication. Another in-vitro study by Tan and co-

workers (2023) in Bovine Embryonic Fibroblasts (BEF) revealed induction of autophagy by

LSDV at 96 hpi. However, no LSDV-mediated autophagy was observed in BEI at earlier

time points. A slight contrast in the result at 96 hpi in the present and previous study (Tan et al.,

2023) could be attributed to differences in the cell lines. Varied autophagic responses in different

cell lines have been reported when subjected to similar stimuli or conditions (Prins et al.,

2021). Another contrasting factor is the normalization of Western blot data. The present study

expressed the levels of LC3B II protein in relation to housekeeping protein �-Actin whereas

Tan and co-workers used a ratio of LC3B II and LC3B I. The ratio of LC3B II/I is prone to

erroneous interpretations as LC3B I is more prone to degradation and LC3B II tends to be

more sensitive to immunodetection (Mizushima and Yoshimori, 2007).

The endogenous level of LC3B is subject to degradation during autophagy, and thus,

estimating LC3B alone is not a marker of cellular autophagy (Tanida et al, 2005). For the

estimation of cellular autophagic response, the determination of autophagic flux or lysosomal

turnover is estimated. The present study assessed the lysosomal turnover by estimating the

LC3B levels in the presence and absence of lysosomal inhibitor Bafilomycin A1. We found

apparent differences in the LC3B II levels in the mock-infected and the rapamycin-treated

cells, however, the differences in the LSDV-infected groups were marginal. Though we could

not find any statistically significant differences between the mock-infected and the LSDV-

infected MDBK cells with and without Bafilomycin A1, our results gave an indication that

LSDV is inhibiting lysosomal degradation.

Discussion
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Previous in-vitro and in-vivo studies have demonstrated that the interaction between

the poxviruses and cellular autophagy is quite complex and varies remarkably. During mousepox-

causing Ectromelia virus infection, the expression of Beclin 1 is upregulated, while Beclin 2

expression is downregulated (Martyniszyn et al., 2013; Martyniszyn et al., 2011). The

Molluscum contagiosum virus harnesses the viral FLIP protein to regulate autophagy (Kaiser

et al., 2009). According to Zhang et al. (2006), autophagy is not necessary for the replication

and maturation of the Vaccinia virus, and its replication kinetics are unaffected by cellular

ATG5, ATG7, and Beclin1 levels. Further evidence of the vaccinia virus-mediated abnormal

LC3 lipidation and total suppression of autophagosome formation was provided by Mologhney

and colleagues (Moloughney et al., 2011). The vaccinia virus also blocks autophagic flux by

modifying the autophagic reporter protein p62’s nuclear shunting (Krause et al., 2021). Another

member of the poxvirus family, Orf virus suppresses the signalling pathway of mTOR in-vivo

to enhance autophagy (Huang et al., 2022). In light of these findings, the present study indicates

that LSDV may be inhibiting not only the induction of autophagy, but also the lysosomal

degradation in infected cells.

To further validate our findings, the in-situ detection of LC3B in MDBK cells was

performed using immunofluorescence. Cells showing a distinct bright-red color of Alexa Fluor

594 were considered as positive for LC3B and the results were expressed as per cent positivity.

The results of immunofluorescence corroborate with our Western blot assay with no significant

difference in the level of total LC3B between the mock-infected and the LSDV-infected cells

up to 96 h of infection, implying the inhibition of autophagy induction/autophagosome formation

by LSDV. However, the immunofluorescence assay performed in the present study has a

limitation. In the immunofluoresence assay, we were able to detect  total LC3B protein instead

of the lipidated LC3B II. Contrary to Western blot assay, where two separate bands for

LC3B I (16 KDa) and LC3B II (14 KDa) can be differentiated and the lipidated form (PE-

conjugated LC3B II) could be used for analysis, the lipidation of LC3B I to II in

immunofluorescence is characterized by punctae formation, which could be distinctly visualized

by the use of a confocal microscope (Runwal et al., 2019). In the absence of a confocal

microscope, the cytoplasmic accumulation of LC3B I, which is actually not a marker of

Discussion
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autophagosome formation, has also contributed towards the immunofluorescence signal

generation. This could be the most probable reason for a reasonably high per cent positivity of

LC3B in all the groups during IFT assay. To nullify this effect, the results of rapamycin-treated

and LSDV-infected groups were expressed as the fold change relative to the mock-infected

group.

Previous studies have used different MOIs of LSDV for in-vitro infection, with MOI

= 0.01 being the most common (Fay et al., 2020; Tran et al., 2023). The use of MOI = 0.01

led to the degeneration and detachment of MDBK cells at 96 hpi, and to this end, we employed

an MOI = 0.005 for the autophagic study. To study the effect of varying MOIs of LSDV on

cellular autophagy, we used MOI = 0.005, 0.0025, and 0.001. At 24 hpi, we observed an

apparent decline in LC3B II formation in higher MOI (0.005) as compared to the lowest MOI

(0.001), nonetheless, the difference was slightly inconsequential (p = 0.0541). To the best of

our knowledge, the effect of LSDV dose on cellular autophagy has not been reported previously,

but we believe that the incorporation of a higher MOI or a log fold increment in MOI would

provide a better insight into the effect of LSDV dose on autophagy inhibition and could be a

subject matter of further studies.

Despite the generation of new information, the possible mechanisms of LSDV-induced

inhibition of autophagy induction and lysosomal turnover remain unclear to us. To address this,

we amplified three autophagy-related genes (ATG3, ATG5, and ATG14) involved in the initiation

and progression of autophagosome formation and one gene (LAMP2) attributed to lysosomal

turnover. A significantly higher level of ATG5 and ATG14 were detected in the LSDV-infected

cells at 12 and 24 hpi, respectively, as compared to the mock-infected cells. Both ATG5 and

ATG14 are required for the lipidation of LC3B and upregulated gene expressions are expected

to increase the autophagy. Contrary to this, no increase in the LC3B II was noted at the

protein level suggesting that LSDV might be adopting multiple strategies to counter cellular

innate autophagic response. Furthermore, a significant drop in the LAMP2 transcription in

LSDV-infected cells in the later stages of infection (96 hpi) could probably be accounted for

the partial inhibition of autophagic flux. The information on the transcription of autophagy-

related genes in LSDV is nearly non-existent. In vaccinia virus infection, aberrant LC3 lipidation

Discussion
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which is independent of ATG5 has been reported (Moloughney et al., 2011).

We further analyzed whether replication of LSDV is required to inhibit the lipidation of

LC3B or whether the attachment and entry are sufficient to induce the inhibitory effect. For

complete inactivation of LSDV without alkylation of viral proteins, BEI was used at a final

concentration of 2 mM for 30 h. Matsiela and co-workers (2022) have also inactivated LSDV

using the same concentration of BEI for 36 h for the preparation of LSDV inactivated vaccine.

Though other methods of LSDV inactivation, such as UV exposure, have also been reported

(Fay et al., 2022). BEI inactivation of the vaccinia virus using varying concentrations and

exposure time has been described previously (Hulskotte et al., 1997).

The results of the LSDV inactivation study reveal a significantly higher level of LC3B

II (p = 0.0453) in the BEI-inactivated LSDV (equivalent to the pre-inactivated MOI = 0.005)

as compared to the mock-infected cells, whereas, the live LSDV at MOI of 0.005 showed

comparable LC3B II levels. Our results demonstrated that despite the preservation of the

entry-associated viral proteins, inactivated LSDV loses its potential to inhibit autophagy and

incite an upregulated LC3B I to II conversion. These findings suggest that effective inhibition

of cellular autophagy response by LSDV requires replication and translation of viral proteins

other than/in addition to those present in the viral lateral bodies.  Even though it is evident that

the LSDV is inhibiting the autophagy as well as the lysosomal degradation, the mechanism

regarding the process and, the influence of autophagic machinery in virus replication are yet to

be elucidated, which stand as the future perspectives of the study.

���

Discussion





 
6 6 SUMMARY AND CONCLUSIONS

Lumpy Skin Disease (LSD) is an infectious, nodular disease of mainly cattle and buffalo

caused by the LSD virus of the Capripoxvirus genus and the Poxviridae family. The disease

is associated with severe economic losses and can readily cross national and international

boundaries, and thus has been classified as an OIE notifiable disease for cattle. Considering

the socio-economic impact of LSD on the global livestock economy, it is pertinent to understand

the host-pathogen interaction comprehensively.

Poxviruses replicate in the cytoplasm of infected cells and to do so efficiently, they

produce a plethora of proteins to counteract the host’s innate immune response. One critical

non-specific anti-viral innate cellular response is autophagy which regulates the lysosome-

mediated elimination of intracellular pathogens. Although limited information on the modulation

of the autophagic pathway in poxvirus has been reported, the cellular autophagic response in

Capripoxviruses, LSDV in particular, remains largely unexplored. Addressing this knowledge

gap, the present study was envisioned to understand of the role of autophagy in the molecular

pathogenesis of the LSD in the cell culture system.

MDBK cells were mock-infected (negative control), treated with autophagy inducer

rapamycin (250nM; positive control), and infected with LSDV (MOI = 0.005). Cells were

analyzed at predetermined time points viz. 6 h, 12 h, 24 h, 48 h, 72 h, and 96 h post-treatment/

infection for the presence of lapidated LC3B II through Western blot and immunofluorescence.

Autophagy flux (lysosomal turnover) was determined by treating cells with the autophagy

inhibitor Bafilomycin A1 (100nM) for two hours prior to each time point. The relative
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transcription of ATG3, ATG5, ATG14 and LAMP2 genes was also estimated through two-

step RT-qPCR (SYBR green-based chemistry).

Our Western blot results suggest that LSDV is inhibiting the induction of cellular

autophagic response and is preventing the accumulation of lipidated LC3B II in the cells through

some unknown mechanisms. We also noted, although marginally insignificant, that LSDV is

suppressing the lysosomal degradation in infected cells, particularly from 24 hpi onwards.

These findings were further corroborated by the mean per cent positivity of LC3B across

different groups in our immunofluorescence assay. Also, significantly higher expression of ATG5,

ATG14 and LAMP2 was perceived in the LSDV-infected cells as compared to the mock-

infected cells at 12, 24 and 96 hpi.

To assess the effect of initial LSDV titer on the cellular autophagy machinery, MDBK

cells were infected with MOIs of 0.001, 0.0025 and 0.005 and the difference in autophagy

induction was determined by measuring LC3BII levels at 24, 48, 72 and 96 hpi. At the earliest

time point of 24 hpi, drastically lower levels of LC3B were observed in MOI of 0.005, hinting

that higher titers of LSDV are inhibiting the PE conjugation of LC3B I. It is important to note

that the results were marginally insignificant between MOI = 0.001 and MOI = 0.005 (adjusted

p = 0.0541).

Furthermore, the influence of inactivated LSDV on host cell autophagy was studied.

The LSDV was inactivated chemically using BEI (2 mM) and the virus inactivation was confirmed

through cell culture (absence of CPE in sequential passages) and RT-qPCR. An inactivated

virus with an equivalent dose of pre-inactivated 0.005 MOI was used for infecting the MDBK

cells along with the live LSDV and negative control. Our results indicated that inactivated

LSDV failed to contain the autophagic response in the MDBK cells and induced a significantly

higher level of LC3B II as compared to the negative control group.

Overall, the present study provided new insights into the host-pathogen interaction of

LSDV with the following conclusive remarks:

• In vitro infection of LSDV in MDBK cells inhibits the induction of autophagic response
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• LSDV causes apparent but inconsequential inhibition of cellular autophagosomal

degradation.

• The cellular autophagic response is independent of the initial LSDV titre.

• Significant fold change of the autophagy genes, ATG5, ATG14, and LAMP2 occurred

at 12, 24 and 96 hpi, respectively.

• BEI-inactivated LSDV resulted in higher expression of LC3 II reflecting that live virus

is required for suppression of autophagy induction.

���
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6 7 MINI ABSTRACT

Lumpy Skin Disease (LSD) is an OIE notifiable cattle disease of global socio-economic

concern with poorly understood molecular pathogenesis and host-pathogen interaction. The

LSDV-mediated suppression of cellular innate immune responses, with special reference to

autophagy, has not been explored yet. To this end, the present study was envisaged to

understand the cellular autophagic response during the LSDV infection in MDBK cells. MDBK

cells were infected with LSDV (MOI = 0.005) along with mock infection (Negative Control)

and treatment with rapamycin (Positive Control). The cells were either collected or fixed at 6

h, 12 h, 24 h, 48 h, 72 h, and 96 h post-infection/treatment for Western blotting and

immunofluorescence (IFT) assays, respectively. Also, cells were preserved at predetermined

time points for relative quantification of autophagy-related genes through RT-qPCR. The LSDV

infection was also carried out at varying low multiplicities of infections (MOIs = 0.001, 0.0025

and 0.005) and with binary ethylenimine (BEI) inactivated LSDV. The results of the Western

blot and IFT assay revealed comparable levels of LC3B II among Negative Control and

LSDV-infected MDBK cells. Also, lower differences in the LC3B II levels were noted in the

presence and absence of lysosomal inhibitor Bafilomycin A1 in the LSDV-infected MDBK

cells. Higher MOIs of LSDV (0.005 as compared to 0.001) tend to inhibit the autophagic

response more strongly during the early phase of infection (24 h). Also, BEI-inactivated LSDV

failed to suppress the cellular autophagic response, highlighting the importance of viral replication

in modulating autophagy. ATG 5, ATG14, and LAMP2 transcription were significantly higher

in LSDV-infected cells at 12, 24, and 96 hpi. Conclusively, the results of the present study

bring valuable insights into LSDV-mediated autophagy in cell culture systems suggesting inhibition

of autophagy induction and lysosomal degradation by LSDV.
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yEih Ropk jksx ¼yEih fLdu fMtht½ eq[;r;% xk;ksa esa gksus okyh ,d fo"kk.kqtud jksx
gS tks oSf'od vFkZO;oLFkk ij vR;f/kd ncko ds dkj.k i'kq LokLF; fo'o laxBu }kjk lwfpr
jksxksa dh lwph esa ntZ gSA miyC/k lkfgR; ds vuqlkj yEih Ropk jksx dh vk.kfod jksxtuu vkSj
estcku&jksxt+ud var%fØ;k dks vHkh Bhd <ax ls le>k ugha x;k gSA yEih fLdu fMtht
fo"kk.kq ¼,y,lMhoh½ }kjk dksf'kdkvksa dh jksx&izfrjks/kd {kerkvksa ij] [kkldj Lok;Rrthoh
¼vkWVksQSxh½ ds fo'ks"k lanHkZ esa] izHkko dks le>uk vHkh ckdh gSA bl mn~ns'; ls] ,eMhchds
dksf'kdkvksa esa ,y,lMhoh laØe.k ds nkSjku lsyqyj vkWVksQSxh izfrfØ;k dks le>us ds fy,
orZeku v/;;u dh ifjdYiuk dh xbZA ,eMhchds dksf'kdkvksa dks udyh laØe.k ¼udkjkRed
fu;a=.k½] ,y,lMhoh ls laØfer ¼,evksvkbZ =0.005½ vkSj jSikekbflu ls vuko`r fd;k x;kA
laØe.k ds 6] 12] 24] 48] 72 ,oa 96 ?kaVksa ds i'pkr dksf'kdkvksa ds uewus osLVuZ CykWfVax ,oa
bEequks¶yqvksjslsUl ¼vkbZ,QVh½ ds fy, ,df=r fd;s x,A blds vykok] vkWVksQSxh&lacaf/kr thu
ds lkis{k ek=k fu/kkZj.k ds fy, vkjVh&D;wihlhvkj dk bLrsaeky fd;k x;kA ,y,lMhoh
laØe.k dh vyx&vyx de cgqyrk ¼,evksvkbZ 0.001, 0.0025 vkSj 0.005½ vkSj ckbujh
,fFkyhfuekbu ¼chbZvkbZ½ fuf"Ø; ,y,lMhoh ds lkFk fd;k x;kA osLVuZ CykWV vkSj vkbZ,QVh
ij[k ds ifj.kkeksa ls udkjkRed fu;a=.k vkSj ,y,lMhoh&laØfer ,eMhchds dksf'kdkvksa ds
chp ,ylh3ch II ds rqyuh; Lrj dk irk pykA blds vykok] ,y,lMhoh&laØfer ,eMhchds
dksf'kdkvksa esa ykblkslksey vojks/kd ckfQyksekbflu ,1 dh mifLFkfr vkSj vuqifLFkfr esa
,ylh3ch II Lrjksa esa de varj ns[kk x;kA ,y,lMhoh ds mPp ,evksvkbZ ¼0.001 dh rqyuk esa
0.005½ laØe.k ds izkjafHkd pj.k ¼24 ?kaVs½ ds nkSjku vkWVksQSftd izfrfØ;k esa deh ns[kh x;hA
blds vykok] chbZvkbZ&fuf"Ø; ,y,lMhoh lsyqyj vkWVksQSftd izfrfØ;k dks nckus esa foQy
jgk] ftlls vkWVksQSxh dks la'kksf/kr djus esa ok;jy izfrd̀fr ds egRo dk irk pyrk gSA
,y,lMhoh&laØfer dksf'kdkvksa esa laØe.k ds 12] 24 vkSj 96 i'pkr ,Vhth5] ,Vhth14 vkSj
,y,,eih2 izfrys[ku Lrj esa Øe'k% varj ik;k x;kA fu;kZ;d :i ls] orZeku v/;;u ds
urhtksa ,y,lMhoh&e/;LFk vkWVksQSxh esa ewY;oku varnZ̀f"V ykrs gSa vkSj dksf'kdk lao/kZu iz.kkyh
esa ,y,lMhoh }kjk vkWVksQSxh izsj.k vkSj ykblkslksey {kj.k dks jksdus dk lq>ko nsrs gSaA
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APPENDIX

1. SOLUTIONS USED FOR SDS-PAGE

10X Tris-glycine SDS gel running buffer

25 mM Tris base                                     30.0 g

            192 mM glycine                                     144.0 g

            SDS (0.1%)                                         10.0 g

            Double Distilled Water (DDW)                               upto 1000 ml

Acrylamide solution (40% w/v)

            Acrylamide                              29.2 g

            N, N’- methylene bisacrylamide                         0.8 g

            DDW                     upto 100 ml

The solution filtered through a nitrocellulose filter (0.45µm pore size). Filtered solution

was stored in dark bottles at 4ºC.

Ammonium Persulfate (10%w/v)

             Ammonium Persulfate                                    100mg

             DDW                                  1 ml

1.5 M Tris-Buffer (ph 8.8)

Tris base                                                            18.17 g

DDW                                                           upto 100 ml

Adjust ph to 8.8 with HCl

0.5 M Tris-Buffer (ph 6.8)

Tris base                                 6.05 g

DDW                         upto 100 ml

Adjust ph to 6.8 with HCl

Resolving gel (15%), 15 ml

40% Acrylamide Bis-Acrylamide                       5.7 ml

DDW                          3.3 ml

1.5 M Tris HCl (ph 8.8)                        6.0 ml

10% Ammonium Persulfate               100.0 µl

TEMED                   12.5 µl

Stacking gel (5%), 5 ml

40% Acrylamide Bis-Acrylamide                   0.62 ml

DDW                      3.36 ml

0.5 M Tris HCl (ph 6.8)                 1.0 ml

10% Ammonium Persulfate            25.0 µl

TEMED               2.5 µl



5X Loading dye (500 µl)

5X Laemmli buffer                                    400 µl

� mercaptoethanol                                           100 µl

2. SOLUTIONS FOR WESTERN BLOTTING

1X Transfer buffer

10X Tris-Glycine buffer                                         50 ml

Absolute methanol                                     100 ml

DDW                                       upto 500 ml

10X TBST

Tris base                                              24.0 g

Sodium chloride                                            88.0 g

DDW                                        upto 1.0 L

Tween-20                                              1.0 ml

DAB Solution (For 1ml)

DAB Powder                                              0.5 mg

0.1 M Imidazole                                             1.0 ml

Cobalt Chloride                                            12.5 µl

3% Hydrogen Peroxide                                           0.75 µl

3. SOLUTIONS FOR IMMUNOFLUORESCENCE

10% Neutral Buffered Formaline

37-40% Formaldehyde                               200 ml

Sodium phosphate monobasic                           8.0 g

Anhydrous disodium phosphate                       13.0 g

DDW                   upto 2.0 L

Tyramide working solution

Tyramide                                                             3.0 µl

1X TBST                                                            300.0 µL

3% H
2
O

2
                                                              1.5 µL

Atofluorescnce quenching solution

Reagent A                                           100.0 µL

Reagent B                                             100.0 µL

Reagent C                                                  100.0 µL

4. REAGENTS FOR CELL CULTURE

Growth Medium

            Leibovitz's L-15 media supplemented with 10% (v/v) fetal bovine serum.

Maintenance Medium

Leibovitz's L-15 media supplemented with 2% (v/v) fetal bovine serum.
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