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Abstract

Type 1 diabetes is a chronic autoimmune disease, characterized by the immune-mediated 

destruction of insulin-producing β cells of pancreatic islets. Essential components of the innate 

immune antiviral response, including type I IFN and IFN receptor (IFNAR)–mediated signaling 

pathways, likely contribute to human type 1 diabetes susceptibility. We previously showed that 

LEW.1WR1 Ifnar1−/− rats have a significant reduction in diabetes frequency following Kilham 

rat virus (KRV) infection. To delineate the impact of IFNAR loss on immune cell populations 

in KRV-induced diabetes, we performed flow cytometric analysis in spleens from LEW.1WR1 

wild-type (WT) and Ifnar1−/− rats after viral infection but before the onset of insulitis and 

diabetes. We found a relative decrease in CD8+ T cells and NK cells in KRV-infected LEW.1WR1 

Ifnar1−/− rats compared with KRV-infected WT rats; splenic regulatory T cells were diminished 

in WT but not Ifnar1−/− rats. In contrast, splenic neutrophils were increased in KRV-infected 

Ifnar1−/− rats compared with KRV-infected WT rats. Transcriptional analysis of splenic cells from 

KRV-infected rats confirmed a reduction in IFN-stimulated genes in Ifnar1−/− compared with WT 

rats and revealed an increase in transcripts related to neutrophil chemotaxis and MHC class II. 

Single-cell RNA sequencing confirmed that MHC class II transcripts are increased in monocytes 

and macrophages and that numerous types of splenic cells harbor KRV. Collectively, these findings 

identify dynamic shifts in innate and adaptive immune cells following IFNAR disruption in a rat 

model of autoimmune diabetes, providing insights toward the role of type I IFNs in autoimmunity.
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INTRODUCTION

Type 1 diabetes (T1D) is a chronic autoimmune disease, characterized by progressive 

destruction of pancreatic insulin-producing β cells in genetically at-risk individuals. This 

leads to persistent hyperglycemia, and exogenous insulin replacement therapy is required 

to achieve normoglycemia (1). Both genetic and environmental factors likely orchestrate 

an immune-mediated functional loss of β cell mass, leading to the clinical manifestation 

of disease and lifelong dependence on insulin therapy (2). Viral infections, in particular 

enteroviruses, have been proposed as causal determinants or initiating triggers for T1D 

(3). Importantly, virus-induced innate immune responses, particularly type I IFN (IFN-I; 

IFN-α/β), have been implicated in the initiation of islet autoimmunity and development of 

T1D (4–6).

Insulitis, defined as an inflammatory lesion of the islets, predominantly consists of cytotoxic 

CD8+ T cells (2), but other infiltrating immune cells such CD4+ T cells, B (CD20+) cells, 

macrophages (CD68+), NK cells, and neutrophils have been detected in insulitic islets from 

cadaveric donors (2, 7–10). In contrast, immunosuppressive cells, such as Foxp3+ regulatory 

T (Treg) cells have been rarely detected in insulitic lesions (11) although widely identified 

in the NOD mouse model (12). We have used the LEW.1WR1 rat model to characterize the 

role of virus-induced innate immune responses in triggering β cell autoimmunity and T1D 

pathogenesis (13). Administration of either the dsRNA mimetic polyinosinic:polycytidylic 

acid (poly I:C) and/or the parvovirus Kilham rat virus (KRV) to weanling rats results in 

insulitis and diabetes development (14). Diabetes in these rats shares similarities with human 

disease, including MHC class II association, lack of sex bias, histopathology hallmarks, and 

juvenile onset of disease (6). LEW.1WR1 rats have normal levels of CD8+ T cells, CD4+ 

T cells, and ART2.1+ Treg cells (15). Previous studies on diabetes-resistant BB (BBDR) 

and LEW.1WR1 rats provide evidence for the contribution of T cells in the development of 

autoimmune diabetes following KRV infection: mAbs against TCR, CD5, and CD8+ T cells 

protect against diabetes, whereas depletion of RT6.1+ Treg cells increases the frequency of 

KRV-induced diabetes (16).

We previously reported that functional disruption of IFN-I signaling through the IFNAR 

protects rats from poly I:C– or KRV-induced insulitis and diabetes, suggesting that early 

innate immune responses are critical for diabetes development (13). We further hypothesized 

that IFNAR deficiency provides protection against diabetes by altering the levels of innate 

and adaptive immune cells preceding diabetes development. To this end, we examined 

frequencies of immune cell populations and transcriptome expression in the spleen during 

the preinsulitic stage. We applied flow cytometry, bulk RNA sequencing (RNA-seq), single-

cell RNA-seq, and RNA in situ hybridization (ISH) to identify major leukocyte subsets 

and immune pathways altered in the spleen preceding insulitis in LEW.1WR1 wild-type 

(WT) and Ifnar1−/− rats. We focused on the spleen given its rich source of immune cells 

including lymphocytes, macrophages, and NK cells and our ability to recover abundant 

numbers of cells for various assays and because adoptive transfer of rat splenocytes has 

identified organ-specific autoreactive cells (16–18). Furthermore, the spleen is an active site 

of KRV infection and replication for driving the immune response (19). In a separate study, 

we are examining islet transcriptional changes and immune cell recruitment to the pancreas, 
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the target site of autoimmune inflammation (manuscript in preparation). In this study, we 

identify splenic innate and adaptive immune players in a virus-induced autoimmune diabetes 

model and establish that disruption of IFNAR signaling dynamically alters such immune cell 

populations.

MATERIALS AND METHODS

Animals and virus

LEW.1WR1 rats (RT1B/Du) were obtained from Biomere (Worcester, MA). LEW.1WR1 

Ifnar1−/− rats were generated as previously described (13). Animals were housed in viral 

Ab-free conditions, confirmed monthly to be serologically free of rat pathogens (20) and 

maintained in accordance with institutional and national guidelines (Institute of Laboratory 

Animal Resources, United States, 1996). All animal experiments were performed following 

the Animal Research: Reporting of In Vivo Experiments guidelines and the National 

Institutes of Health guide for the care and use of laboratory animals. KRV-UMass strain 

was prepared and titrated by plaque assay as previously described (21).

Virus infection and tissue collection

Weanling LEW.1WR1 WT and Ifnar1−/− rats 21–25 d of age of either sex received a single 

i.p. injection of KRV-UMass strain (1 × 107 PFU) on day 0. Spleens were collected from 

age-matched mock-infected (i.e., injected with culture media) or KRV-infected rats at 5 

d postinfection (dpi). Blood was collected from euthanized rats by cardiac puncture and 

immediately mixed with heparin (100 U/ml blood) to prevent coagulation after isolation at 

room temperature. Isolated rat spleens were collected in PBS (Corning, Oneonta, NY) on ice 

prior to further processing.

Preparation of rat spleen cell suspensions

A single-cell suspension of rat spleens was obtained by manual mincing and passing 

through a 40-μm sterile nylon mesh (Thermo Fisher Scientific, Pittsburgh, PA) with a 

3-ml rubber syringe plunger. Cells were collected by centrifugation at 1500 rpm for 3 min. 

The supernatant was discarded, resuspended in PBS, and centrifuged. The supernatant was 

discarded, and the cells were resuspended in RBC lysis buffer (BioLegend, San Diego, CA) 

according to the manufacturer’s method. After removal of RBCs, splenocytes were washed 

twice with PBS, centrifuged, and resuspended in an appropriate volume of cell staining 

buffer (BioLegend), and viable cells were counted using the TC20 automated cell counter 

(Bio-Rad Laboratories, Hercules, CA) using the trypan blue staining method. Approximately 

1 ml of rat whole blood was harvested by cardiac puncture using a 1-ml insulin syringe 

precoated with heparin and collected in tubes containing 100 U/ml heparin. RBC lysis 

was performed using 1× RBC lysis buffer (BioLegend) according to the manufacturer’s 

instructions. The cell pellet obtained in the final step was resuspended in staining buffer and 

viable cells were counted.

Flow cytometry analysis

We applied a single nine-color rat flow cytometry based on the method previously described 

by Barnett-Vanes et al. (22) with some modifications. Table I provides a list of all Abs and 
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reagents used in this study for flow cytometry. A total of 1 × 106 splenocytes were stained 

with Live/Dead dye (Thermo Fisher Scientific, Waltham, MA) in PBS to differentiate live 

and dead cells. After 30-min incubation, cells were washed twice in PBS. Cells were 

blocked with anti-CD32 to inhibit nonspecific binding in rat samples according to the 

manufacturer’s instructions. Splenocytes were aliquoted in a 96-well, round-bottom plate 

and then stained with Abs diluted 1:100 in Cell Staining Buffer (BioLegend, Franklin Lakes, 

NJ), followed by incubation at 4°C for 30 min. For neutrophils, we independently used 

two sets of markers: CD43/His48 or RP-1 for nine-color or eight-color staining panels. 

After incubation, cells were washed and fixed in Fixation Buffer (BioLegend) overnight at 

4°C. For nuclear staining of FOXP3, splenocytes were first stained for surface markers as 

described above, followed by fixation, permeabilization, and staining with anti-rat FOXP3 

using a Foxp3 Transcription Factor Staining Buffer Set (Thermo Fisher Scientific) as per the 

manufacturer’s instructions.

Flow cytometry compensation was performed using Ultra-Comp eBeads (Invitrogen) as 

compensation controls following the manufacturer’s instructions. Fluorescence minus one 

(FMO) controls were used for determining gating boundaries to identify positive and 

negative populations as previously described (23). The flow cytometry data were acquired 

by running samples on a Cytek Aurora spectral flow cytometer using SpectroFlo software 

(Cytek Biosciences, Fremont, CA), followed by unmixing before analyzing the acquired 

data using FlowJo software (BD Biosciences, San Jose, CA).

Spleen total RNA preparation, bulk RNA-seq library preparation, and sequencing

Weanling LEW.1WR1 WT and Ifnar1−/− rats (21–25 d of age, either sex) were each infected 

with a single i.p. dose of KRV at 1 × 107 PFU on day 0. Spleens were harvested from 

mock-infected (i.e., injected with culture media) WT rats (n = 2) and Ifnar1−/− rats (n 
= 2) or KRV-infected WT rats (n = 4) and Ifnar1−/− rats (n = 4) at 5 dpi. Spleens 

were homogenized in 1 ml TRIzol reagent using TissueRuptor (QIAGEN, Germantown, 

MD), and total RNA was extracted following TRIzol method (Invitrogen, Waltham, MA). 

RNA concentrations were quantified using a NanoDrop spectrophotometer (Thermo Fisher 

Scientific). Approximately 10 μg total RNA for each of the 12 rat samples was treated 

with TurboDNase (Thermo Fisher Scientific), and rRNA depletion was performed using 

a Ribo-Zero Gold rRNA removal kit (Illumina, San Diego, CA). For RNA-seq, we 

prepared strand-specific libraries by following the protocol from Zhang and colleagues 

(24). The quality of the prepared libraries was confirmed using the Advanced Analytical 

Technologies Fragment Analyzer through the Molecular Biology Core Lab (UMass Medical 

School). The 12 libraries were pooled and sequenced with paired-end reads (75 bp each) 

using Illumina NextSeq 500 according to the manufacturer’s specifications. RNA-seq 

data can be accessed at the National Center for Biotechnology Information (NCBI) Gene 

Expression Omnibus repository (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi) using 

accession number GSE114322.

RNA-seq data analysis

All raw sequencing reads were processed using an in-house pipeline (DolphinNext) at 

UMass Medical School (25). The clean read pairs were aligned to the rat reference genome, 
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and rRNA sequences were filtered from the mapped reads. The RNA-seq by Expectation 

Maximization (RSEM) method was used to determine the expression levels of genes by 

providing mapped transcript counts in the RNA-seq reads (26). Differentially expressed 

genes (DEGs) were identified using DESeq2 (27), and significant differences in genes were 

identified as fold change >2 between uninfected and virus-infected samples and if the 

adjusted p value was <0.05 (28). Biological functional annotation and associated pathways 

of detected DEGs were identified using Gene Ontology (GO; http://geneontology.org). 

These functional enrichment analyses were performed using the rat reference genome and 

gene identifiers, adjusted p values, and fold changes of the DEGs.

Infection of normal rat kidney cells and rats for ISH

Subconfluent monolayers of normal rat kidney (NRK) cells (CRL-6509; American Type 

Culture Collection, Manassas, VA) were grown in DMEM supplemented with 10% FBS 

on the Nunc Lab-Tek II CC2 Chamber Slide System (Thermo Fisher Scientific) for 24 h. 

A total of 5 × 104 NRK cells were infected with either KRV or vesicular stomatitis virus 

(VSV; VR-1238; American Type Culture Collection) at a multiplicity of infection of 1 for 

24 h. Cell fixation was performed with 10% neutral buffered formalin, followed by gentle 

rinsing with 1× PBS at room temperature. Cells were then dehydrated with serial wash steps 

of ethanol. The fixed, dehydrated slides were stored at −20°C until used in RNAscope ISH 

assays.

KRV-infected weanling WT and Ifnar1−/− rats were euthanized, and fresh spleens were 

harvested. Immediately following dissection, tissues were fixed in 10% neutral buffered 

formalin for 16-32 h at room temperature. Paraffin-embedded sections were sectioned at 

5 μm in the UMass Medical School Morphology Core laboratory (www.umassmed.edu/

morphology/protocols).

Design and synthesis of a KRV-specific probe for ISH

To design a KRV-specific probe, we first determined the sequence of our KRV strain. 

Briefly, primers spanning the genomic sequence of KRV were designed using the Primer-

BLAST tool (www.ncbi.nlm.nih.gov/tools/primer-blast). We then performed PCR followed 

by sequencing to confirm the genomic identity of our KRV strain. By sequence alignment 

to available GenBank KRV sequences, our KRV strain showed ~89% identity to the KRV 

genome of GenBank (https://www.ncbi.nlm.nih.gov/genbank/) accession number U79033. 

KRV-specific 20 ZZ anti-sense probes were custom designed and synthesized with C2 

Channel by Advanced Cell Diagnostics. The KRV probe targets the VP1 region spanning 

2334–3615 bp, including an 82-bp intergenic region between the coding sequences.

Multiplex fluorescence ISH

Multiplex fluorescence ISH was performed using the RNA-scope Multiplex fluorescence V2 

Kit according to the manufacturer’s instructions (Advanced Cell Diagnostics, Newark, CA) 

for both fixed cells and formalin-fixed, paraffin-embedded (FFPE) tissues. Briefly, fixed 

cells were first pretreated by rehydrating with ethanol and 1× PBS washes, followed by 

treatment with RNAscope hydrogen peroxide and protease III. FFPE tissue sections were 

baked at 60°C for 1 h. After deparaffinization with xylene and hydration with ethanol, tissue 
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sections were treated with RNAscope hydrogen peroxide, then heated in RNAscope Ag 

retrieval buffer, followed by digestion with RNAscope proteinase. A target RNA probe for 

NK cells was designed based on Nkg7 (NCBI reference sequence NM_133540.1). Target 

RNA probes for rat Ins1 and Gcg were available from Advanced Cell Diagnostics, catalog 

no. 413411 and 315471, respectively. Probes were hybridized to pretreated sections or 

fixed cells for 2 h at 40° C, followed by a series of signal amplification with kit-provided 

Preamplifier and Amplifier. Fluorescence signal was generated using Opal 520, 570, and 690 

dyes (Akoya Biosciences, Marlborough, MA). Sections or fixed cells were counterstained 

with kit-provided DAPI, mounted, and stored at 4°C until image acquisition.

Image quantification

For image quantification, we used the Nikon NIS-Elements imaging software, selecting 

criteria for color threshold, size, and shape of cells. Images were acquired using a Nikon 

Eclipse Ti series microscope at 20× objective and analyzed with NIS-Elements Imaging 

software, version 4.13.04. The Automated Spot Detection tool in NIS-Elements was used 

to detect positive cells following automated background subtraction and Otsu thresholding. 

The spot detection tool was set to detect all spots with a diameter of 10 μm and at a 

contrast value of 100. The number of spots per field was quantified using the Automated 

Measurement Results tool function, which was exported to Excel. A total of five fields per 

animal section was included in the analysis.

Single-cell RNA-seq of rat spleens

Spleens from uninfected WT, uninfected Ifnar1−/−, KRV-infected WT, and KRV-infected 

Ifnar1−/− rats (n = 2 per group) were pooled at 5 dpi and processed for single-cell RNA-

seq. We used Seq-Well according to published methods (29) to capture single cells on a 

microwell array. Each microwell has only one bead carrying oligonucleotides that have a cell 

barcode, unique molecular identifiers (UMIs), and a polyT tail. Each array was loaded with 

20,000 cells. Any remaining cells were put in TRIzol and stored at −80°C. After cell lysis, 

mRNA transcripts were captured by the oligonucleotides on the bead. The cDNA libraries 

were prepared using Illumina Nextera XT Library Prep Kits and sequenced with Illumina 

NextSeq 500.

Computational analysis

Genome alignment and transcript quantification.—The Seq-Well paired-end 

FASTQ files contain the 12-base cell barcode and eight-base UMIs in the R1 read and 

the 50-base transcript mRNA sequence in the R2 read. These paired-end reads were 

preprocessed using a custom Python script to extract the cell barcode and UMI from each 

R1 read and append them as a colon-delimited pair to the corresponding R2 read name. 

Reads with Ns in either the cell barcode or UMI were discarded. The resulting FASTQ files 

were then processed through our DolphinNext analysis pipeline (25) as single-ended reads, 

removing reads from any cell barcode with fewer than 500 reads. The mRNA sequences 

were aligned to the rat genome as a reference using tophat2 (v2.0.12) with default settings. 

Gene transcripts were quantified using End Sequencing Analysis Toolkit (ESAT; https://

github.com/garber-lab/ESAT). ESAT ignores reads that result from PCR duplication during 
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the library preparation process using the UMI. If reads from the same cell barcode map to 

the same gene and have the same UMI, they are considered PCR duplicates, and only one is 

counted. The output of ESAT is an array containing the transcript counts for each gene for 

each cell.

Cell type identification.—Cell type identification was a multistep process using custom 

R scripts (R v3.5.0) based on the Signaling-SingleCell package (https://github.com/garber-

lab/Signalling-SingleCell). All functions referenced refer to that package. The data for 

each sample were first processed to remove any cells with fewer than 1000 transcripts 

and cells with >33% of transcripts from mitochondrial genes, which indicate that the 

cell is dead or dying (30, 31). All samples were combined into a single ExpressionSet 

data object for further analysis (R/Bioconductor Biobase package). Two thousand genes 

were selected using the variance-stabilizing transformation gene selection method to reduce 

noise introduced by low variance and low expression genes, followed by t-SNE mapping 

[dim_reduce() with default parameters] and density clustering [cluster_sc() with method = 

density and num_clust = 12] using the selected genes to produce an initial segmentation of 

the cells. We then used the cluster and mapping boundaries to classify the cells into major 

groups using the expression levels of known marker genes to identify the groups.

Differential expression analysis.—Finally, for each identified cell type, we selected the 

cells from each condition (WT or Ifnar1−/−, KRV, or uninfected) and performed differential 

expression analysis (edgeR) to identify genes that were most differentially expressed in 

each of the following conditions: KRV WT versus uninfected WT, KRV Ifnar1−/− versus 

KRV WT, KRV Ifnar1−/− versus uninfected Ifnar1−/−, and uninfected WT versus uninfected 

Ifnar1−/−.

Identifying cells with viral transcripts.—To identify cells containing viral transcripts, 

we applied Magic-BLAST (https://ncbi.github.io/magicblast/) to all sequencing reads using 

the KRV genome (GenBank U79033.1) as a reference to identify all reads mapping to the 

KRV genome. The output of Magic-BLAST was processed with a custom Python script 

to quantify viral transcripts only in cells with more than 1000 gene transcripts and fewer 

than 33% mitochondrial transcripts, selected in an earlier step. The script uses a list of cell 

barcodes to match the viral transcript to the cell and uses the UMI to remove PCR duplicates 

and ensure that only unique viral transcripts are counted.

Pathway enrichment analysis.—Pathway enrichment analysis was performed on DEGs 

between disease states and visualized as a network of enriched GO terms. GO Enrichment 

was performed using gProfiler gOST as an ordered query of significantly upregulated and 

downregulated genes using the databases GO biologic process.

Data availability.—The single-cell RNA-seq raw FASTQ files, gene by cell 

transcript counts matrix, and metadata file including the viral transcript count for 

each cell are deposited in the NCBI Gene Expression Omnibus database (https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi) with accession number GSE176082.
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Statistical analysis

All statistical analyses were performed with GraphPad Prism 9 software (San Diego, CA). 

Dual comparisons were made with unpaired Student t test or Mann–Whitney U test, and 

groups of four were analyzed by one-way ANOVA with Tukey post hoc test. Statistical 

significance was considered for p < 0.05.

RESULTS

Disruption of IFNAR signaling decreases splenic CD8+ T cell and NK cell levels and 
increases neutrophil levels following KRV infection

We validated the rat-specific nine-color leukocyte panel and gating strategy as described 

(22) for immunophenotypic analysis of LEW.1WR1 rat spleen by performing flow 

cytometric analysis with some modifications. Briefly, rat-specific mAbs (Table I) were used 

to identify major leukocyte subsets in spleens of naive rats by gating first on live, singlet and 

CD45+ cells, which resulted in a live single leukocyte population (Fig. 1A). T lymphocytes 

were identified by CD3+ expression, followed by separation into CD4+ and CD8+ subsets. 

NK cells, B cells, and neutrophils were identified by expression of CD161, CD45R, and 

CD43 with high granularity, respectively.

Our previously published data established that IFNAR deficiency leads to altered cytokine 

and chemokines during KRV infection (6). Therefore, we tested the possibility that 

disruption of IFNAR signaling modulates KRV-induced immune responses by altering the 

frequency of lymphocyte subsets in spleen. For this purpose, we infected weanling WT 

and Ifnar1−/− rats with KRV and harvested spleens and blood at 5 dpi for flow cytometry 

analysis. Fig. 1B shows the relative proportions of major LEW.1WR1 rat splenic leukocyte 

subsets identified as the percentage of CD45+ cells. At 5 dpi, the percentage of CD3+ T 

lymphocytes in spleen from Ifnar1−/− rats was decreased in comparison with uninfected 

Ifnar1−/− rats. No significant difference in the levels of CD4+ T cells was observed between 

the WT and Ifnar1−/− rats following KRV treatment. A significant and selective decrease in 

the percentage of CD8+ T cells in spleens from KRV-infected Ifnar1−/− rats relative to KRV-

infected WT or uninfected Ifnar1−/− rats was observed. An increase in the percentage of 

NK cells was seen in WT rat spleens, but not Ifnar1−/− rats, following KRV infection. KRV 

infection resulted in a slight increase in the percentage of B cells in both WT and Ifnar1−/− 

rats relative to uninfected rats. Our results demonstrate that KRV infection differentially 

alters the proportions of splenic CD8+ T cells, NK cells, and B cells in both WT and 

Ifnar1−/− rats with a specific reduction in the percentage of CD8+ T cells and NK cells in 

KRV-infected Ifnar1−/− rats in comparison with KRV-infected WT rats.

Next, we sought to characterize neutrophils in the model. A variety of different surface Ags 

have been used to identify rat neutrophils (22, 32, 33). We first identified neutrophils in 

spleens by surface expression of CD43 together with high granularity. This revealed that 

neutrophils were significantly increased in KRV-infected Ifnar1−/− rats relative to uninfected 

Ifnar1−/− or KRV-infected WT rats (Fig. 1B). To independently confirm this finding, we 

analyzed both blood and spleen for neutrophils from uninfected- or KRV-infected WT 

or Ifnar1−/− rats using anti–RP-1 Ab (32, 33) and the flow cytometry panel and gating 
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strategy shown in Supplemental Fig. 1. KRV induced a significantly increased proportion 

of neutrophils in both blood and spleen of infected Ifnar1−/− rats compared with WT rats 

at 5 dpi (Supplemental Fig. 1C). Taken together, these data illustrate that the absence of a 

functional IFNAR signaling system is associated with an increased accumulation of splenic 

and blood neutrophils following viral infection.

Splenic Treg cell levels are decreased in WT compared with Ifnar1−/− rats following KRV 
infection

It has been reported that depletion of Treg cells induces diabetes in LEW.1WR1 rats (15). 

In addition, Treg cells are crucial in controlling pancreatic autoimmunity and maintaining 

immune tolerance in NOD mice (34). Altered frequency of Treg cells have been reported 

in children with new onset T1D (35). Thus, we were interested in testing the hypothesis 

that the mechanism for protective effect against diabetes development mediated through 

functional disruption of IFNAR signaling involves changes in the frequency of Treg cells. 

To identify Treg cells in naive weanling rats, we gated live singlet splenocytes for CD4+ 

expression, which were further gated for combined expression of CD25+FOXP3+. We found 

~4–6% of CD4+ T cells coexpressing CD25 and FOXP3 in spleen of weanling naive 

LEW.1WR1 rats, similar to that reported for Sprague Dawley rats, Lewis rats, and Wistar 

rats (36) (Fig. 2A). We then analyzed Treg populations in WT and Ifnar1−/− rats following 

KRV infection. The proportion of Treg cells trended down in KRV-infected WT rat spleens 

compared with uninfected WT rat spleens. KRV infection was associated with a significant 

decrease in the percentage of Treg cells in WT rat spleens relative to Ifnar1−/− rat spleens 

(Fig. 2B). These results demonstrate that IFNAR signaling likely contributes to alteration in 

the frequency of Treg cells in the spleen during the early stage of diabetes development.

Transcriptomic analysis of spleens by RNA-seq supports a role for KRV-activated IFN-I 
signaling pathway in the initiation of autoimmunity

Given the flow cytometry findings, we were compelled to investigate transcriptional changes 

related to KRV and IFNAR deficiency in our model. To identify candidate genes and 

pathways involved in regulating immune responses at the early stage of T1D, we employed 

bulk RNA-seq to compare gene expression profiles in the spleens of WT versus Ifnar1−/− 

rats at 5 dpi. After removing reads aligning to rRNA, the remaining reads were aligned to 

the rat reference genome by the RSEM method. Based on RSEM estimation, the percentage 

of aligned reads was (37.7%) for all libraries following removal of multi-mappers. We 

detected transcripts for at least 49,370 rat genes with a variable read count number per gene 

for each library based on the RSEM calculation. These data were then further processed 

for gene expression analysis. We detected differential gene expression levels and their 

significance levels (p values) by using DSEQ by making four comparison groups (1): 

KRV-infected WT and uninfected WT (2), KRV-infected Ifnar1−/− and uninfected Ifnar1−/− 

(3), uninfected WT versus uninfected Ifnar1−/−, and (4) KRV-infected Ifnar1−/− versus 

KRV-infected WT rats. If the fold change of gene expression was ≥2 and the p value was 

<0.05, the DEGs were identified and further analyzed.

We observed different transcript profiles with 474 DEGs for KRV-infected WT and 

uninfected WT, 1188 DEGs for KRV-infected Ifnar1−/− and uninfected Ifnar1−/−, 128 DEGs 
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for uninfected WT versus uninfected Ifnar1−/−, and 437 DEGs for KRV-infected Ifnar1−/− 

versus KRV-infected WT rats (Supplemental Table I). GO analysis revealed that spleens 

from KRV-infected WT rats compared with uninfected WT rats showed strong enrichment 

for the biological processes for innate and adaptive immune pathways, including those 

for neutrophil monocytes, neutrophils, and lymphocyte chemotaxis (e.g., Ccl2, Ccl7, Ccl9, 
Ccl12, and Ifng), as well as cellular responses to IL-1 (Fgg, Irf1, Nos2, Serpina3n, and 

Serpinel) (Fig. 3A). An abundance of IFN-stimulated genes (ISGs) including Isg15, Mx1, 
Mx2, Oas1a, Oas2, and Irf7 were induced (Fig. 3A, heatmap). In addition, components 

of Ag processing and presentation by MHC class I represented by RT1-N1, RT1-CE4, RT1-
CE5, RT1-A2, Tap1, and Tapbp were highly induced following KRV infection (Fig. 3A, 

heatmap). Nkg7, a transcript specific for NK cells, was also increased in KRV-infected WT 

compared with either uninfected WT or KRV-infected Ifnar1−/− rat splenocytes, supporting 

flow cytometry findings shown in Fig. 1A.

GO analysis of transcripts increased in spleens of KRV-infected Ifnar1−/− relative to 

KRV-infected WT rats were striking for enrichment of the cellular response to neutrophil 

chemotaxis and Ag processing and presentation of Ag via MHC class II. Neutrophil 

chemotaxis transcripts (Ccl24, CCl3, Cxcl1, Fcgr2a, Ccl9, C5ar1, Lgals3, and Itgam) 

were induced in Ifnar1−/− samples compared with WT (Fig. 3B). These bulk RNA-seq 

results complemented the flow cytometry findings for increased neutrophils in KRV-infected 

Ifnar1−/− rats (see Figs. 1, 3B). The MHC class II transcripts RT1-Ba, RT1-Bb, RT1-DMa, 
RT1-Da, RT1-Db1, and Fcgr2b were highly enriched (Fig. 3B). For analysis of those genes 

induced in KRV-infected WT compared with KRV-infected Ifnar1−/− samples, GO analysis 

showed enrichment in the response to virus and innate immune responses, largely ISGs as 

expected and displayed in Fig. 3A and 3C.

Single-cell RNA-seq reveals viral infection of numerous types of immune cells in rat 
spleens

Next, we processed rat spleens (5 dpi) from uninfected and KRV-infected LEW.1WR1 WT 

and Ifnar1−/− rats for single-cell RNA-seq. Libraries were generated using the Seq-Well 

platform and sequenced on the Illumina NextSeq 500. Samples were filtered to remove cells 

with <500 transcripts per cell (i.e., too few transcripts for analysis) and >33% mitochondrial 

transcripts, which are indicative of dead or dying cells. We obtained a total of 4765 

cells across all samples (748 for uninfected WT, 688 for uninfected Ifnar1−/−, 1782 for 

KRV-infected WT, and 1546 for KRV-infected Ifnar1−/−). We found a total of 8.4 million 

transcripts (1.2 million for uninfected WT, 1.2 million for uninfected Ifnar1−/−, 3.1 million 

for KRV-infected WT, and 2.9 million for KRV-infected Ifnar1−/−) with an average of 1766 

transcripts per cell and an average of 736 transcripts detected per cell. To detect specific 

splenic cell populations, we performed t-distributed stochastic neighbor embedding (tSNE) 

mapping and unsupervised density clustering and obtained eight distinct clusters (Figs. 4, 

5A). One cluster was identified as erythroid cells based on high expression of hemoglobin 

genes (Hba and Hbb). Immune cell lineages were identified based on high expression of 

classical cell type markers reported in the literature for rats, mice, and humans and included 

B, B1, T, and NK cells as well as neutrophils, monocytes, and macrophages (see Fig. 4, 

Supplemental Fig. 2A). Overall differences in the fractions of cell types for each of the four 
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conditions were modest, albeit an increase in the percentage of NK cells in KRV-infected 

WT rat samples agreed with flow cytometry trends (Supplemental Fig. 2B).

We performed a pathway enrichment analysis by generating gene enrichment maps on DEGs 

between the found conditions and visualized these pathways as a network of enriched GO 

terms. Not surprisingly, we identified enriched GO annotations related to the IFN-I response 

in nearly all cell types for KRV-infected WT compared with uninfected WT samples 

(Supplemental Table I). For KRV-infected Ifnar1−/− samples, anticipated decreases in ISGs 

were also observed in comparison with KRV-infected WT samples across various cell types 

(Supplemental Table I). Through differential expression analysis, we identified monocytes 

and macrophages as the source of highly induced MHC class II transcripts identified in 

our bulk transcriptome studies for KRV-infected Ifnar1−/− compared with KRV-infected WT 

samples (Fig. 4B).

Previous studies reported that KRV infects rat lymphoid organs including the spleen (19). 

We examined the various splenic immune cell types associated with at least two viral 

transcripts per cell by single-cell RNA-seq. KRV transcripts were distributed among all 

of the immune cell populations, with NK cells from Ifnar1−/− rats having the highest 

percentage of KRV transcripts (Fig. 4C). The overall greater number of KRV-positive cells 

in Ifnar1−/− spleens is likely secondary to the absence of IFN-I signaling, resulting in 

reduced clearance of the viral transcripts. No KRV sequences were found in spleens from 

uninfected WT or uninfected Ifnar1−/− rats, as expected.

RNA ISH confirms viral infection of splenic NK cells

To independently confirm that splenic cells support KRV infection, we designed a probe 

specific for KRV to use for ISH (see Materials and Methods). As shown in Fig. 5A, the 

probe revealed an abundance of KRV transcripts in KRV-infected NRK epithelial cells. 

VSV-infected NRK cells were negative for KRV staining, confirming specificity of the 

probe. Next, spleens from KRV-infected WT and Ifnar1−/− rats were harvested at 3, 5, 7, 

and 11 dpi (n = 3 animals per condition); spleens from uninfected WT and Ifnar1−/− rats 

(n = 1 animal per condition) were used as negative controls. FFPE spleens were processed 

for staining with the KRV-specific ISH probe. Fig. 5B shows that KRV levels peak at 5 

dpi in the spleen before declining, with averages being higher in Ifnar1−/− rats than in WT 

rats. Images are shown for one representative rat per condition. In Fig. 5C, ISH confirms 

that KRV infects splenic NK cells (Nkg7+) and that NK cells are increased in frequency in 

KRV-infected WT compared with KRV-infected Ifnar1−/− rats. Fig. 5D shows representative 

Nkg7+/KRV+ cells that demonstrate that NK cells are infected with KRV.

Finally, an early study reported that pancreatic islets are not infected with KRV in rat models 

of autoimmune diabetes, as ISH for KRV sequences in the pancreas revealed that transcripts 

were only in endothelial and interstitial cells (19). However, a more recent study that used 

antiviral immunostaining suggested that β cells are infected with KRV (37). To address this 

discrepancy, we used our KRV-specific ISH probe on FFPE whole pancreas from a WT 

LEW.1WR1 rat at 5 dpi. By combining this with a rat insulin-specific probe, we concluded 

that rat β cells are not directly infected with KRV (Supplemental Fig. 3). Our collective 

study findings are summarized in Fig. 6.
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DISCUSSION

To better define immune cell processes that precede the onset of autoimmune diabetes, we 

used a model in which viral infection triggers diabetes and in which absence of IFN-I 

signaling protects weanling rats from disease. The exact mechanism for KRV-induced 

diabetes in rats is not fully understood, but it may involve virus-induced alterations in 

the immune-regulatory system such as activation of innate and adaptive immune responses 

with reduced Treg cell frequency in the lymphoid organs including spleen and pancreatic 

lymph nodes (6, 21, 38–41). We focused on splenocytes given that adoptive transfer of Con 

A–activated spleen cells from KRV-infected rats into congenic rats leads to diabetes and 

insulitis (16) and that KRV infects the spleen (19).

We performed flow cytometry and transcriptional analysis of splenocytes collected from 

LEW.1WR1 rats prior to the onset of insulitis and autoimmune diabetes under four 

conditions: WT without virus (no disease), Ifnar1−/− without virus (no disease), WT with 

KRV (diabetes), and Ifnar1−/− with KRV (reduced incidence of diabetes). KRV-infected 

WT rats have increased levels of splenic NK cells and decreased levels of Treg cells in 

comparison with uninfected WT rats, with overall increases in IFN-I and inflammatory 

pathways at the transcriptional level. The proportions of NK cells and Treg cells are 

similar between KRV-infected Ifnar1−/− and uninfected WT rats. Furthermore, cytotoxic 

CD8+ T cell levels are decreased in KRV-infected Ifnar1−/− rats relative to KRV-infected 

WT rats. Likewise, Treg cells are found in lowest proportions in WT rats following KRV 

infection. Transcriptional analysis reveals elevated neutrophil chemotactic factors and the 

induction of MHC class II in monocytes and macrophages from KRV-infected Ifnar1−/− 

rats. In agreement with the high expression of neutrophil chemotactic factors, neutrophil 

proportions are increased in splenocytes and in peripheral blood leukocytes of KRV-infected 

Ifnar1−/− rats compared with KRV-infected WT rats. These findings are summarized in Fig. 

6 and underscore the contributions of both innate and adaptive immune cells to the balance 

hypothesis in autoimmune diabetes (42).

NK cells are innate lymphocytes that mediate several antimicrobial and antitumor properties 

(43). Activated NK cells exert direct cytolytic effects against infected cells by releasing 

perforin and granzyme and through their interactions with the innate and adaptive immune 

systems by producing several proinflammatory cytokines including IFN-γ and TNF (44). 

NK cells mediate an effective immune response by interacting with ligands present on target 

cells via their inhibitory and activating receptors (45). Consequently, aberrant expression 

of NK receptor ligands may trigger or exacerbate deleterious effects of NK cells in 

autoimmunity, infections, and cancer settings (44, 46). Several studies have reported the 

correlation between altered NK cell number and/or function in T1D patients (47–50). Mice 

deficient in NK cell activating receptor, NKp46, have reduced development of T1D (51). Rat 

NK cells express receptor protein 1 (NKR-P1; also called CD161), a homodimeric 30-kDa 

type II transmembrane C-type lectin, which is also expressed on a subset of T cells, dendritic 

cells, and activated monocytes (52, 53). Depletion of both cytotoxic T cells and NK cells 

BB-diabetes prone rats conferred protection from diabetes and raised the possibility that NK 

cells participated in autoimmune disease (54). However, the exact role of NK cells in human 

T1D remains ill defined (55). The absence of elevated NK cells in KRV-infected Ifnar1−/− 
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rats is consistent with known requirements of IFN-I for activation of NK cells in response to 

viral infections (56–58).

Macrophages were shown in previous studies to play an important role in KRV-induced 

diabetes in BBDR rats (59). Increases in MHC class II expression were reported in BBDR 

rat splenic macrophages within the week following poly I:C and KRV injection (60). Our 

finding of heightened macrophage MHC class II expression in the context of IFNAR1 

deficiency links MHC class II expression with the IFNAR signaling pathway, but the direct 

cause and consequences of this remain unclear and deserve attention in future studies.

Neutrophils are the most abundant leukocyte subset in the human peripheral blood 

circulation and are the primary responders against invading microbes at the sites of infection 

and injury and initiate an acute inflammatory response (61). They are classically known to 

exert their innate immune functions through phagocytosis through production of reactive 

oxygen species, degranulation, and formation of neutrophil extracellular traps—a network 

of structures composed of chromatin bound to neutrophil granular antimicrobial peptides—

which are released during a process called NETosis (61–63). Renewed interest in their 

functional diversity has revealed novel functions of neutrophils such as the production 

of cytokines and chemokines, as well as interaction with endothelial cells, dendritic 

cells, macrophages, NK cells, T cells, and B cells to regulate both innate and adaptive 

immune responses (64). As such, aberrant functions of neutrophils have been recognized 

to contribute to the development of several autoimmune disorders (62, 64). Diana et 

al. (65) first demonstrated that in young female NOD mice, physiological β cell death 

initiates the recruitment and activation of neutrophils, B-1a cells, and plasmacytoid dendritic 

cells to the pancreas, with the involvement of plasmacytoid dendritic cell–derived IFN-α 
and neutrophil-derived, cathelicidin-related antimicrobial peptide. However, diabetes can 

develop in NOD mice in the absence of neutrophils (66). A reduction in circulating 

neutrophil numbers has been observed preceding T1D disease onset and pancreas-residing 

neutrophils extrude neutrophil extracellular traps. In our model, proportions of neutrophils 

between uninfected and KRV-infected WT rats are similar, and the increased proportion of 

neutrophils in KRV-infected Ifnar1−/− rat spleens appears to be a feature of viral infection 

in the absence of IFNAR1 and is not necessarily associated with the development of 

autoimmunity. Evaluation of pancreatic tissue is needed to determine if any changes in 

infiltrating neutrophils are detected.

Our study highlights the importance of the innate arm of the immune system in the 

prediabetes stage. By understanding such processes, we may better define mechanisms 

and therapeutic interventions specific to innate immunity to prevent T1D (67). We capture 

the dynamic interplay between innate and adaptive immunity in the T cell lineage 

findings, defining relative changes in cytotoxic CD8+ lymphocytes, NK cells, and Treg 

cells in Ifnar1−/− rats that are protected from diabetes following viral challenge. We also 

demonstrate viral infection of specific splenic cells and identify transcriptional signaling 

pathways associated with chemotaxis and inflammation in the prediabetic stage. Depletion 

or adoptive transfer of specific cell populations such as NK cells in rat models of diabetes 

can help establish their essential roles in autoimmune disease. Exploration of other immune 

cell populations such as type 1 regulatory cells in this model may identify their contributions 
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to autoimmune diabetes. Correlation between immune cell alterations in the spleen to that in 

the pancreas as well as other nonendocrine tissues (e.g., lymph nodes and thymus), will help 

reveal pathologic roles for such cells in autoimmune diabetes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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VSV vesicular stomatitis virus
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REFERENCES

1. Atkinson MA, Eisenbarth GS, and Michels AW. 2014. Type 1 diabetes. Lancet 383: 69–82. 
[PubMed: 23890997] 

2. Pugliese A 2017. Autoreactive T cells in type 1 diabetes. J. Clin. Invest 127: 2881–2891. [PubMed: 
28762987] 

3. Op de Beeck A, and Eizirik DL. 2016. Viral infections in type 1 diabetes mellitus--why the β cells? 
Nat. Rev. Endocrinol 12: 263–273. [PubMed: 27020257] 

4. Crow MK 2010. Type I interferon in organ-targeted autoimmune and inflammatory diseases. 
Arthritis Res. Ther 12(Suppl 1): S5. [PubMed: 21303493] 

5. Newby BN, and Mathews CE. 2017. Type I interferon is a catastrophic feature of the diabetic islet 
microenvironment. Front. Endocrinol. (Lausanne) 8: 232. [PubMed: 28959234] 

6. Qaisar N, Jurczyk A, and Wang JP. 2018. Potential role of type I interferon in the pathogenic process 
leading to type 1 diabetes. Curr. Opin. Endocrinol. Diabetes Obes 25: 94–100. [PubMed: 29369915] 

7. Coppieters KT, Dotta F, Amirian N, Campbell PD, Kay TW, Atkinson MA, Roep BO, and von 
Herrath MG. 2012. Demonstration of islet-autoreactive CD8 T cells in insulitic lesions from recent 
onset and long-term type 1 diabetes patients. J. Exp. Med 209: 51–60. [PubMed: 22213807] 

8. Morgan NG 2017. Bringing the human pancreas into focus: new paradigms for the understanding of 
type 1 diabetes. Diabet. Med 34: 879–886. [PubMed: 28429491] 

9. Nigi L, Maccora C, Dotta F, and Sebastiani G. 2020. From immunohistological to anatomical 
alterations of human pancreas in type 1 diabetes: new concepts on the stage. Diabetes Metab. Res. 
Rev 36: e3264. [PubMed: 31850667] 

10. Leete P, Willcox A, Krogvold L, Dahl-Jørgensen K, Foulis AK, Richardson SJ, and Morgan NG. 
2016. Differential insulitic profiles determine the extent of β-cell destruction and the age at onset 
of type 1 diabetes. Diabetes 65: 1362–1369. [PubMed: 26858360] 

11. Willcox A, Richardson SJ, Bone AJ, Foulis AK, and Morgan NG. 2009. Analysis of islet 
inflammation in human type 1 diabetes. Clin. Exp. Immunol 155: 173–181. [PubMed: 19128359] 

12. Takiishi T, Cook DP, Korf H, Sebastiani G, Mancarella F, Cunha JP, Wasserfall C, Casares N, 
Lasarte JJ, Steidler L, et al. 2017. Reversal of diabetes in NOD mice by clinical-grade proinsulin 
and IL-10-secreting Lactococcus lactis in combination with low-dose anti-CD3 depends on the 
induction of Foxp3-positive T cells. Diabetes 66: 448–459. [PubMed: 28108611] 

13. Qaisar N, Lin S, Ryan G, Yang C, Oikemus SR, Brodsky MH, Bortell R, Mordes JP, and Wang 
JP. 2017. A critical role for the type I interferon receptor in virus-induced autoimmune diabetes in 
rats. Diabetes 66: 145–157. [PubMed: 27999109] 

14. Mordes JP, Bortell R, Blankenhorn EP, Rossini AA, and Greiner DL. 2004. Rat models of type 1 
diabetes: genetics, environment, and autoimmunity. ILAR J 45: 278–291. [PubMed: 15229375] 

15. Mordes JP, Guberski DL, Leif JH, Woda BA, Flanagan JF, Greiner DL, Kislauskis EH, and 
Tirabassi RS. 2005. LEW.1WR1 rats develop autoimmune diabetes spontaneously and in response 
to environmental perturbation. Diabetes 54: 2727–2733. [PubMed: 16123363] 

16. Ellerman KE, Richards CA, Guberski DL, Shek WR, and Like AA. 1996. Kilham rat triggers 
T-cell-dependent autoimmune diabetes in multiple strains of rat. Diabetes 45: 557–562. [PubMed: 
8621003] 

17. McKeever U, Mordes JP, Greiner DL, Appel MC, Rozing J, Handler ES, and Rossini AA. 1990. 
Adoptive transfer of autoimmune diabetes and thyroiditis to athymic rats. Proc. Natl. Acad. Sci. 
USA 87: 7618–7622. [PubMed: 2217193] 

Qaisar et al. Page 15

Immunohorizons. Author manuscript; available in PMC 2022 May 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



18. Like AA, Weringer EJ, Holdash A, McGill P, Atkinson D, and Rossini AA. 1985. Adoptive 
transfer of autoimmune diabetes mellitus in biobreeding/Worcester (BB/W) inbred and hybrid rats. 
J. Immunol 134: 1583–1587. [PubMed: 3968427] 

19. Brown DW, Welsh RM, and Like AA. 1993. Infection of peri-pancreatic lymph nodes but not islets 
precedes Kilham rat virus-induced diabetes in BB/Wor rats. J. Virol 67: 5873–5878. [PubMed: 
8371347] 

20. Mordes JP, Leif J, Novak S, DeScipio C, Greiner DL, and Blankenhorn EP. 2002. The iddm4 
locus segregates with diabetes susceptibility in congenic WF.iddm4 rats. Diabetes 51: 3254–3262. 
[PubMed: 12401717] 

21. Zipris D, Hillebrands JL, Welsh RM, Rozing J, Xie JX, Mordes JP, Greiner DL, and Rossini AA. 
2003. Infections that induce autoimmune diabetes in BBDR rats modulate CD4+CD25+ T cell 
populations. J. Immunol 170: 3592–3602. [PubMed: 12646622] 

22. Barnett-Vanes A, Sharrock A, Birrell MA, and Rankin S. 2016. A single 9-colour flow cytometric 
method to characterise major leukocyte populations in the rat: validation in a model of LPS-
induced pulmonary inflammation. PLoS One 11: e0142520. [PubMed: 26764486] 

23. Verschoor CP, Lelic A, Bramson JL, and Bowdish DM. 2015. An introduction to automated flow 
cytometry gating tools and their implementation. Front. Immunol 6: 380. [PubMed: 26284066] 

24. Zhang Z, Theurkauf WE, Weng Z, and Zamore PD. 2012. Strand-specific libraries for high 
throughput RNA sequencing (RNA-Seq) prepared without poly(A) selection. Silence 3: 9. 
[PubMed: 23273270] 

25. Yukselen O, Turkyilmaz O, Ozturk AR, Garber M, and Kucukural A. 2020. DolphinNext: a 
distributed data processing platform for high throughput genomics. BMC Genomics 21: 310. 
[PubMed: 32306927] 

26. Li B, and Dewey CN. 2011. RSEM: accurate transcript quantification from RNA-Seq data with or 
without a reference genome. BMC Bioinformatics 12: 323. [PubMed: 21816040] 

27. Kucukural A, Yukselen O, Ozata DM, Moore MJ, and Garber M. 2019. DEBrowser: interactive 
differential expression analysis and visualization tool for count data. BMC Genomics 20: 6. 
[PubMed: 30611200] 

28. Love MI, Huber W, and Anders S. 2014. Moderated estimation of fold change and dispersion for 
RNA-seq data with DESeq2. Genome Biol. 15: 550. [PubMed: 25516281] 

29. Gierahn TM, Wadsworth II MH, Hughes TK, Bryson BD, Butler A, Satija R, Fortune S, Love 
JC, and Shalek AK. 2017. Seq-Well: portable, low-cost RNA sequencing of single cells at high 
throughput. Nat. Methods 14: 395–398. [PubMed: 28192419] 

30. Trapnell C, Cacchiarelli D, Grimsby J, Pokharel P, Li S, Morse M, Lennon NJ, Livak KJ, 
Mikkelsen TS, and Rinn JL. 2014. The dynamics and regulators of cell fate decisions are revealed 
by pseudotemporal ordering of single cells. Nat. Biotechnol 32: 381–386. [PubMed: 24658644] 

31. Ilicic T, Kim JK, Kolodziejczyk AA, Bagger FO, McCarthy DJ, Marioni JC, and Teichmann SA. 
2016. Classification of low quality cells from single-cell RNA-seq data. Genome Biol. 17: 29. 
[PubMed: 26887813] 

32. Skrajnar S, Anzur Lasnik M, and Bedina Zavec A. 2009. A flow cytometric method for 
determination of the blood neutrophil fraction in rats. J. Am. Assoc. Lab. Anim. Sci 48: 152–156. 
[PubMed: 19383211] 

33. Dolen Y, Gunaydin G, Esendagli G, and Guc D. 2015. Granulocytic subset of myeloid derived 
suppressor cells in rats with mammary carcinoma. Cell. Immunol 295: 29–35. [PubMed: 
25732602] 

34. Petzold C, Riewaldt J, Watts D, Sparwasser T, Schallenberg S, and Kretschmer K. 2013. Foxp3(+) 
regulatory T cells in mouse models of type 1 diabetes. J. Diabetes Res 2013: 940710. [PubMed: 
23691523] 

35. Klocperk A, Petruzelkova L, Pavlikova M, Rataj M, Kayserova J, Pruhova S, Kolouskova S, 
Sklenarova J, Parackova Z, Sediva A, and Sumnik Z. 2020. Changes in innate and adaptive 
immunity over the first year after the onset of type 1 diabetes. Acta Diabetol 57: 297–307. 
[PubMed: 31570993] 

Qaisar et al. Page 16

Immunohorizons. Author manuscript; available in PMC 2022 May 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



36. Rodríguez-Perea AL, Arcia ED, Rueda CM, and Velilla PA. 2016. Phenotypical characterization 
of regulatory T cells in humans and rodents. Clin. Exp. Immunol 185: 281–291. [PubMed: 
27124481] 

37. Alkanani AK, Hara N, Gianani R, and Zipris D. 2014. Kilham rat virus-induced type 1 
diabetes involves beta cell infection and intraislet JAK-STAT activation prior to insulitis. Virology 
468-470:19–27. [PubMed: 25129435] 

38. Wolter TR, Wong R, Sarkar SA, and Zipris D. 2009. DNA microarray analysis for the 
identification of innate immune pathways implicated in virus-induced autoimmune diabetes. Clin. 
Immunol 132: 103–115. [PubMed: 19328037] 

39. Nair A, Wolter TR, Meyers AJ, and Zipris D. 2008. Innate immune pathways in virus-induced 
autoimmune diabetes. Ann. N. Y. Acad. Sci 1150: 139–142. [PubMed: 19120282] 

40. Zipris D, Lien E, Nair A, Xie JX, Greiner DL, Mordes JP, and Rossini AA. 2007. TLR9-signaling 
pathways are involved in Kilham rat virus-induced autoimmune diabetes in the biobreeding 
diabetes-resistant rat. J. Immunol 178: 693–701. [PubMed: 17202329] 

41. Chung YH, Jun HS, Son M, Bao M, Bae HY, Kang Y, and Yoon JW. 2000. Cellular and molecular 
mechanism for Kilham rat virus-induced autoimmune diabetes in DR-BB rats. J. Immunol 165: 
2866–2876. [PubMed: 10946320] 

42. Rossini AA 2004. Autoimmune diabetes and the circle of tolerance. Diabetes 53: 267–275. 
[PubMed: 14747275] 

43. Abel AM, Yang C, Thakar MS, and Malarkannan S. 2018. Natural killer cells: development, 
maturation, and clinical utilization. Front. Immunol 9: 1869. [PubMed: 30150991] 

44. Poli A, Michel T, Patil N, and Zimmer J. 2018. Revisiting the functional impact of NK cells. 
Trends Immunol 39: 460–472. [PubMed: 29496432] 

45. Caillat-Zucman S 2006. How NKG2D ligands trigger autoimmunity? Hum. Immunol 67: 204–207. 
[PubMed: 16698443] 

46. Gianchecchi E, Delfino DV, and Fierabracci A. 2018. NK cells in autoimmune diseases: linking 
innate and adaptive immune responses. Autoimmun. Rev 17: 142–154. [PubMed: 29180124] 

47. Qin H, Lee IF, Panagiotopoulos C, Wang X, Chu AD, Utz PJ, Priatel JJ, and Tan R. 2011. Natural 
killer cells from children with type 1 diabetes have defects in NKG2D-dependent function and 
signaling. Diabetes 60: 857–866. [PubMed: 21270236] 

48. Marca V, Gianchecchi E, and Fierabracci A. 2018. Type 1 diabetes and its multi-factorial 
pathogenesis: the putative role of NK cells. Int. J. Mol. Sci 19: 794.

49. Rodacki M, Svoren B, Butty V, Besse W, Laffel L, Benoist C, and Mathis D. 2007. Altered natural 
killer cells in type 1 diabetic patients. Diabetes 56: 177–185. [PubMed: 17192480] 

50. Oras A, Peet A, Giese T, Tillmann V, and Uibo R. 2019. A study of 51 subtypes of peripheral 
blood immune cells in newly diagnosed young type 1 diabetes patients. Clin. Exp. Immunol 198: 
57–70. [PubMed: 31116879] 

51. Gur C, Porgador A, Elboim M, Gazit R, Mizrahi S, Stern-Ginossar N, Achdout H, Ghadially H, 
Dor Y, Nir T, et al. 2010. The activating receptor NKp46 is essential for the development of type 1 
diabetes. Nat. Immunol 11: 121–128. [PubMed: 20023661] 

52. Poli A, Brons NH, Ammerlaan W, Michel T, Hentges F, Chekenya M, and Zimmer J. 2010. 
Novel method for isolating untouched rat natural killer cells with higher purity compared with 
positive selection and fluorescence-activated cell sorting. Immunology 131: 386–394. [PubMed: 
20561087] 

53. Chopra P, Diiorio P, Pino SC, Wilson SB, Phillips NE, Mordes JP, Rossini AA, Greiner DL, 
Shultz LD, and Bortell R. 2009. Failure of alpha-galactosylceramide to prevent diabetes in virus-
inducible models of type 1 diabetes in the rat. In Vivo 23: 195–201. [PubMed: 19414403] 

54. Like AA, Biron CA, Weringer EJ, Byman K, Sroczynski E, and Guberski DL. 1986. Prevention of 
diabetes in BioBreeding/Worcester rats with monoclonal antibodies that recognize T lymphocytes 
or natural killer cells. J. Exp. Med 164: 1145–1159. [PubMed: 3531381] 

55. Liu M, Liang S, and Zhang C. 2021. NK cells in autoimmune diseases: protective or pathogenic? 
Front. Immunol 12: 624687. [PubMed: 33777006] 

Qaisar et al. Page 17

Immunohorizons. Author manuscript; available in PMC 2022 May 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



56. Martinez J, Huang X, and Yang Y. 2008. Direct action of type I IFN on NK cells is required 
for their activation in response to vaccinia viral infection in vivo. J. Immunol 180: 1592–1597. 
[PubMed: 18209055] 

57. Zhu J, Huang X, and Yang Y. 2008. A critical role for type I IFN-dependent NK cell activation 
in innate immune elimination of adenoviral vectors in vivo. Mol. Ther 16: 1300–1307. [PubMed: 
18443600] 

58. Mack EA, Kallal LE, Demers DA, and Biron CA. 2011. Type 1 interferon induction of natural 
killer cell gamma interferon production for defense during lymphocytic choriomeningitis virus 
infection. mBio. DOI: 10.1128/mBio.00169-11.

59. Chung YH, Jun HS, Kang Y, Hirasawa K, Lee BR, Van Rooijen N, and Yoon JW. 1997. Role of 
macrophages and macrophage-derived cytokines in the pathogenesis of Kilham rat virus-induced 
autoimmune diabetes in diabetes-resistant BioBreeding rats. J. Immunol 159: 466–471. [PubMed: 
9200487] 

60. Mendez II, Chung YH, Jun HS, and Yoon JW. 2004. Immunoregulatory role of nitric oxide 
in Kilham rat virus-induced autoimmune diabetes in DR-BB rats. J. Immunol 173: 1327–1335. 
[PubMed: 15240727] 

61. Wang X, Qiu L, Li Z, Wang XY, and Yi H. 2018. Understanding the multifaceted role of 
neutrophils in cancer and autoimmune diseases. Front. Immunol 9:2456. [PubMed: 30473691] 

62. Gupta S, and Kaplan MJ. 2016. The role of neutrophils and NETosis in autoimmune and renal 
diseases. Nat. Rev. Nephrol 12: 402–413. [PubMed: 27241241] 

63. Soehnlein O, Steffens S, Hidalgo A, and Weber C. 2017. Neutrophils as protagonists and targets in 
chronic inflammation. Nat. Rev. Immunol 17: 248–261. [PubMed: 28287106] 

64. Rosales C, Lowell CA, Schnoor M, and Uribe-Querol E. 2017. Neutrophils: their role in innate and 
adaptive immunity 2017. J. Immunol. Res 2017: 9748345. [PubMed: 29238732] 

65. Diana J, Simoni Y, Furio L, Beaudoin L, Agerberth B, Barrat F, and Lehuen A. 2013. Crosstalk 
between neutrophils, B-1a cells and plasmacytoid dendritic cells initiates autoimmune diabetes. 
Nat. Med 19: 65–73. [PubMed: 23242473] 

66. Thayer TC, Delano M, Liu C, Chen J, Padgett LE, Tse HM, Annamali M, Piganelli JD, Moldawer 
LL, and Mathews CE. 2011. Superoxide production by macrophages and T cells is critical for the 
induction of autoreactivity and type 1 diabetes. Diabetes 60: 2144–2151. [PubMed: 21715554] 

67. Petrelli A, Atkinson MA, Pietropaolo M, and Giannoukakis N. 2021. Modulation of leukocytes of 
the innate arm of the immune system as a potential approach to prevent the onset and progression 
of type 1 diabetes. Diabetes 70: 313–322. [PubMed: 33472941] 

Qaisar et al. Page 18

Immunohorizons. Author manuscript; available in PMC 2022 May 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 1. Splenic leukocyte populations shift following KRV infection of WT and Ifnar1−/− 

rats, with decreased CD8+ T cells in Ifnar1−/− rats, increased NK cells in WT rats, and increased 
neutrophils in Ifnar1−/− rats.
(A) Representative gating strategies for the flow cytometric analysis of leukocyte subsets in 

the naive weanling LEW.1WR1 rat spleen. Rat spleens were harvested and processed for 

flow cytometry with rat-specific mAbs 5 dpi. The viable single cells were gated based on 

forward light scatter (FSC) and side light scatter. Cells were gated for expression of CD45 

and then CD3; CD3+ cells were further gated for CD4+ or CD8+ T cells. Cells lacking 

CD3 expression were further gated for identifying NK cells (CD161+), B cells (CD45R+), 
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and neutrophils (CD43+) in combination with HIS48 expression and side light scatter. All 

gating boundaries were established using FMO as described in Materials and Methods. (B) 

The percentages of CD45+ leukocytes, CD3+ T cells, CD4+ T cells, CD8+ T cells, NK cells 

(CD161), B cells (CD45R), and neutrophils (CD43) were analyzed using flow cytometry 

on spleens from age-matched weanling WT and Ifnar1−/− rats uninfected or KRV infected 

at 5 dpi. Each symbol represents a sample from an independently treated animal and the 

horizontal bar shows the mean value. Data are from n = 4 to 8 rats per group from two 

independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, one-way 

ANOVA with Tukey post hoc tests was used to identify which conditions were significantly 

different from each other.
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FIGURE 2. Treg cells are decreased in spleens from KRV-infected WT rats compared with 
KRV-infected Ifnar1−/− rats.
(A) Representative flow plots of gating strategy for the flow cytometric identification of 

rat Treg cells in spleens from weanling uninfected versus KRV-infected WT and Ifnar1−/− 

LEW.1WR1 rats. Cells were pregated on forward light scatter (FSC) and side light scatter 

and further gated on live single CD4+ cells. The CD4+ cells were then gated for CD25+ and 

FOXP3+ coexpression. The percentage of CD25+FOXP3+ cells is shown on the plot from 

uninfected WT LEW.1WR1 rat spleens. All gating boundaries were established using FMO 
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as described in Materials and Methods. (B) Representative flow plots and percentages of 

CD25+ FOXP3+ cells from uninfected or KRV-infected LEW.1WR1 WT or Ifnar1−/− rats at 

5 dpi. (C) Quantification of the percentage of Treg cells from rat spleen. The percentage of 

CD4+CD25+ FOXP3+ Treg cells is significantly reduced in KRV-infected WT rats relative 

to Ifnar1−/− rats at 5 dpi. Each symbol represents a sample from an independently treated 

animal, and the horizontal bar shows the mean value. Data are from n = 4 to 8 rats per group 

from two independent experiments. *p < 0.05, one-way ANOVA with Tukey post hoc tests 

was used to identify which conditions were significantly different from each other.
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FIGURE 3. GO analysis of DEGs in rat spleens.
(A) GO terms for transcripts increased by log2 fold change >3.0 in KRV-infected WT 

compared with uninfected WT rats are shown. The heatmap shows expression trends for 

select transcripts in individual animals, with each column representing one animal (n = 2–4 

rats per condition). (B) GO terms for transcripts significantly increased by log2 fold change 

>1.0 in KRV-infected Ifnar1−/− compared with KRV-infected WT rats. The heatmap shows 

expression trends for select transcripts in individual animals (one column per animal, n = 

4 rats per condition). (C) GO terms for transcripts decreased by log2 fold change <−1.0 
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in KRV-infected Ifnar1−/− compared with KRV-infected WT rats. Benjamini, p values after 

adjusting for a false discovery rate of 5% using the Benjamini–Hochberg method to adjust 

for multiple hypothesis testing; Count, the number of genes that are in the pathway; %, 

percentage of the genes in the list that are in the pathway. Yellow arrows indicate increases 

in the GO terms. Blue arrow indicates decrease in the GO terms. Red boxes highlight 

compared groups.
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FIGURE 4. Single-cell RNA-seq analysis reveals increased MHC class II expression in 
macrophages and monocytes and distribution of KRV transcripts among diverse splenic cell 
types.
(A) tSNE plots for rat splenic cells collected at 5 dpi from uninfected WT, uninfected 

Ifnar1−/−, KRV-infected WT, and KRV-infected Ifnar1−/− rats. Clusters are labeled for eight 

cell types. Markers for cell identification are indicated. (B) GO analysis for macrophage 

and monocyte transcripts significantly increased by log2 fold change >1.0 in KRV-infected 

Ifnar1−/− compared with KRV-infected WT rats. The specific log2 fold change for 

contributing transcripts is displayed. Arrows indicate increases in the GO terms. (C) KRV 
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transcripts appear in all types of splenic cells. tSNE plot highlights cells associated with at 

least two KRV reads (red dots). Data are from n = 2 rats per group. Benjamini, p values after 

adjusting for a false discovery rate of 5% using the Benjamini–Hochberg method to adjust 

for multiple hypothesis testing; Count, the number of genes from the list of genes provided 

that are in the pathway; logFC, log2 fold change; %, percentage of the genes in the pathway.
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FIGURE 5. ISH confirms that NK cells are significantly more abundant in KRV-infected WT 
spleens than in KRV-infected Ifnar1−/− spleens and that KRV infects NK cells.
(A) NRK epithelial cells were infected with KRV at multiplicity of infection (MOI) of 1 for 

24 h, then fixed and stained with DAPI and an ISH probe specific for KRV. VSV-infected 

cells served as a specificity control for the KRV probe. (B) ISH for KRV (red) in rat spleens 

shows that virus is detected at day 3, peaks at day 5, then declines. Images shown are 

representative of one animal per condition. The plot shows the image quantification average 

from five fields per animal (uninfected WT, n = 1; uninfected Ifnar1−/−, n = 1; KRV-infected 
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WT, n = 3; KRV-infected Ifnar1−/−, n = 3 each for days 3, 5, 7, and 11). (C) KRV (red) 

and Nkg7 (green) ISH staining are shown for day 5 spleens. One representative image 

from each rat is shown. Nkg7 is abundant in KRV-infected WT rats. The plot shows the 

image quantification average from five fields per animal (uninfected WT, n = 1; uninfected 

Ifnar1−/−, n = 1; KRV-infected WT, n = 3; KRV-infected Ifnar1−/−, n = 3 for day 5). (D) 

Arrows highlight KRV+/Nkg7+ cells. Scale bar, 50 μm. *p < 0.05 with multiple paired t 
tests.
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FIGURE 6. IFNAR1 deficiency restores the balance of innate and adaptive immune cells to 
protect against autoimmune diabetes.
Created with BioRender.com.
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TABLE I.

Rat-specific mAbs used in flow cytometry

Ab/Reagent Fluorochrome Clone Dilution Vendor

Nine-color staining panel

 Live/Dead eFluor 780 N/A 1:1000 eBioscience

 CD32 N/A D34-485 1:200 BD Biosciences

 CD45 Pacific Blue OX-1 1:200 BioLegend

 CD3 Allophycocyanin 1F4 1:100 BioLegend

 CD4 PerCP-eFluor710 OX-35 1:100 eBioscience

 CD8 PE-Cy5 OX-8 1:100 Invitrogen

 CD161 PE 3.2.3 1:200 BioLegend

 CD45R PE-Cy7 HIS24 1:100 eBioscience

 CD43 PerCP-Cy5.5 W3/13 1:100 BioLegend

 His48 FITC HIS48 1:00 eBioscience

Five-color staining panel

 Live/Dead eFluor 780 N/A 1:1000 eBioscience

 CD32 N/A D34-485 1:200 BD Biosciences

 CD45 Pacific Blue OX-1 1:200 BioLegend

 CD3 Allophycocyanin 1F4 1:100 BioLegend

 CD45R PE-Cy7 HIS24 1:100 eBioscience

 RP-1 PE RP-1 1:100 BD Biosciences

Treg staining panel

 CD4 FITC OX-35 1:100 BioLegend

 CD25 PE OX-39 1:100 BioLegend

 FOXP3 eFluor 450 FJK-16s 1:100 eBioscience
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