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In this study, transcriptome analysis of PPRV infected PBMGubsets—T helper
cells, T cytotoxic cells, monocytes, and B lymphocytes was dne to delineate their
role in host response. PPRV was found to infect lymphocytes rad not monocytes.
The established receptor for PPRV—SLAM was found downregulad in lymphocytes
and non-differentially expressed in monocytes. A profounddeviation in the global
gene expression pro le with a large number of unique upregalted genes (851) and
downregulated genes (605) was observed in monocytes in comgrison to lymphocytes.
ISGs—ISG15, Mx1, Mx2, RSAD2, IFIT3, and IFITS that play a rale antiviral response
and the genes for viral sensors—MDA5, LGP2, and RIG1, were fod to be upregulated
in lymphocytes and downregulated in monocytes. The transdption factors—IRF-7 and
STAT-1 that regulate expression of most of the ISGs were fouhactivated in lymphocytes
and not in monocytes. Interferon signaling pathway and RIG1like receptor signaling
pathway were found activated in lymphocytes and not in monogtes. This contrast
in gene expression pro les and signaling pathways indicate the predominant role of
lymphocytes in generating the antiviral response againstFRYV in goats, thus, giving us
new insights into host response to PPRV.

Keywords: lymphocytes, monocytes, RNA sequencing, PPRV, goa t, host-pathogen interaction

INTRODUCTION

Peste des petits ruminarfBPR) is an acute, highly contagious viral disease with hightatity
(90%) and morbidity (100%) in sheep and goats and is classiseaheOIE listed disease due to its
economic relevance and severity.(It is characterized by high fever, mucous membrane erssio
discharge through eyes and nose, enteritis and pneumonleicating in a fatal outcomeZ).
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Wani et al. PPRV Infected PBMC Subsets' Transcriptome

The causative agent is single-stranded, negative-sense RAmmittee for the Purpose of Control and Supervision of
virus of genusMorbillivirus and family Paramyxoviridae An  Experiments on Animals (CPCSEA), India, vide letter no
investigation into the molecular determinants of the patbogsis 387/CPSCEA. Healthy goats O 4) that were negative for
of PPRV is of considerable interest to understand the hastsv  PPRV antibody by competitive-ELISA2]) and by serum
interaction and to devise strategies for its eradication. neutralization test (SNT) 42, and for PPRV antigen by
PPR virus (PPRV) is a lymphotropic and epitheliotropic cell-s-ELISA, were inoculated with the virus as mentioned
associated virus, which uses peripheral blood mononucldar cén our earlier study 23). s-ELISA for detection of virus
(PBMCs) as a vehicle for its dissemination within the hosin nasal, ocular, buccal, and rectal swabs, PPRV N gene
(3, 4). SLAM/CD150 established as a receptor for PPRV, isxpression by qRT-PCR in PBMC subsets, histopathology, and
found on activated T cells, B cells, thymocytes and deraritiimmunohistochemistry of tissues were used for con rmation
cells §). Morbilliviruses infect both T and B lymphocyte$,( of infection.
7). PBMCs play a signi cant role in pathogen recognition and

initiation of early innate immune response. This makes themgq|ation of T Helper Cells, T Cytotoxic

a standard model for studying host-pathogen interactions i
PPRV and other related infection§«11). We have previously nCeIIs, B Lymphocytes, and Monog:ytes )
Blood was collected from goat: (D 4) in heparin-coated

identi ed various immune modulating transcription factors . . . . . .
and predicted an immune signaling pathway in response tyacutainer vials. PBMCs were isolated by using Ficol histopaq

Sungri/96 live attenuated PPRV vaccine straim vitro in gradient method. PBMCs were strained through cell strainer
PBMCs. Our group has also deciphered miRNAome of lun f 0.40 micron. The PBMCs subsets were enriched by positive

and spleen of PPRV infected sheep and goats, identi ed an lection using indirect MACS technology (Milteny Biotech).

validated suitable reference genes for expression studies Ipi_tially, th_e c_ell-sper_;ic surface marker FITC-conjugdte_
PPRV infected tissues and revealed the role of miRNAomB"'™Mary ant|b0d|gs,ant|CD9f(T heIperceIIg,#MCAZZlBF),antl
of PBMCs in regulating immune processes in PPRV infectegD80 (T cytotoxic cells., #MCA2216F), anti CDi4Monocytes,

goat (12-15) #MCA1568F), and anti CDZL (B lymphocytes, #MCA1195F),

The host immune response is often complicated dudvere used. Subsequently, the cells were magnetically labeled
to dierences in how dierent cell types receive a Signalwith anti—FITC MicroBeads. Then the cell suspension was

from dierent classes of receptors and produce distinctkr)]"leIeGI on a n?clinll\/]lAC§ ccc:)lsurgn which Wﬁs placedlln"
e ector molecules 16). The individual role of PBMC ltglmggn(TI'LIC eld o al\/(;A h ep?rator. 'Ih'_le ?agntleUgal)g
subsets in terms of their contribution to immune responsea eled cells were retained in the column while the unlabele

against Zaire ebolavirus and inactivated seasonal in aenzCe!lS run through. After removal of .the column from the
virus infection has been explored through RNA—Sequencing"agnetIC eld, the magnetically retained cells were eluted

analysis {7, 18). However, RNA-Sequencing of PPRV infected s positively selected cell fraction. _CeII sorting was done
PBMC subsets has not been explored to date. Transcripto per the manufacturers protocol. Primary FITC-conjugated

analysis of the subpopulation of highly enriched circulatingam'bOd'es were titrated to determine the optimal dilution.

leukocytes and analysis of cell-specic pathways will hel&ens_ were kept on th? ice and cold _bu ers were employed

in understanding leukocyte regulatory networks in PPRVC minimize alterfatlons in gene expression during labelimgl a

infection. In this study, subsets of peripheral blood leukesy sorting. The purity of the cells was further checked by ow

were isolated from control (0 day) and PPRV infectegtytometer. The cells were stored in RNA later for further use

(9dpi) goats through MACS technology and subjecteoat 80 C.

to RNA-Sequencing. Subsequently, transcriptome analysis

combined with system-level network analyses revealed tHRNA-Sequencing of the Samples

contrast between monocytes and lymphocytes with respedthe RNA-sequencing of each subset of PBMCs was carried out

to expression of genes, signaling pathways and putatiiellowing the standard procedure as described in our previous

upstream regulators. study @0). Briey, total RNA was isolated using the RNeasy
Mini kit (Qiagen GmbH, Germany). Following the quality
and integrity assessment on Bioanalyzer (Agilent Techyiek

MATERIALS AND METHODS Inc), RNA (100 ng) was used for library preparation with the

. . . help of NEBNext Ultra RNA Library Prep Kit for lllumina
Animal Experiment, Ethics Statement, and (NewEngland Biolabs Inc.). The quality of the libraries was
Viral Infection checked on Bioanalyzer and quantity was measured using a

Highly virulent PPRV (lzatnagar/94, accession numbelQubit2.0 Fluorometer (Life Technologies) and by qPCR. Lripra
KR140086.1) that is being maintained at National Morbilligru (1.3ml, 1.8 pM) was denatured, diluted, and loaded onto a
Referral Laboratory, Indian Veterinary Research Institute,ow cell for sequencing. FastQC (Babraham Bioinformatics)
Muktehswar by animal-to-animal passaged9( 20) was was used for quality assessment of raw sequence data and
used in the present study. The permission to conducprinseg-lite software 44) was used to remove reads of low
the study was granted by Indian Veterinary Researclguality (mean phred score 25) and short lengtk 50) for
Institute Animal Ethics Committee (IVRI-IAEC) under the downstream analysis.
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Animal Screened for PPRV and PPRV antibodies

v v
==
v v
PBMCs collected from control and PPRV infected
v

Sorting of PBMC subsets (T helper Cells,T cytotoxic cells, Monocytes, B lymphocytes)

RNA Sequencing of each subset

Alignment to the Host reference genome Mapping to the PPRV reference genome

Identification of PPRV transcripts

Y

Identification of differentially expressed genes

Knowledge based genes (selected from

Ingenuity Pathway analysis Previous PPRV studies)

Functional classification of differentially expressed genes
Comparison analysis
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—> Chemokines

Upstream analysis
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between immune DEHC genes
Validation of RNA sequencing data by qRT-PCR
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—_— Viral sensors
— @D

FIGURE 1 | Work ow for RNA sequencing data analysis.

Identi cation of Differentially Expressed (8, 12 to explore variation in their expression across the

Genes (DEGS) PBMC subsets.
The overview of the transcriptome analysis is giverrigure 1
Initially, the quality- ltered reads from control and infged . . .
samples (0 days and 9 dpi) were mappe€tpra hircugenome PredICt?d Protein-Protein

using Bowtie2?5). The mapped reads were then assembled usinU"tera;C“O_n(PPl) Network _ _

RNA-Seq by expectation maximization (RSEMJ) The counts The Biological General Repository for Interaction Datasets
were used for calculating DEGs by use of R packages—EBSEHOGRID) is a repository of protein-protein and genetic
DESeq2 and edgeR. The common DEGs from the three packad@tgractions for many species. Based on the interactionicéle
were used for downstream analysis while as fold changeéor tin the BioGRID database, PPI network among the selected genes

corresponding genes was taken from DESeq2. is retrieved 28). Initially, the DEGs obtained from transcriptome
analysis were narrowed down to di erentially expressed highly

connected (DEHC) genes based on immune-related functions
Functional Analysis of DEGs (from g:Pro ler), fold change 1.5 (Up or downregulated)
Using g:Pro ler, the signi cantly expresseg ( 0.05) DEGs and degree (calculated using igraph packagg)for T helper
were functionally annotated?(’). The retrieved viral processes cells, T cytotoxic cells, and B lymphocytes and degrd®
and immune system processes were chosen to nd the genés monocytes. The PPl networks were constructed between
associated with these processes. Further, the genes idvialve the DEHC-DEHC genes, and between the knowledge-based
immune-related functions were manually classi ed intoi@itel  genes and DEGs. The BioGRID database contains well-de ned
interferon-stimulated genes (ISGs), chemokines, int&iles, protein-protein interactions of human than in the case B6s
viral sensors (PRRs), Interferons and Granzyme B, based émurus Considering protein interactions are conserved across
literature evidence and the type of associated immune procespecies 19), orthologs in human were queried using g: Orth
to get comprehensive insights. Besides, 106 géh&adwledge- in g:pro ler (27). The interactions involving the DEGs were
based genes) were selected based on their role in host respoegtracted using customized perl scripts and were visualined i
against viruses from the earlier host-PPR virus interacsimdies  Cytoscape 3.3.(B().
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Identi cation of Viral Transcripts (transcription factors, cytokines, and other molecules)
The unmapped reads from all samples (control and infectedyvere identi ed.

were mapped to PPRV reference genome (GenBank: . . L
AJ849636.2) 1) through Bowtie 2.0 for identication of Validation of DEGs by Quantitative

viral transcripts. Real-Time PCR (qRT-PCR)
) ) ) To validate the expression of some selected genes, qRT-PER wa
Ingenuity Pathway Analysis (IPA) Analysis performed on Applied Biosystems 7500 Fast syst6APDH

QIAGEN's IPA (QIAGEN, Redwood City, USA) was usedwas taken as the internal control as it was found to be the best
to analyze the data of T helper cells, T cytotoxic cellssuitable endogenous control in earlier studies in PPRY.(The

B lymphocytes, and monocytes. IPA has got its owrprobe ID of selected genes used in the study for validation is
database, Ingenuity Pathways Knowledge Base (IKB) thgtven in Supplementary Table 1Each of the samples was run
along with the list of DEGs were used to identify thein triplicates and relative expression of each gene was el
canonical pathways and the most signicant biologicalusing the 211 €T method with control as the calibrator3g).
processes. Core analysis for each dataset was performsaidentd-test was done in JIMP9 (SAS Institute Inc., Cary, USA)
to know activated (Z score> 2) or inactivated (Z score to test the signi cance of di erence. Di erences between gosu

< 2) canonical pathways. Also, upstream regulatorsvere considered signicant& 0.05.

>
§

@

s

a
Copy Number

&

b

g

4425

Number of reads mapped to PPRV reference
2

43
Thelpercells Teytotoxiccells  Monocytes B lymphocytes Thelpercells Tcytotoxiccells  Monocytes B lymphocytes

T cytotoxic cells Monocytes

Bl
T helper cells lymphocytes T helper cells B lymphocytes

E T cytotoxic cells Monocytes

T helper Cells B lymphocytes

FIGURE 2 | PPR virulent virus tropism in PBMCs subset$A) Detection of viral reads through RNA SedB) N gene expression by g-RT-PCR of infected goats at 9 dpi.
Venn diagrams representing unique/commor(C) DEGs among cells(D) Upregulated genes among cell§E) Downregulated genes among cells.
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RESULTS The number of upregulated genes was larger than the numbers
of downregulated genes in all the cells. Furthermore, Venn
To uncover the transcriptional variation underlying the tos diagrams were generated to examine the over|apping mRNA
response to PPRV at PBMCs subtype level, enriched T helpgfo les between cells. This revealed 467 genes being common
cells, T cytotoxic cells, B lymphocytes, and monocytes wetg| subsets and 555, 225, 964, and 527 genes being unique in T
obtained by using MACS technology. The purity was found tthelper cells, T cytotoxic cells, monocytes, and B lymphocytes,
be >90% through ow cytometry (data not shown). Then, we respectively Kigure 20). Upon comparison of upregulated
performed the global transcriptome pro ling of T helper cells, and downregulated genes 115 and 137 genes were common,
T cytotoxic cells, and B lymphocytes and monocytes at 0 daygspectively. The number of unique upregulated genes were 381,

(control) and 9 dpi. 196, 851, and 332 in T helper cells, T cytotoxic cells, monocytes,
) ) ) ) and B lymphocytes, respectivellfigure 2D) whereas number
Viral Quanti cation by RNA-Sequencing of unique downregulated genes were 352, 112, 732, and 384 in

Following alignment with Bowtie 2, several reads in thedtdd T helper cells, T cytotoxic cells, monocytes, and B lymphocytes,
T helper cells, T cytotoxic cells, and B lymphocytes mapped tgespectively Kigure 2E. Based on fold change values, top 20
PPRYV reference genome but no reads from infected monocy®EGs showing marked upregulation and downregulation were
mapped to PPRV genomé&igure 2A). PPRV N gene expression enlisted inSupplementary Tables 2, 3respectively. The list of
as conrmed by gRT-PCR was found in infected T helpertop 20 upregulated and downregulated genes in monocytes were
cells, T cytotoxic cells, and B lymphocytes, but not in ingelct found to be unique with no overlap across other subsets.
monocytes Figure 2B).

N . Transcriptome Landscape of DEGs Like
Identi cation of DEGs—Transcriptome Antiviral Interferon-Stimulated Genes

Analysis of Isolated Cell Subpopulations (ISGs), Chemokines, Interleukins, Viral

Divulges Unique Gene Expression Patterns . : :
The ngmber oquEGs in T heﬁ)er cells were 2,214 (1,20§'er,lsor_S (PRRS)' Slgna“ng Lymphocytlc
upregulated, 1,012 downregulated), T cytotoxic cell94g Activation Molecule (SLAM), Interferons,

(1,187 upregulated, 761 downregulated), monocy®451 Granzyme B

(1,311  upregulated, 1,140 downregulated), and BSGs highly expressed in lymphocytes wel®G15, 1SG20,
lymphocytes 2,463 (1,381 upregulated, 1,082 downregulated)RF7, IFIT1, IFIT3, IFIT5, MX1, MX2, RELA, RSAD2, DDIT4,

M positive z-score z-score = 0 M negative z-score. no activity pattem available Ratio
8 0.45
7 l 0.40
3¢ | =
£ I 22§
k-] 0.15
zj . . & 0.10
Sl B BN N NN NN
F ] 8
3 & &8 £ £ B2 o2 £ £
SRR A
g = £ 2 Z E 88 FE ) E, = &
T By pF 5 E £ GRRE 7% 5% el g
> 23 23 3 s 828 % % ic EE £
i.g it} = @ 8 E'E 2 S E
ZE & 3 £ :
g £5 2 2 3% £
A g g g H 3
M posttive z-score z-score =0 M negative z-score no activity pattern avallable Ratio
8 0.6
7 0.5
A ENEEN
4 ) L 03 g
"L BEEEE
z )
_ il 01
Al i | 1 i u I
s £ g E ggggggggg_sggggggugszvﬁ
8 g8 25y Z T E F T B E g g _ 3 s E & § & & & g g g
88, 7 gL ¢ g & & ¥ & & & % i & & & & & £ g R B is
s2f 8 250 3 fF * ¢ } E ¢ &8 & % 5 I B g i 3. & 25 3§ %8
i gﬁgz"gﬁﬁgﬁa§~§g"%§"isii§$§§§§§
B tﬂg : % ] 5 Eﬁ 2 i - 37 g3 ig
o 4T * g SR 1N
£ g § g 3 5
FIGURE 3 | Canonical pathways activated/inactivated if{A) T helper cells(B) T cytotoxic cells of infected goats at 9 dpi generated in coranalysis of Ingenuity
pathway analysis tool. Orange color pathways are activate> 2) and blue color pathways are inactivated<2). Height of the bar graphs indicates -logg-value) and
line graph showing the ratio of list genes found in each pathay over the total number of genes in that pathway.
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EIF2AK2, IFI6, OAS1X, PMland RTP4 Monocytes showed a to be upregulated in lymphocytes and downregulated in
contrasting ISGs pro le with most of the genes downregulatednonocytes. The dierential expression oDDX58 across
(Supplementary Figure L. Among the chemokines and subsets in comparison to TLR/NLR expression indicated
their receptors, CXCL10 was upregulated in lymphocytes the predominant role of RIG-I-like receptors under PPRV
and not dierentially expressed in monocytes afdXCR4 infection (Supplementary Figure 3 IFN and IFN  were not
was upregulated in lymphocytes as well as monocytedi erentially expressed in lymphocytes and monocytes. Howeve
(Supplementary Figure 2A. More number of interleukins IFN receptorslFNAR1was downregulated in lymphocytes and
and their receptors were di erentially expressed in lymphosyte monocytes while IFN Gamma receptaiSNGR1and IFNGR2
than in monocyteslL-1 was upregulated in lymphocytes and were upregulated B lymphocytesSSypplementary Figure 3.
not di erentially expressed in monocyte$L-18 and receptor SLAM was found to be downregulated in T helper cells @_og
ILLRN were topmost upregulated interleukins in lymphocytesfold change 2.130), T cytotoxic cells (Ledold change 1.185),
and monocytes, respectively Spplementary Figure 2B and B lymphocytes (Ledold change 2.204). On the contrary,
Among Viral RNA sensorsDDX58 and IFIH1 were found it was not found to be dierentially expressed in monocytes.
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FIGURE 4 | Canonical pathways activated/inactivated if{A) monocytes and (B) B lymphocytes of infected goats at 9 dpi generated in core anlgsis of Ingenuity
pathway analysis tool. Orange color pathways are activate¢> 2) and blue color pathways are inactivated<2). Height of the bar graphs indicates -logg-value) and
line graph show the ratio of list genes found in each pathway\er the total number of genes in that pathway.
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Further, granzyme B (GZB) was found to be non-di erentially MAP3K5 were downregulated in monocytes and upregulated
expressed in lymphocytes and monocytes. in lymphocytes.

. : . Pathway Analysis by IPA
DEGs Involved in Pathways in the Viral Core Analysis of T Helper Cells, T Cytotoxic Cells, B

Process, Viral Life Cycle, Viral Genome Lymphocytes, and Monocytes

Replication etc. Core analysis for each dataset was performed to know activated
Among the DEGs, several genes were found to be involve@ score> 2) or inactivated (Z score  2) canonical pathways.

in viral process, viral life cycle, viral genome replicationMoreover, the focus was on the apoptosis, cellular immune
regulation of viral process, regulation of viral life cycle,response, humoral immune response, cytokine signaling, and
regulation of viral genome replication, viral gene expressio pathogen in uenced signaling ingenuity canonical pathways.
and defense response to virus. The number of genes involved

in above-mentioned processes was more in lymphocytek helper cells

than in monocytes. Among these gen&G15, ISG20, IFIT3, Canonical pathways associated with T helper cells in infected
MX2, IFIT1, IFIT2, IFIT5,0AS1X, MX1, DHX58, DDX58,d0ats at 9 dpi are represented Figure 3A. The canonical
HSPB1, DDIT4, RSAD2, EIF2AK2, NPC2, C190RFeRathway TNFR1 signaling was found to have the highest
ADAR, and DDX3X were found to be upregulated in ratio of genes involved vis-a-vis the genes in the database.
lymphocytes and downregulated in monocytes. Wheread,he top activated pathways based on Z score were TNFR1
as CXCL10, HMOX1, TMPRSS2, TNF, ICAM1, ciQBpmignaling, MIF regulation of innate immunity and the role
LEF1, EIF3D,and SNW1 were found to be upregulated in Of RIG1 like receptors in antiviral immunity. The pathways—

lymphocytes and not di erentially expressed in monocytesCD28 signaling in T Helper Cells, iCOS-iICOSL signaling in T
(Supplementary Figure ¥ helper cells, calcium-induced T lymphocyte apoptosis, the role

of NFAT in the regulation of the immune response, Fc gamma
receptor-mediated phagocytosis in macrophages and monocytes
DEGs Selected Through a and pPKC theta signalgi]ngyin T Lymphofyteg were found §[/0
Knowledge-Based Approach be inactivated.

Out of these 106 knowledge-based genes, 71, 72, 72, and 80

were di erentially expressed in T helper cells, T cytotoxicT cytotoxic cells

cells, monocytes, and B lymphocytes, respectively. Most €fanonical pathways associated with T cytotoxic cells in tefitc
the genes were found to be downregulated in monocytegoats at 9 dpi are represented fiigure 3B The top activated

but upregulated in lymphocytes. The innate antiviral genes—pathways based on Z score were production of NO and ROS
ISGs; ISG15, ISG20, DDX58, DHX58, IRF3, IRF7, IFIT1in macrophages, iNOs signaling, role of PRRs in recognition of
IFIT3, IFIT5, MX1, MX2,and RSAD2were downregulated pathogens, inammasome pathway, IL-8 pathway, Oncostatin
in monocytes indicating a dampened antiviral response oM signaling, and acute phase response signaling. The carnonica

monocytes Supplementary Figure 5. pathway in ammasome pathway TNFR1 signaling was found to
have the highest ratio of genes involved vis-a-vis the génes
Predicted PPI Network of DEGs the database.

DEGs regulating the immune processes were selected througfonocytes

functional analysis. The number of immune-related geneganonical pathways associated with monocytes in infectatsgo
with cut o fold change 1.5 and degree 5 were 269, at9dpjare represented Figure 4A. The top activated pathways
250, 70, 356 in T helper cells, T cytotoxic cells, monocytepased on Z score were IL-8 signaling, LPS stimulated MAPK
and B lymphocytes, respectively, and were designated ggjnaling, 41B signaling in T lymphocytes, and IL-1 sigrglin
dierentially expressed highly connected (DEHC) genes. Asnterferon signaling was the only pathway to be inactivated.
the number of interactions was higher in monocytes, therhe canonical pathway in ammasome pathway was found to

cut o was increased to degree 10 reducing the number paye the highest ratio of genes involved vis-a-vis the gémes
of DEHC genes to 194. The PPI networks were constructeghe database.

between immune DEHC genes; and between the genes selected

through knowledge-based approach (106 genes) and DE@Slymphocytes

which revealed common hubS(pplementary Figures 6-@In  Canonical pathways associated with B lymphocytes in infected
the PPI networks, hubs explain the functional and structuragoats at 9 dpi are represented figure 4B The top activated
importance of a network. The genes, which act as hubpathways based on Z score were interferon signaling, onosta
in PPl networks in dierent cells are mentioned in the M signaling, IL-1 signaling, in ammasome pathway, IL-1
Supplementary Tables 4, 5ISG15, PML, MYCand MAP3K5 signaling, acute phase response signaling, iNOS signaling, |
genes were identi ed as common hubs in PPI network ofimmunes signaling, p38 MAPK signaling, Toll-like receptor signaling
DEHC-DEHC genes andéSG15, STAT1and BCL6genes were IL-8 signaling, MIF-mediated glucocorticoid regulation, can
identi ed as common hubs in PPl networks of selected geneMIF regulation of innate immunity. The canonical pathways
and DEGs across all the subsets. The network hub genes (exc8y®S signaling and interferon signaling were found to have
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the highest ratio of genes involved vis-a-vis the genes iM signaling were the topmost activated pathways in

the database. T helper cells, T cytotoxic cells, monocytes, and B
lymphocytes, respectively.

Comparison Analysis of Canonical Pathways Among Canonical pathways interferon signaling, Oncostatin M

T Helper Cells, T Cytotoxic Cells, B Lymphocytes, signaling, role of RIG 1 like receptors in antiviral immunity

and Monocytes and complement system showed contrasting gene expression

Comparison of canonical pathways in T helper cells, Tpro lesin monocytes in comparison to lymphocytes. Interferon
cytotoxic cells, monocytes, and B lymphocytes at 9 dpbignaling was found to be inactivated in monocytes (Z score
in goats is represented in Supplementary Figure 10 2.66) in comparison to T helper cells (Z score 0.77), T
Inammasome pathway was activated in all cells. Tcytotoxic cells (Z score 1.88), and B lymphocytes (Z score
cytotoxic cells had more number of activated pathways3.44). Genes in the interferon signaling netwd@skP2 (1ISG15,
MIF regulation of innate immunity, acute phase responsdFIT1, IFIT3, MX1, IFI6, IFITM1, IFI35, STATland STAT2
signaling, acute phase response signaling, and Oncostativere signi cantly downregulated in monocytes. Howevet, al

()
Y
T Cyloplasm | (RalRB

©
%cellular spaa
[ Cyloplesm |

[ Nucleus |

FIGURE 5 | Canonical pathways generated in Ingenuity Pathway Analysdf interferon signaling pathway of DEGs ifA) T helper cells,(B) T cytotoxic cells, (C)
monocytes, and (D) B lymphocytes of infected goats at 9 dpi. Genes that were uprgulated are shown in red and downregulated in green. The intesity of red and
green corresponds to an increase and decrease, respectivglin Log2 fold change. Genes in gray were not signi cantly diérentially expressed and those in white are
not present in the dataset but have been incorporated in the etwork through the relationship with other molecules by IPASymbol shape indicates gene function.
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FIGURE 6 | Canonical pathways generated in Ingenuity Pathway Analysaf Oncostatin M signaling pathway of DEGs ifA) T helper cells,(B) T cytotoxic cells, (C)
monocytes, and (D) B lymphocytes of infected goats at 9 dpi. Genes that were uprgulated are shown in red and downregulated in green. The intesity of red and
green corresponds to an increase and decrease, respectivgl in Log2 fold change. Genes in gray were not signi cantly dérentially expressed and those in white are
not present in the dataset but have been incorporated in the etwork through the relationship with other molecules by IPASymbol shape indicates gene function.

these genes were upregulated in T helper cells, T cytotoxic comparison to T helper cells (2.12), T cytotoxic cells
cells, and B lymphocytes with varying degree of expressiof2.12), and B lymphocytes (1.89). A contrast in the expression
(Figure 5. Oncostatin M Signaling was found to be activatedof the genes involved in this pathway was also found in
in T helper cells, T cytotoxic cells, and B lymphocyt&SM monocytes and lymphocyted=iQure 7). Complement system
was not di erentially expressed anfTAT1land CH13L1were was found to be having negative z score in monocytek.88)
downregulated in monocytes in contrast to their upregulatio and a positive score in T helper cells (1.66), T cytotoxic
in T helper cells, T cytotoxic cells, and B lymphocytesells (1.13), and B lymphocytes (0.37). Genes involved in
(Figure 6). Role of RIG1-like Receptors in antiviral innate the complement-€1q, C3b, C3aand C3 were upregulated
immunity was having lowest z score in monocytes0(83) in lymphocytes but downregulated in monocyt&s1QBPwas
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FIGURE 7 | Canonical pathways generated in Ingenuity Pathway Analysaf the role of RIG 1 like receptors in antiviral immunity pathey of DEGs in(A) T helper cells,
(B) T cytotoxic cells, (C) monocytes, and (D) B lymphocytes of infected goats at 9 dpi. Genes that were uprgulated are shown in red and downregulated in green.
The intensity of red and green corresponds to an increase andecrease, respectively, in Log2 fold change. Genes in gray @ve not signi cantly differentially expressed
and those in white are not present in the dataset but have beemcorporated in the network through the relationship with ther molecules by IPA. Symbol shape
indicates gene function.

upregulated in lymphocytes but not signi cantly expressed inETS2, NFKB1AandIRF7 in monocytes wer&GR1, PPP1R13L

monocytes Figure 8). and STAT3and in B Lymphocytes wel@dXD1, KLF4, NFKBIA
andBCL6(Supplementary Figure 1L

Upstream Regulators, That Regulate DEGsS in T Master regulator|RF7—transcription factor andSTATt—

Helper Cells, T Cytotoxic Cells, B Lymphocytes, a transcription regulator, were found to be activated in

and Monocytes T helper cells, T cytotoxic cells, and B lymphocytes and

The number of TFs (activated/inactivated) dierentially inactivated in monocytes. The genes governed by the IRF7
expressed and governing the DEGs in T helper cells, T cytotox@d STAT1 were mostly ISGs includingFIT3, MX1, and
cells, monocytes, and B lymphocytes were 21, 24, 10, and 38G15 (Supplementary Figures 12, 13 Also, KLF4 was
respectively. The top four upregulated TFs in T helper cellewerfound to be in the list of top 4 upregulated transcription
KLF4, IRF7, XBRland MYC; in T cytotoxic cells wer&LF4, factors in T helper cells (z score 2.62), T cytotoxic cells
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FIGURE 8 | Canonical pathways generated in Ingenuity Pathway Analysaf role of complement system pathway of DEGs irfA) T helper cells,(B) T cytotoxic cells,
(C) monocytes, and (D) B lymphocytes of infected goats at 9 dpi. Genes that were uprgulated are shown in red and downregulated in green. The intesity of red and
green corresponds to an increase and decrease, respectivglin Log2 fold change. Genes in gray were not signi cantly diérentially expressed and those in white are
not present in the dataset but have been incorporated in the etwork through the relationship with other molecules by IPASymbol shape indicates gene function.

(z score 2.72), and B lymphocytes (z score3.42). involved in EIF2AK2and DDX58 network were mostly 1SGs
However, KLF4 was not found involved in monocytes(Supplementary Figures 15, 16

(Supplementary Figure 1t Further, the  comparative The contrasting features between the monocytes
analysis of other upstream regulators (enzyme, GPCRynd the lymphocytes are clearly given in the graphical
growth factors, ion channels, kinases, ligand-dependergbstractFigure 9).

nucleic acid receptors, peptidases, phosphates, translation

regulators, transmembrane receptors, transporters) redeal DEGs Were Validated by gRT-PCR

DDX58, EIF2AK2, S100A8, S100A9, C3, ICABIG PARP9 Key genes identied from RNA sequencing data—
genes to be downregulated andFiH1, SAMSN1, EIF4E, DDX58, HERCS5, IFIT3, IRF7, ISG18nd MX1 at 9 dpi
and TNFAIP3 genes not to be dierentially expressed inwere validated by qRT-PCR. The expression of all the
monocytes. On the contrary, these genes were upregulated yalidated genes was in concordance with RNA sequencing
T helper cells, T cytotoxic cells, and B lymphocytes. The gengssults Figure 10).
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FIGURE 9 | Overview of results.

DISCUSSION uncover the genes involved in host response and identifyrdisti
transcriptional alterations in T helper cells, T cytotoxic cells,
Transcriptome analysis of subsets of PBMCs and analysis gfonocytes, and B lymphocytes.
cell-speci ¢ pathways facilitate in understanding the regaty In our study, expression of N gene in PPRV was detected
networks involved under PPRV infection. Virulent PPRV hasin infected goats at 9 dpi in lymphocytes (T helper cells, T
been detected in PBMC%,(9, 33-36). No experimental evidence cytotoxic cells, and B lymphocytes) and not in monocytes whic
is available regarding the immune cell types that are infecteis in concordance with the alignment of reads with PPRV
with virulent PPRV. Further, due to the fact that each of thegenome. Moreover, maximum viral transcripts were found in
cell types has a program inherited for generating a distincT helper cells in goats. These results indicate that the PPRV
immune response, the analysis of each cell type under PPRNfulent virus probably replicates in lymphocytes and not in
infection attains signi cance 1(7). We, therefore, conducted monocytes. The closely related viruses, Canine distempes vir
transcriptome analysis at O days (control) and 9 dpi (a time tha(CDV) and Measles virus (MV) are reported to infect and
corresponds to the peak of viremia) of each subset of PBMCs teplicate in T cells and not in monocyte§%39). SLAM, the
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FIGURE 10 | mRNA levels of genegA) DDX58 (B) HERC5(C) IFIT3(D) IRF7(E) ISG15 (F) MX1 in unvaccinated-infected goats at 9 dpi were validated sing
quantitative gRT-PCR with GAPDH as a reference gene for nomtlization. Log2 fold change calculated by delta-delta Ct mihod with control as the calibrator is
represented along with the standard error of the difference

established receptor for PPRV, was found to be downregulatg605) under PPRV infection. Di erential expression analysis

in T helper, T cytotoxic, and B lymphocytes and was notimmune cell types in trivalent inactivated in uenza vaccine

found to be di erentially expressed in monocytes of the PRRMnduced immune response also showed unique transcriptomic

infected goats. The absence of any viral transcript in motexy expression pro les as well as changing biological netwotld. (

is consistent with the lack of di erential expression of SLAM.Among the genes di erentially expressed under PPRYV infection,

The downregulation of SLAM expression with increased virathere was predominant dysregulation in ISGs across all pasty

replication at 9 dpi in lymphocytes, may be due to superinfectiorMost of the ISGs and viral sensors were found to be upregulated

exclusion phenomenon as observed in many viruses of human lymphocyte subtypes and downregulated in monocytes.

and veterinary importance4(). Superinfection exclusion is DEGs that were found to be involved in viral process,

a phenomenon in which a pre-existing or established viraviral life cycle, and viral genome replication were mostl$S

infection prevents the entry of same virus or a closely relateand few viral sensors, chemokines, and interleukins in fal t

virus. In our earlier PPRV host-pathogen interaction stiglie subsets. RIG1-like Receptor signaling pathway as predicted

SLAM was found to be downregulated in PBMG3. ( through IPA analysis was least active in monocytes. The
Global transcriptome of monocytes indicated profoundupregulated viral sensors in lymphocytes, MDABIH1), and

deviation from the lymphocytes as evident from a large numbeR1G-1(DDX58)activate NFKB and IRF3/74(—43) and LGP2,

of unique upregulated genes (851) and downregulated gen@thibits paramyxovirus-induced activation of IFN gene&)
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This indicates that a powerful sensing mechanism to induce Our data suggest thatimportant cell type-speci c information
e ector antiviral molecules exists in PPRV infected lymphesy is gained through transcriptome analysis of PBMCs subseis th
and notin monocytes. Further, ISGs—ISG15, Mx1, Mx2, RSADZ;,om PBMCs as a whole. The presence of PPRV; downregulation
IFIT3, and IFIT5 have a protective e ect against various RNAof SLAM receptor; upregulation of viral sensors—MDA5 and
viruses 8, 9, 45-57). The upregulation of ISGs in lymphocytes DDX58; activation of upstream regulators—IRF7 and STATZ,;
and downregulation in monocytes suggests a predominant rolactivation of interferon signaling pathway and; upregulatiof
of lymphocytes and poor involvement of monocytes in anti-vira ISGs in lymphocytes with a contrast in monocytes indicated
response against PPRV. the predominant role of lymphocytes in generating the angvir
However, the positive regulators of ISGS88), type | response against PPRV in goats.
interferons (IFN- / ) were not dierentially expressed in
lymphocytes or monocytes. The upstream regulator analysis iDATA AVAILABILITY
lymphocytes revealed activation of transcription factoR¥-7,
and STAT-1 that regulate most of the ISGs under PPRV infectio The datasets for this study were deposited in GEO (GSE132429)
Thus, it expected that ISGs are transcriptionally induced more
by IRF7 and STAT1 than by stimulation of interferons in PPRVETHICS STATEMENT
infected lymphocytes. The presence of STAT1, which plays a
vital role in interferon type | (IFNa/b) and type Il (IFNg)  The study was carried out after obtaining permission fromiand
signaling 69 and the upregulation of ISGs substantiate for theVeterinary Research Institute Animal Ethics Committee (IR
activation of Interferon signaling pathway in B lymphocyt&s, |AEC) under the Committee for the Purpose of Control and
helper cells, and T cytotoxic cells under PPRV infection. Orsupervision of Experiments on Animals (CPCSEA), India. The
the contrary, inactivation of Interferon signaling pathwdiRF-  protocols were approved vide letter no 387/CPSCEA.
7, and STAT-1 along with downregulation of ISGs was observed
in monocytes. AUTHOR CONTRIBUTIONS
IFN-a/b are mostly secreted by Plasmacytoid dendritic cells
(pDCs) (60). Any kind of perturbance in their expression RS, BPM, and RG conceived and designed the research. KR and
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