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Highlights 18 

• Mass cytometry and scRNAseq analysis of human PBMCs stimulated with type I IFNs 19 

• Cell type-specific phosphorylation of STAT proteins and induction of ISGs 20 

• Different type I IFNs induce qualitatively similar responses that vary in magnitude 21 

• Identification of ten core ISGs, up-regulated by all cell types in response to all type I IFNs 22 
 23 
In brief 24 
Rigby et al. provide a single-cell map of signalling and transcriptomic responses to type I 25 
IFNs in ex vivo stimulated human PBMCs. Different cell types responded in unique ways but 26 
differences between different type I IFNs were only quantitative. These rich datasets are 27 
available via an easy-to-use interactive interface 28 
(https://rehwinkellab.shinyapps.io/ifnresource/). 29 
 30 
Graphical abstract 31 

  32 
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Summary 33 
Type I interferons (IFNs) play crucial roles in antiviral defence, autoinflammation and cancer 34 
immunity. The human genome encodes 17 different type I IFNs that all signal through the 35 
same receptor. Non-redundant functions have been reported for some type I IFNs. However, 36 
whether different type I IFNs induce different responses remains largely unknown. We 37 
stimulated human peripheral blood mononuclear cells (PBMCs) with recombinant type I IFNs 38 
to address this question in multiple types of primary cells. We analysed signalling responses 39 
by mass cytometry and changes in gene expression by bulk and single-cell RNA sequencing. 40 
We found cell-type specific changes in the phosphorylation of STAT transcription factors and 41 
in the gene sets induced and repressed upon type I IFN exposure. We further report that the 42 
magnitude of these responses varied between different type I IFNs, whilst qualitatively 43 
different responses to type I IFN subtypes were not apparent. Taken together, we provide a 44 
rich resource mapping signalling responses and IFN-regulated genes in immune cells.  45 
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Introduction 46 

Type I IFNs are a family of cytokines essential to antiviral immunity.1 Typically, type I 47 
IFNs are produced transiently following an infection. However, in some autoimmune and 48 
autoinflammatory conditions, type I IFNs are secreted chronically and initiate and/or 49 
exacerbate disease.2 Furthermore, type I IFNs impact on bacterial infections and cancer, with 50 
both beneficial and detrimental effects.1,3 Therefore, type I IFNs have wide-ranging effects in 51 
the immune system and in diseases. 52 

Type I IFNs were identified in the 1950s for their ability to “interfere” with virus 53 
infection.4,5 Much research has been done since on type I IFNs and led to the concept of the 54 
type I IFN system (Figure 1a).6 This host defence response is triggered when cells 55 
autonomously detect virus infection. Nucleic acids are often a molecular signature of viral 56 
infection. Nucleic acid sensors recognise viral DNA or RNA, or disturbances to the homeostasis 57 
of cellular nucleic acids, such as mis-localisation.7 These sensors then initiate signalling 58 
cascades resulting in the expression and secretion of type I IFNs. Like in other species, there 59 

are many different type I IFNs in humans: 13 IFN- sub-types, IFN-, -, - and -. Type I IFNs 60 
engage IFNAR, a receptor expressed on the surface of all nucleated cells.8 IFNAR is composed 61 
of two subunits, IFNAR1 and IFNAR2, which are associated at their cytoplasmic tails with the 62 
kinases TYK2 and JAK1, respectively. The canonical signalling pathway downstream of IFNAR 63 
involves the formation the ISGF3 complex by phosphorylated STAT1 and STAT2 together with 64 
IRF9. ISGF3 binds to IFN-stimulated response elements (ISREs) in the promoters of type I IFN-65 
responsive genes and thereby drives the expression of IFN-stimulated genes (ISGs). Non-66 
canonical signalling pathways downstream of IFNAR can involve the phosphorylation of other 67 
members of the STAT transcription factor family (STAT3-6), members of the MAP kinase 68 

family, components of the PI3K/mTOR pathway, or NF-B (Figure 1a).8-14 Canonical and non-69 
canonical IFNAR signalling profoundly affect the transcriptome.15 Initial conservative 70 
estimates suggested that ~400 genes are induced by type I IFN16 and more recent experiments 71 
in human fibroblasts found that ~10% of transcripts are controlled by type I IFN.17 Moreover, 72 
type I IFNs also downregulate mRNA levels of some genes.17,18 Some ISGs encode virus 73 
restriction factors, cellular proteins that block infection, whilst others encode proteins 74 
involved in virus detection or in cellular and adaptive immune responses.19,20 Collectively, the 75 
genes regulated by type I IFNs thus complete the “loop” of the type I IFN system (Figure 1a). 76 

All type I IFNs bind to and signal through IFNAR, raising the question whether these 77 
cytokines have redundant functions. Multiple explanations likely exist for the large number 78 

of type I IFNs. These include tissue-specific functions. Indeed, IFN- is expressed in the female 79 

reproductive tract and may play a role in cancer immunosurveillance.21,22 IFN- is expressed 80 
in keratinocytes and controls repair of skin wounds.23,24 However, all other type I IFNs are 81 
expressed upon stimulation by most nucleated cells.25 Early work suggested that the ability 82 

of IFN- sub-types to enhance NK cell cytotoxicity varies over several orders of magnitude.26 83 
More recently, several studies reported different potencies of type I IFNs in blocking viral 84 
infections and in exerting anti-tumour effects.27-36 Transcriptomic analysis indicates that 85 
different type I IFNs induce common and unique genes in CD4 T cells.18 These differences may 86 
be due to the observation that type I IFNs have varying characteristics of receptor binding.37,38 87 
Combined with cell type-specific expression levels and stoichiometries of proteins involved in 88 
IFNAR signalling, different cell types have been suggested to respond in distinct ways to 89 

different type I IFNs. Indeed, mouse IFN-A induces common and unique ISGs in different 90 
murine immune cells.39  Moreover, human B and CD4 T cells respond more strongly to IFN-91 

2 than to IFN-, while monocytes show equivalent responses.37 However, systematic 92 
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studies comparing the effects of different type I IFNs in multiple types of primary cells are 93 
lacking at present. 94 

Here, we close this knowledge gap using single cell technologies. We observed cell-95 
type specific signalling and transcriptomic responses to type I IFN. Surprisingly, however, our 96 
comparison of multiple type I IFNs revealed only quantitative, but no apparent qualitative, 97 
differences. Our data mapping signalling and transcriptomic responses to type I IFNs 98 
represent a resource valuable to multiple scientific fields and are easily accessible through an 99 
interactive online interface (https://rehwinkellab.shinyapps.io/ifnresource/).  100 
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Results 101 

Analysis of the signalling response to type I IFNs using mass cytometry 102 
Systematic studies of the signalling pathways activated upon engagement of IFNAR 103 

with different type I IFNs in different cell types are currently lacking. To investigate this in 104 
multiple primary human cell types, we established a mass cytometry workflow to quantify 105 
cellular activation by phospho-protein staining in freshly isolated human peripheral blood 106 
mononuclear cells (PBMCs) stimulated with recombinant type I IFN (Figure 1b). We chose this 107 
model because of (i) the possibility of treating primary cells with minimal disturbance, (ii) the 108 
plethora of cell types found among PBMCs and ease of access to blood, (iii) the availability of 109 
bioactive human recombinant type I IFNs and (iv) the potential use of results as future 110 
biomarkers or for treatment strategies. We developed a 39 antibody staining panel 111 
comprising of 26 lineage markers to allow identification of approximately 20 major cell 112 
subsets and 13 antibodies to interrogate IFNAR signalling. The latter included antibodies 113 
against IFNAR1 and IFNAR2, nine phospho-proteins (pSTAT1, pSTAT3, pSTAT4, pSTAT5, 114 
pSTAT6, pERK1/2, pp38, pMAPKAPK2, pNFκB) and total STAT1 and STAT3. A suitable antibody 115 
for pSTAT2 was not available at the time this study began. 116 

Phosphorylation of STAT proteins occurs rapidly and peaks around 30 minutes after 117 
IFNAR engagement.12 Here, we stimulated cells for 15 minutes to avoid saturation effects. To 118 
establish a suitable dose range, we stimulated PBMCs with 0, 25, 250, 2,500 or 25,000 U/ml 119 
of IFN-α2a and assessed the phosphorylation of STAT proteins. IFN-α2a was chosen because 120 
it is the IFN-α subtype most commonly used both in vitro and in vivo. For dosing, we used 121 
bioactivity (U/ml), as determined by the manufacturer of the recombinant protein by 122 
inhibition of the cytopathic effect of encephalomyocarditis virus in A549 cells, instead of mass 123 
(pg/ml), because recombinant type I IFNs preparations may contain inactive protein. All STAT 124 
proteins were phosphorylated in response to IFN-α2a stimulation in a dose-dependent 125 
manner, saturating above the 2,500 U/ml dose (Figure 1c and d). STAT1 phosphorylation was 126 
the most sensitive response to stimulation, increasing even at the lowest dose used. In 127 
contrast, increased phosphorylation of the other STATs required stimulation with at least 250 128 
U/ml IFN-α2a. 129 

We next quantified the response to IFN-α2a in different cell types, taking advantage 130 
of our detailed phenotyping panel. Cells were clustered using the phenotyping markers and 131 
the resulting clusters were manually annotated, giving 17 distinct populations (Figure S1a and 132 
S1b). The expression of each pSTAT protein was then plotted for each cell population (Figure 133 
S1c, Supplementary Tables 1 and 2). The most abundant cell types (classical monocytes, naïve 134 
CD8+ T cells, CD56lo NK cells, B cells and naïve CD4+ T cells) are shown in Figure 1e. Baseline 135 
levels of pSTAT1 varied between different cell types, with myeloid cells and central memory 136 
T cells having higher expression. Levels of pSTAT5 were highest in myeloid cells and 137 
plasmablasts at baseline whereas pSTAT3, 4 and 6 were undetectable in unstimulated cells 138 
(Figure S1 and S2). STAT1 was phosphorylated in all cell types, in line with its role in canonical 139 
signalling downstream of IFNAR. STAT3, STAT5 and STAT6 phosphorylation was also detected 140 
in all cell types, although only at concentrations of 250 U/ml IFN-α2a and above. In contrast, 141 
STAT4 phosphorylation only occurred in some T cell subsets and NK cells, reflecting the largely 142 
T cell and NK cell restricted expression of STAT4.40 This provides an explanation for the lower 143 
pSTAT4 response we observed when we analysed all cells together (Figure 1c). Notably, there 144 
was considerable heterogeneity in the extent of STAT phosphorylation within each cell 145 
population (Figure 1e and S1c). 146 
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These data show that our mass cytometry workflow successfully and simultaneously 147 
quantified phosphorylation of multiple proteins in response to stimulation with type I IFN. 148 
Our results further highlight that different types of cells respond in different ways to type I 149 
IFN, and that cell type specific responses may be masked by bulk analysis.  150 
 151 
Different type I IFNs induce qualitatively similar signalling responses in PBMCs 152 

We next used our mass cytometry workflow to investigate the response to different 153 
type I IFNs. Cells were stimulated for 15 minutes with 2,500 U/ml of commercially available 154 
bioactive recombinant protein for the 13 IFN-α subtypes, IFN-β and IFN-ω. IFN-ε and IFN-κ 155 
were not included as their expression is restricted to specific tissues (female reproductive 156 
tract and skin, respectively).21,23 The concentration was chosen to ensure that 157 
phosphorylation events of all STAT proteins could be detected. All type I IFNs induced 158 
phosphorylation of the STAT proteins when all cells were analysed together (Figure 2a and 159 
2b). Analysis of individual cell populations revealed that, for any given cell type, all type I IFN 160 
subtypes led to phosphorylation of STAT1 to a similar extent, although clear differences in 161 
pSTAT1 levels were evident between different cell types (Figure 2c and 2d, Supplementary 162 
Tables 3 and 4). For pSTAT3 (Figure 2e), pSTAT4 (Figure 2f), pSTAT5 (Figure 2g) and pSTAT6 163 
(Figure 2h), quantitative differences were evident between type I IFN subtypes. For example, 164 
IFN-α1 induced lower levels of pSTAT4 and IFN-α1, -α2b and -α14 induced lower levels of 165 
pSTAT6. However, qualitative differences in the response to different type I IFN subtypes 166 
were not apparent amongst the cell types analysed. Similar results were obtained for 167 
phosphorylation of NFκBp65, p38, MAPKAPK2 and ERK1/2 (Figure S3). 168 

To investigate the effects of different type I IFNs on phosphorylation of STAT proteins 169 
at later time points, we first stimulated PBMCs for 90 minutes with increasing doses of a 170 
subset of five type I IFNs (IFN-α1, -α2a and -α10; IFN-β; IFN-ω). These represent low, medium 171 
and high potency IFN-α subtypes (Figure 2), together with the unique IFN-β and IFN-ω. At this 172 
time point, phosphorylation levels of all STATs were lower compared to the 15 minute 173 
timepoint, with only small increases even at 2,500 U/ml (Figure S6). Quantitative differences 174 
in the amount of each type I IFN required to increase STAT phosphorylation were evident, 175 
with higher doses of the three IFN-α subtypes required compared to IFN-β and IFN-ω (Figure 176 
S4). Increased baseline levels of pSTAT1 and pSTAT3 were seen at this timepoint (Figure S6), 177 
likely a consequence of the increased time cells spent in culture before analysis. Stimulation 178 
with type I IFNs increased phosphorylation of STAT1 in all cell types; however, as observed 15 179 
minutes after stimulation, differences between type I IFN subtypes were largely quantitative 180 
(Figure S4d, Supplementary Tables 5 and 6). Only slight increases in phosphorylation of the 181 
other STAT proteins were evident at this time point and again differences between type I IFN 182 
subtypes were quantitative (Figure S4e-h). Similar results were obtained when PBMCs were 183 
stimulated for 24 hours (Figure S5, Supplementary Tables 7 and 8).  184 

Taken together, these data show that in PBMCs stimulated ex vivo, different 185 
recombinant type I IFNs induce similar profiles of transcription factor phosphorylation, 186 
although the magnitude of the response varies between type I IFNs.  187 
 188 
Different type I IFNs induce qualitatively similar transcriptional responses in PBMCs 189 

IFNAR signalling profoundly alters the transcriptome. In addition to the induction of 190 
ISGs, type I IFNs may downregulate mRNA levels of some genes.17,18 We stimulated PBMCs 191 
from three donors with 250 U/ml type I IFN, using the set of five type I IFNs described above. 192 
24 hours after stimulation, we extracted RNA and, following enrichment of polyadenylated 193 
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transcripts, performed RNA sequencing. The 24 hour timepoint was chosen based on RT-qPCR 194 
analysis of the induction of seven ISGs over time in response to IFN-α1 and IFN-β. Although 195 
the levels of some ISGs peaked 2-4 hours after stimulation, these transcripts were still 196 
upregulated after 24 hours, a timepoint at which other ISGs were maximally induced (Figure 197 
S7). Therefore, the 24-hour timepoint likely allows detection of early and late responding 198 
ISGs. Sequencing reads were aligned to the human transcriptome (Figure S8a, S8b, 199 
Supplementary Table 9). We confirmed that cells from all three donors had comparable 200 
expression levels of genes encoding the key components of IFNAR signalling (Figure S8c). 201 
Next, we performed differential gene expression analysis for cells stimulated with each type 202 
I IFN compared to the unstimulated samples. Many protein-coding genes were differentially 203 
expressed in response to each type I IFN, with more differentially expressed genes (DEGs) up-204 
regulated than down-regulated (Figure 3a, Supplementary Tables 10 and 11). IFN-β induced 205 
the largest number of DEGs and IFN-α1 the least. On the whole, genes that were upregulated 206 
showed the greatest fold change and significance (Figure 3a, Figure S8d, Figure S9). Using a 207 
low stringency filter for fold change (1.5), we identified 2,430 genes that were up-regulated 208 
and 2,130 that were down-regulated in response to at least one type I IFN (Figure 3c). Of 209 
these, 638 were significantly up-regulated by all type I IFNs and 82 significantly down-210 
regulated (Figure S10a). 211 

Gene Ontology (GO) analysis for biological processes associated with DEGs regulated 212 
by all type I IFNs confirmed that, as predicted, GO terms associated with the response to type 213 
I IFNs and the antiviral response were most enriched among the up-regulated DEGs (Figure 214 
S11a). Using a published list of 379 human ISGs compiled from microarray data from multiple 215 
cell lines and tissues16 (Supplementary Table 12), we confirmed that 250 were up-regulated 216 
by at least one IFN in PBMCs (Figure 3d), with classical ISGs such as IFI44L, MX1 and IFIT3 217 
among the most up-regulated (Figure 3e). PBMCs from all three donors showed comparable 218 
induction of most ISGs. Many of the most significantly induced genes were known ISGs (Figure 219 
S8d), expression of which was often undetectable in unstimulated PBMCs.  220 

In addition to inducing the expression of many genes, type I IFNs also significantly 221 
repressed the expression of another set of genes (Figure 3c). We used GO analysis to gain 222 
insight into biological processes related to the 82 genes significantly downregulated by all 223 
type I IFNs (Figure S11b). This analysis did not reveal enrichment of GO categories containing 224 
more than a few type I IFN-repressed genes. 225 

We also considered genes that met our criteria for significance (padj < 0.05, 1.5 fold 226 
up- or down-regulated) for one type I IFN only. The vast majority of these were found in 227 
response to IFN-β (Figure S9). Visualisation of the expression of these genes across all samples 228 
using heatmaps suggested that, for the vast majority of these genes, the differences in 229 
expression between the different type I IFNs was quantitative (Figure S10). For example, 230 
genes that were only upregulated above threshold for IFN-β stimulation showed a clear trend 231 
towards induction by the other four type I IFNs tested, albeit to lower levels (Figure S10).  232 
 233 
Expression of lncRNAs in PBMCs following stimulation with type I IFNs 234 

In addition to protein coding genes, we also investigated the effect of type I IFN 235 
stimulation on the expression of long noncoding RNAs (lncRNAs). The majority of lncRNAs are 236 
polyadenylated41; therefore, we were able to analyse their expression in our bulk RNAseq 237 
dataset. We aligned the sequencing reads to a reference database of 127,802 transcripts 238 
(LNCipedia) using kallisto.42 An average of 12 million reads/sample aligned to this database 239 
(Figure S8b), with 57,812 transcripts passing the filter of having > 3 counts and being 240 
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expressed in 2 or more samples. Differential gene expression analysis for each of the type I 241 
IFN stimulated samples compared to the unstimulated sample showed that, similar to the 242 
expression of protein-coding genes, type I IFNs both induced and repressed expression of 243 
lncRNAs. More lncRNAs were up-regulated than down-regulated (Figure 3b, Figure S8e, 244 
Figure S11, Supplementary Tables 13 - 15). 628 lncRNAs were significantly up- and 46 down-245 
regulated by all type  I IFNs (padj < 0.05, fold change of 1.5) (Figure S12b).  246 

Many lncRNAs up-regulated in response to treatment with type I IFNs are located 247 
close to protein-coding ISGs, and may act to regulate their expression.43 In the absence of 248 
their own official gene symbol, lncRNAs are named after the gene of the nearest protein-249 
coding gene on the same strand. We therefore used the list of protein-coding ISGs to 250 
investigate the extent to which lncRNAs located near ISGs were differentially regulated by 251 
type I IFN in our dataset. Of the 674 lncRNAs that were significantly differentially expressed 252 
in response to all five type I IFNs tested (padj < 0.05, fold change of at least 1.5, Figure S12c), 253 
58 were ‘associated’ with ISGs (56 up-regulated, 2 down-regulated) (Figure S12d). 254 

Together, these data show that while a robust ISG response was induced in PBMCs 255 
following 24 hours of stimulation with type I IFN, there were only minimal differences 256 
between type I IFN subtypes.  257 
 258 
Analysis of the ISG response to type I IFNs in PBMCs at the single cell level 259 

PBMCs represent a heterogeneous mix of multiple different cell types of varying 260 
frequencies. Given that different cell types displayed different signalling responses to type I 261 
IFN stimulation (Figures 1 and 2) and the possibility of cell-to-cell variation, we used scRNAseq 262 
to further analyse transcriptional responses to type I IFNs. We treated PBMCs from one donor 263 
with 250 U/ml IFN-α1, -α2a, -α10, -β or -ω for 24 hours. We took advantage of the utility of 264 
our mass cytometry phenotyping panel by staining cells with CITE-seq antibodies 265 
corresponding to 20 of these markers prior to capture on a 10X Genomics platform. In brief, 266 
CITE-seq involves antibodies conjugated to nucleic acid-based barcodes with a polyA tail, 267 
which are sequenced alongside mRNA from captured single cells.44 After demultiplexing and 268 
quality control, the dataset consisted of 19,587 single cells, with an approximately equal split 269 
between samples (unstimulated = 2,690 cells, IFN-α1 = 3,328, IFN-α2a = 3,426, IFN-α10 = 270 
3,332, IFN-β = 3,350, IFN-ω = 3,461). Seurat Weighted Nearest Neighbor (WNN) analysis was 271 
used to cluster cells based on mRNA and protein expression45 and cells were visualised using 272 
UMAP (wnnUMAP) (Figure 4a, Figure S13). Cell types were identified based on expression of 273 
protein markers, in combination with mRNA expression of known markers not present in the 274 
CITE-seq antibody panel. A number of markers were detected equally well at protein and 275 
mRNA levels, such as CD3, but mRNAs for other markers including CD19, CD11c and CD4 were 276 
not detectable (Figure 4b). 277 

To identify genes induced in response to stimulation with each type I IFN, we 278 
performed differential expression analysis for each cell type, comparing type I IFN-treated 279 
samples to the unstimulated sample (Supplementary Tables 18 - 22). This was only possible 280 
for cell types with an average of > 50 cells per sample, precluding this analysis for pDCs, 281 
basophils, CD56hi NK cells, cDCs and plasmablasts. We identified only 10 genes that were 282 
significantly up-regulated in all cell types in response to all five type I IFN subtypes tested 283 
here: IFI44L, ISG15, IFIT3, XAF1, MX1, IFI6, IFIT1, TRIM22, MX2 and RSAD2 (Figure 4c, Figure 284 
S14). We term these genes that universally mark the type I IFN response ‘Core ISGs’. 285 
 286 
Cell type-specific ISGs 287 
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Next, we investigated whether ISGs were regulated in a cell type-specific manner. We 288 
first established how many genes were significantly up-regulated by monocytes (classical 289 
monocytes, alternative/intermediate monocytes) and lymphocytes (central memory CD4+ T 290 
cells, naïve CD4+ T cells, CD56lo NK cells, B cells, central memory CD8+ T cells, effector CD8+ 291 
T cells, MAIT cells, other NK cells, naïve CD8+ T cells, regulatory T cells, effector memory CD4+ 292 
T cells and γδ-T cells) in response to all type I IFNs. 225 genes were up-regulated by monocytes 293 
and 175 by lymphocytes, with 107 genes significantly up-regulated by both using padj < 0.05 294 
and 1.5 fold induction as thresholds (Figure 5a, Figure S15). Genes specifically up-regulated 295 
by monocytes included IFITM3, CXCL10 and SIGLEC1 while genes specifically up-regulated by 296 
lymphocytes included LAG3, ALOX5AP and CD48 (Figure 5b and c). As expected, genes up-297 
regulated by both monocytes and lymphocytes included those described as ISGs by many 298 
previous studies, such as ISG15, IFI44 and IFIT5 (Figure 5b and c). Although these genes were 299 
selected based on their up-regulation by all five type I IFN subtypes tested, differences in the 300 
magnitude of the response were apparent, with IFN-β inducing many ISGs most strongly. This 301 
was in agreement with the mass cytometry and bulk RNAseq data indicating that different 302 
type I IFNs induce qualitatively similar responses. Subdivision of lymphocytes into T cells, B 303 
cells and NK cells revealed 40 genes and two lncRNAs only up-regulated in T cells, six genes 304 
and one lncRNA only up-regulated by B cells and two genes that were only up-regulated by 305 
NK cells (Figure S16) using our significance and fold-change thresholds. 306 

In the bulk RNAseq dataset, differences in the expression of genes induced by the 307 
different type I IFN subtypes were largely quantitative (Figure S10). To investigate if this was 308 
also the case when cell type-specific ISGs were taken into account, we analysed the 309 
expression of genes induced only by one type I IFN subtype in monocytes and lymphocytes in 310 
all samples (Figure S17). Consistent with our bulk RNAseq data, differences were again 311 
quantitative rather than qualitative for most genes. 312 
 313 
Heterogeneity of the response to type I IFNs 314 

Next, we asked whether there was, for a given cell type, cell-to-cell variation in the 315 
transcriptional response to type I IFN stimulation. For example, some cells may be “super-316 
responders” and others “non-responders”. It is also possible that some cells up-regulate a 317 
distinct module of ISGs in response to type I IFN while others up-regulate a different set of 318 
ISGs, information that would be masked when averaging across the cell type cluster. 319 

We chose to focus on classical monocytes as these represent a large cluster with many 320 
significantly up-regulated genes (i.e., 278, 330, 482, 643, 526 and 225 in response to IFN-α1, 321 
-α2a, -α10, -β, -ω and all five type I IFNs, respectively). Expression of each gene for each cell 322 
within this cell type was visualised using heatmaps and the genes clustered using Euclidean 323 
distance. This is shown for unstimulated and IFN-β-treated cells in Figure 6a (see Figure S18 324 
for this heatmap with gene name annotations for online viewing). This revealed that there 325 
was a large spectrum of ISG induction in IFN-β-stimulated cells, with some genes induced 326 
moderately (such as those in cluster 2, including classical ISGs such as IFI44, OAS2, OAS3 and 327 
OASL), intermediately (clusters 4 and 6) and strongly (cluster 5). The genes in cluster 5 were 328 
all expressed at very low level in the unstimulated cells and therefore showed the greatest 329 
fold induction in expression upon stimulation with IFN. There were also differences in 330 
baseline expression of many of these ISGs, with most being not expressed/expressed at very 331 
low levels by most cells. Most of the 225 genes induced by all type I IFNs tested were up-332 
regulated by all cells in the IFN-β-treated sample compared to the unstimulated cells. 333 
Interestingly, some genes displayed heterogeneous expression in the IFN-β-treated sample 334 
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(Figures 6a and S18) and in the samples stimulated with other type I IFNs (Figure S19). These 335 
included IFI27, CCL8, CCL2 and CXCL10 (Figure S18). To establish if expression of these four 336 
genes was linked, i.e. whether cells which up-regulated one of them also up-regulated the 337 
others, we clustered IFN-β stimulated classical monocytes based on their expression of these 338 
genes (Figure S20). This revealed that whilst there were cells that up-regulated all four genes, 339 
there were also cells which expressed three or fewer, in all combinations, with no obvious 340 
patterns. This suggests it is unlikely that these four ISGs were induced in relation to each 341 
other. 342 

We also visualised expression of this list of 225 genes up-regulated by classical 343 
monocytes in B cells and naïve CD4+ T cells, two clusters with comparable numbers of cells 344 
(Figure S21). As expected, a large number of these genes were unchanged in these cell types 345 
in response to type I IFN-treatment. Similarly, with the list of 94 genes up-regulated by B cells 346 
(Figure S22) and 113 genes up-regulated by naïve CD4+ T cells (Figure S23), cell type-specific 347 
responses were clear. Genes that were up-regulated in all three cell types showed a similar 348 
degree of heterogeneity between individual cells (Figure S24). 349 

Finally, we calculated an ISG score for every cell in our dataset by summing the log 350 
transformed expression values for each gene significantly up-regulated by the corresponding 351 
cell type. As shown for classical monocytes in Figure 6b, the distribution of the scores for cells 352 
within a sample indicated that there are no “super-responder” cells and very few “non-353 
responders”. This was also the case for other cell types (Figure S25). We also calculated a Core 354 
ISG score for each cell using the ten 'Core ISGs’ (Figure 4c and S14). This confirmed that all 355 
cells within a stimulated sample up-regulated expression of these genes, regardless of the 356 
type I IFN subtype used or cell type (Figure 6c and Figure S26). We therefore propose that an 357 
ISG score calculated from expression of these ten genes is sufficient to capture a 358 
transcriptional response to all type I IFN subtypes in all types of PBMCs.  359 

Taken together, our single cell transcriptomic analysis of type I IFN stimulated PBMCs 360 
identified ISGs induced in different white blood cells. Some ISGs were induced broadly in all 361 
or many cell types, while others displayed cell-type specific induction. In agreement with the 362 
mass cytometry and bulk RNAseq data, our scRNAseq analysis also suggested that different 363 
type I IFNs induced qualitatively similar responses.  364 
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Discussion 365 

Type I IFNs are a large family of cytokines, playing important roles in the immune 366 
system and in many diseases that range from infections to inflammatory and malignant 367 
conditions. Here, we employed single-cell technologies to generate comprehensive maps of 368 
signalling and transcriptomic changes in human white blood cells stimulated ex vivo with 369 
different type I IFNs. These data revealed responses shared between cell types as well as cell-370 
type specific behaviours. Moreover, when comparing different type I IFN subtypes, we 371 
observed qualitatively similar responses that varied in magnitude. 372 

Our datasets are freely available in multiple ways. Raw data can be accessed through 373 
repositories (see data availability statement). Lists of differentially expressed genes in 374 
different cell types in response to different type I IFNs are provided in the supplement to this 375 
article. In addition, we provide our data via the Interactive SummarizedExperiment Explorer 376 
(iSEE).46 This online tool [https://rehwinkellab.shinyapps.io/ifnresource/] is easy to use and 377 
requires no programming skills. Examples of its application include (1) querying a cell type of 378 
interest for genes induced or repressed by type I IFNs or for its signalling response and (2) 379 
analysing a gene (or signalling protein) of interest for baseline and type I IFN-regulated 380 
expression (or phosphorylation) in multiple populations of leukocytes. Another widely 381 
applicable result is the list of ten ‘Core ISGs’ induced in all types of PBMCs by all type I IFNs. 382 
For example, this set of ISGs will be useful as a biomarker to test for the presence of a type I 383 
IFN response in patients where the cellular basis of disease in unknown. 384 

Monocytes were the cell type with the largest number of type I IFN-regulated genes, 385 
both in terms of the overall set of differentially expressed genes as well as genes affected only 386 
in monocytes but not in other cell types. This was likely due in part to the comparatively high 387 
baseline expression and/or phosphorylation of proteins involved in IFNAR signalling in 388 
monocytes (Figure S2), bestowing an enhanced capacity to respond. Another important 389 
aspect likely determining which genes are regulated by type I IFN in different cell types is the 390 
epigenetic landscape. In the future, it would be interesting to investigate whether the 391 
contingent of ISGs in each cell type correlates with chromatin marks and accessibility using 392 
approaches such as ChIPseq and ATACseq. 393 

In addition to protein-coding genes, we also provide a systematic analysis of lncRNAs 394 
using our bulk RNAseq data. lncRNAs are a heterogenous group broadly defined as transcripts 395 
> 200 nt in length that do not encode proteins.47 They are generally less evolutionarily 396 
conserved than protein-coding genes, often with tissue-specific expression, and exhibit a 397 
wide range of cellular functions.48 The expression of many lncRNAs is regulated and 398 
alterations to their expression can be associated with human diseases. Several lncRNAs are 399 
associated with the antiviral response and regulate the activity of pattern recognition 400 
receptors and signalling pathways leading to cytokine production, including the type I IFN 401 
signalling pathway.43,49 These included NRIR (Negative Regulator of the Interferon 402 
Response)50, previously implicated in driving a type I IFN signature in monocytes in human 403 
autoimmune disease and viral infection.51-53 Indeed, NRIR was differentially expressed in our 404 
dataset (Figure S12g). Here, we defined large numbers of lncRNAs induced and repressed in 405 
PBMCs, some of which were encoded near ISGs. These data provide a rich resource for future 406 
studies investigating functional roles of interferon-stimulated or -repressed lncRNAs. 407 

An important and open question in the type I IFN field pertains to the large number of 408 
genes encoding these cytokines. Many mammalian species, including bats, encode a 409 
multitude of type I IFNs.54-56 This is indicative of evolutionary pressures leading to 410 
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maintenance of many type I IFN genes. Simply put, why are there so many type I IFNs all using 411 
the same receptor? 412 

One possible explanation is that different type I IFNs have unique activities against 413 
specific pathogens or in specific cell types.26-36 For example, IFN-α14 is particularly potent at 414 
inhibiting HIV-1 replication in different in vitro, ex vivo and in vivo models compared to IFN-415 
α2.27-29,34 During SARS-CoV-2 infection, IFN-α5 exerts a strong antiviral effect in cultured 416 
human airway epithelial cells.33 The latter observation correlates with induction of a subset 417 
of ISGs by IFN-α5 and other potently antiviral type I IFNs; these ISGs are not induced in this 418 
setting by other type I IFNs with poor anti-SARS-CoV-2 activity.33 In contrast, we observed in 419 
PBMCs that different type I IFNs did not trigger such qualitatively different cellular 420 
behaviours. Instead, only the magnitude of the signalling and transcriptional responses varied 421 
between different type I IFNs. These divergent observations may be due to differences in 422 
haematopoietic and non-haematopoietic cells. For example, it is possible that in airway 423 
epithelial cells the stoichiometries and activities of proteins involved in IFNAR signalling are 424 
different to white blood cells and that this, perhaps in conjunction with alternate chromatin 425 
configurations, permits type I IFN-subtype-specific responses due to differences in their 426 
affinities for IFNAR. Studies comparing cells representing different tissues are therefore 427 
warranted, as is careful dissection of the responses to type I IFNs over varying doses and at 428 
different time points. It is tempting to speculate that additional factors such as type I IFN 429 
‘presentation’ involving neighbouring cells in solid tissues or the soluble IFNAR2 isoform57 in 430 
blood may play currently under-appreciated roles in controlling responses to type I IFNs. 431 

Other possible explanations for the multitude of type I IFNs include pathogen encoded 432 
antagonists. Indeed, vaccinia virus encodes B18, a secreted protein that sequesters type I 433 
IFNs58. Expansion of the type I IFN locus may have evolved to overcome the effects of B18 and 434 
potentially of similar, yet to be discovered, inhibitors, either simply by increasing gene dosage 435 
to saturate antagonists or more specifically through sequence diversification allowing escape 436 
of inhibition. Additionally, or alternatively, differences in the kinetics and signalling 437 
requirements for induction of type I IFNs may explain the large number of these cytokines. 438 
For example, the IFN-β promoter has elements recognised by multiple transcription factors 439 
including IRF3 and IRF7, NFκB and AP1 family members. In contrast, IFN-α genes are only 440 
controlled by IRF3 and IRF759. Moreover, the different IFN-α genes are induced at different 441 
time points during viral infection60. It is therefore possible that so many type I IFN genes have 442 
evolved to allow temporal, and perhaps also spatial and cell-type specific, control of their 443 
induction, including feedback loops. Indeed, IRF7 is encoded by an ISGs and is an important 444 
part of a positive feed-forward circuit promoting strong IFN-α production by plasmacytoid 445 
dendritic cells61,62. This scenario would be consistent with our findings that type I IFNs – once 446 
produced – are functionally equivalent. Clearly, understanding the diversity of type I IFNs 447 
remains an important challenge for future studies. 448 

Taken together, we provide a data-rich and easily accessible resource of the responses 449 
of many different types of primary immune cells to type I IFNs. We anticipate that our 450 
datasets will instruct and inform research in many fields ranging from immunology and 451 
virology to cancer.  452 
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Limitations of the study 453 

This study was performed in PBMCs stimulated with type I IFNs ex vivo. Other cell types may 454 
show different behaviours in response to type I IFNs and additional factors such as the soluble 455 
form of IFNAR2 may impact in vivo responses. In-depth analysis of some cell types, such as 456 
rare dendritic cell subsets, was not possible due to the small number of cells. Enrichment of 457 
these cells prior to analysis will be necessary in future studies. We used recombinant type I 458 
IFNs for treatment. Doses were normalised using bioactivity (U/ml), determined by inhibition 459 
of the cytopathic effect of encephalomyocarditis virus in A549 cells. It is possible that the 460 
antiviral effect in this setting depends on induction of one or few ISGs, rather than on the 461 
breadth of effects of type I IFNs, potentially skewing normalisation. However, other ways of 462 
normalisation, for example using mass (pg/ml), have inherent limitations, too, because 463 
recombinant type I IFN preparations likely contain inactive protein.  464 
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Methods 465 

Study subjects 466 
PBMCs were isolated from the peripheral blood of healthy donors using Lymphoprep 467 
(Stemcell Technologies), according to the manufacturer’s instructions.  468 

 469 

Data acquisition 470 
Mass cytometry (CyTOF) 471 
PBMCs were washed in serum-free RPMI and then resuspended at 107 cells/ml in serum-free 472 
RPMI containing 0.5 mM Cell-ID Cisplatin (Fluidigm) and incubated at 37oC for 5 min. Cells 473 
were washed with RPMI containing 10% (v/v) FCS (Sigma) and 2 mM L-Glutamine (R10), 474 
centrifuged at 300 x g for 5 min before being resuspended to 6 x 107 cells/ml in R10 and rested 475 
at 37oC for 15 min. 50 μl of cells (3 x 106) cells were transferred to 15 ml falcon tubes for 476 
stimulation and antibody staining. Antibody staining was performed as described 477 
previously63. Antibodies are listed in the Key Resources Table. Staining for CD14, CCR6, CD56, 478 
CD45RO, CD27, CCR7, CCR4 and CXCR3 was done for 30 min in R10 at 37oC, prior to 479 
stimulation/fixation as epitopes recognised by these antibodies are sensitive to fixation. Cells 480 
were stimulated with the indicated concentration of type I IFN (Supplementary Table 2) 481 
diluted in R10 for the indicated time at 37oC. After washing with 5 ml Maxpar PBS (Fluidigm), 482 
cells were fixed with 1 X Maxpar Fix I Buffer (Fluidigm) for 10 min at room temperature before 483 
being washed with 1.5 ml Maxpar Cell Staining Buffer (CSB, Fluidigm). All centrifugation steps 484 
after this point were at 800 x g for 5 min. Cells were barcoded using Cell-ID 20-Plex Pd 485 
Barcoding Kit (Fluidigm), according to the manufacturer’s instructions, and washed twice with 486 
CSB before samples were pooled and counted. All further steps were performed on pooled 487 
cells. Fc receptors were blocked using Fc Receptor Binding Inhibitor Antibody (eBioscience), 488 
diluted 1:10 in CSB for 10 min at room temperature. Surface antibody staining mixture was 489 
added directly to the blocking solution and incubated for 30 min at room temperature. Cells 490 
were washed twice with CSB, resuspended in ice-cold methanol and stored at -80oC 491 
overnight. After washing twice with CSB, cells were stained with intracellular antibody 492 
staining mixture for 30 min at room temperature before two further washes in CSB. Cells were 493 
resuspended in 1.6% (v/v) formaldehyde (Pierce, #28906) diluted in Maxpar PBS and 494 
incubated for 10 min at room temperature. Cells were resuspended in 125 mM cell-ID 495 
Intercalator (Fluidigm) diluted in Maxpar Fix and Perm Buffer (Fluidigm) and incubated 496 
overnight at 4oC. Compensation beads (OneComp eBeads Compensation Beads, Invitrogen, 497 
#01-111-42) stained with 1 μl of each antibody were also prepared. The following day, cells 498 
and compensation beads were washed twice with CSB and twice with Maxpar water 499 
(Fluidigm), mixed with a 1:10 volume of EQ Four Element Calibration Beads (Fluidigm) before 500 
acquisition on a Helios Mass Cytometer (Fludigm) using the HT injector.  501 
 502 
qRT-PCR 503 
Freshly isolated PBMCs were stimulated with 250 U/ml of IFN-α1 or IFN-β in R10 or left 504 
unstimulated (3 x 106 cells/sample) in a volume of 2 ml in a non-tissue culture treated 12 well 505 
plate and incubated for the time indicated in the figure legend at 37oC. RNA was extracted 506 
using a RNeasy Mini Plus Kit including a gDNA eliminator column step, according to the 507 
manufacturer’s instructions. cDNA synthesis was performed with SuperScript IV reverse 508 
transcriptase (Thermo Fisher Scientific) and oligo(dT)12-18 primers (Thermo Fisher Scientific). 509 
15 ng of cDNA was amplified using Taqman Universal PCR Mix (Thermo Fisher Scientific) and 510 
Taqman probes (see Key Resources Table) in 5 μl reactions. qPCR was performed on a 511 
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QuantStudio 7 Flex real-time PCR system (Applied Biosystems). mRNA expression data were 512 
normalised to HPRT and analysed by the comparative CT method. Fold changes in expression 513 
from unstimulated samples for each time point were calculated for the IFN-treated samples. 514 

 515 

Bulk RNA-seq 516 
Freshly isolated PBMCs were stimulated with 250 U/ml of each type I IFN in R10 (3 x 106 517 
cells/sample) in a volume of 2 ml in a non-tissue culture treated 12 well plate and incubated 518 
for 24 h at 37oC. Cells were harvested by gentle pipetting and centrifuged at 300 x g for 5 min. 519 
The pellet was resuspended in 350 μl RLT buffer from an RNeasy Plus Mini Kit (QIAGEN) and 520 
transferred to a QiaShredder column. After homogenisation by centrifuging at 16,000 x g for 521 
2 min, RNA was extracted according to the manufacturer’s instructions, including a gDNA 522 
eliminator column step. RNA was quantified using a Qubit 3.0 RNA BR (broad-range) Assay Kit 523 
(Invitrogen) and using RiboGren (Invitrogen) on a FLUOstar OPTIMA plate reader (BMG 524 
Labtech). The RNA size profile and integrity was assessed using a Tapestation 4200 with High 525 
Sensitivity RNA ScreenTape (Agilent Technologies). Input material was normalised to 100 ng 526 
prior to library preparation by the Oxford Genomics Centre. Polyadenylated transcript 527 
enrichment and strand specific library preparation was completed using a NEBNext Ultra II 528 
mRNA kit (New England Biolabs) following the manufacturer’s instructions. Libraries were 529 
amplified (17 cycles) using in-house unique dual indexing primers64. Individual libraries were 530 
normalised using a Qubit, and the size profile was analysed using a Tapestation before 531 
individual libraries were pooled. The pooled library was diluted to ~10 nM, denatured and 532 
further diluted prior paired-end sequencing (150 bp reads) on a NovaSeq 6000 platform 533 
(Illumina, NovaSeq 6000 S2/S4 reagent kit, 300 cycles), yielding between 38 – 55 million 534 
reads/sample.  535 
 536 
scRNAseq: Cell stimulation and capture 537 
Freshly isolated PBMCs were stimulated with 250 U/ml of each type I IFN in R10 (3 x 106 538 
cells/sample) in a volume of 2 ml in a non-tissue culture treated 12 well plate and incubated 539 
for 24 h at 37oC. Cells were harvested by gentle pipetting, centrifuged at 300 x g for 5 min, 540 
resuspended in 1 ml R10 and the total cell number was determined. 0.5 x 106 cells were 541 
transferred to a low-binding 1.5 ml tube and centrifuged at 300 x g for 5 min at 4oC. Cell pellets 542 
were resuspended in 100 μl of staining buffer (2% (v/v) BSA/0.01% (v/v) Tween-20 in cold 543 
RNase-free PBS + 10 μl Human TruStain FcX blocking solution (#422301, BioLegend)) and 544 
incubated for 10 min at 4oC. A mastermix of CITEseq antibodies (ADTs) was prepared 545 
consisting of 0.5 μg of each antibody and added to each sample together with 0.5 μg of unique 546 
Cell Hashing antibody (HTOs) (Supplementary Tables 16 and 17) and cells were stained for 30 547 
min at 4oC. Cells were washed three times with 1 ml staining buffer, centrifuging at 350 x g 548 
for 5 min at 4oC. Cells were passed through a 35 μm cell strainer (Falcon) prior to the final 549 
wash step and were then resuspended in 200 μl staining buffer and counted. 1 x 105 cells from 550 
each sample were pooled and passed over a 40 μm cell strainer (Falcon). After centrifugation 551 
at 350 x g for 5 min at 4oC, the cell pellet was resuspended in 200 ml cold RNase-free PBS to 552 
give a concentration of 1,500 cells/μl. Two lanes of a Chromium Single Cell Chip B (10X 553 
Genomics) were each superloaded with 30,000 cells, with a target of 15,000 single cells per 554 
lane.65 Generation of gel beads in emulsion (GEMs), GEM-reverse transcription, clean up and 555 
cDNA amplification were performed using a Chromium Single Cell 3′ Reagent Kit (v3), 556 
according to the manufacturer’s instructions, with the addition of 2 pmol each of ADT and 557 
HTO additive primers at the cDNA amplification step.65 During cDNA cleanup, the ADT- and 558 
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HTO-containing supernatant fraction was separated from the cDNA fraction derived from 559 
cellular mRNAs using 0.6X SPRI beads (Beckman Coulter).  560 
 561 
scRNAseq: Library generation and sequencing 562 
The mRNA-derived cDNA library was prepared according to the standard Chromium Single 563 
Cell 3′ Reagent Kit (v3). ADTs and HTOs were purified using two 2X SPRI selection according 564 
to Stoeckius et al.65 and amplified using separate PCR reactions to generate the ADT and HTO 565 
libraries with ten cycles of amplification. PCR products were purified using 1.6X SPRI 566 
purification. Quality control of libraries was performed using a Qubit 3.0 dsDNA HS (high 567 
sensitivity) Assay Kit (Invitrogen) and BioAnalyzer High Sensitivity DNA Chip (Agilent). Libraries 568 
were diluted to 2 nM and pooled for sequencing in the following proportions: 80% cDNA, 10% 569 
ADT, 10% HTO. Libraries were sequenced twice on a NextSeq 500 with 150 bp paired-end 570 
reads (Illumina). Sequencing runs were pooled, yielding a total of 5 x 108 reads for each 10X 571 
lane (1 x 109 reads in total).      572 
 573 
Data analysis 574 
Mass cytometry (CyTOF) 575 
Data were normalised, randomised and concatenated using Helios CyTOF Software (v6.7) 576 
(Fluidigm). Compensation and debarcoding were performed in R (v3.5.1) using CATALYST 577 
(v1.5.3.23).66 FCS files were rewritten using the updatePanel function of cytofCore (v0.4). 578 
Intact, single, live, CD45+ cells were manually gated using FlowJo (v10.8) and exported as new 579 
FCS files. Data were transformed and cells clustered using FlowSOM as described in 580 
cytofWorkflow67 using CATALYST (v1.18.1) in R (4.1.3). Cell populations were manually 581 
identified by expression of known phenotyping markers and clusters merged and annotated. 582 

 583 

Bulk RNAseq 584 
Sequencing data were processed using a CGAT-core-based pipeline.68 Read quality was 585 
assessed using FastQC (v0.11.9) (bioinformatics.babraham.ac.uk/projects/fastqc). For the 586 
coding transcriptome, pseudoalignment was performed with Kallisto (v 0.46.1) using genome 587 
build GRCh38, with 34-49 million reads aligned per sample. For lncRNAs, pseudoalignment 588 
was performed with Kallisto (v0.46.1) using the full database (genome build GRCh38) from 589 
LNCipedia (v5.2).69 10-14 million reads aligned per sample. Transcript abundances were 590 
imported into RStudio (v4.2.0) using tximport (v1.26.1)70 and summarised to gene level for 591 
the coding genes. Gene symbol annotations were added using AnnotationHub (v3.6.0). 592 
Differential expression analysis was performed using DESeq2 (v1.36.1)71 with a multi-factor 593 
design formula to account for the use of different donors. Non-expressed genes (genes with 594 
five counts or less in a sample) and genes that were expressed in two or fewer samples were 595 
excluded. Log fold change shrinkage (lfcShrink) for visualisation and gene ranking was 596 
performed using the shrinkage estimator “apeglm”. DEGs were defined as having an adjusted 597 
p value of < 0.05 and a log2 fold change of > 0.58 for up-regulated genes and < -0.58 for down-598 
regulated genes. Gene ontology analysis was performed using goseq (v1.50.0).72 pheatmap 599 
(v1.0.12), ComplexHeatmap (v2.14.0), EnhancedVolcano (v1.16.0) and GraphPad Prism 600 
(v9.4.0) were used for data visualisation. 601 
 602 
scRNAseq 603 
BCL files were demultiplexed and converted to Fastq files using the mkfastq pipeline of Cell 604 
Ranger (v3.0.2) and bcl2fastq (v2.20.0.422) and read quality assessed using FastQC (v0.11.9). 605 
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Raw sequencing reads for the cDNA libraries were processed into count matrices using 606 
cellranger count (Cell Ranger v3.0.2) and aligned to Human reference 3.0.0 (GRCh38) (10X 607 
Genomics), which includes annotation of protein-coding genes, lncRNAs, antisense 608 
transcripts, immunoglobulin genes/pseudogenes and T cell receptor genes. Raw sequencing 609 
reads from the ADT and HTO libraries were processed into count matrices using CITE-Seq-610 
Count (v1.4.2).73  The count matrices for cDNA, ADT and HTO libraries were imported into R 611 
(v4.1.3) and analysed using Seurat (v 4.1.1). Cells with < 200 or > 5000 genes or > 15% of 612 
mitochondrial reads were excluded. The HTO data was normalised using centred log-ratio 613 
(CLR) transformation and samples demultiplexed using the HTODemux function of Seurat. 614 
Count data for the RNA assay was normalised using sctransform v2, regressing out gene 615 
expression from ribosomal proteins and returning all genes. ADT data was normalised using 616 
CLR. Data from the two 10X lanes were merged and data scaled. The multimodal object was 617 
split into one object per sample and variable features normalised and identified using 618 
sctransform v2, using method “glGamPoi”. PrepSCTIntegration was performed on the six 619 
objects using all genes as anchor features and PCA performed. Integration anchors were 620 
identified and used to create an integrated data assay normalised using sctransform. 621 
Dimensionality reduction was performed using by Principal Component Analysis (PCA) using 622 
all features (genes) for the RNA assay and all features (antibodies) for the ADT assay. 623 
Weighted Nearest Neighbor (WNN) analysis45 was used to improve clustering by combining 624 
the RNA and ADT data. FindMultiModalNeighbors was performed using 30 dimensions for 625 
RNA and 18 for ADT and the data visualised using UMAP. Clusters were determined using 626 
using FindClusters using SLM algorithm with a resolution of 0.8 and cell types identified using 627 
expression of mRNA and protein markers.  628 
Differential expression analysis was performed on the RNA assay which was first log 629 
normalised. The integrated object was subset by cell type and FindMarkers run for each type 630 
I IFN versus the unstimulated sample using a Wilcoxon Rank Sun test with a logfc threshold 631 
of 0.25 and genes that are detected in a minimum of 10% of cells. DEGs were defined as 632 
having an adjusted p value of < 0.05. Seurat (v4.1.1), Pheatmap (v1.0.12), ComplexHeatmap 633 
(v2.14.0), scCustomize (v1.1.1), eulerr (v7.0.0) and ggforce(v0.4.1.9000) were used for data 634 
visualisation.  635 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 3, 2023. ; https://doi.org/10.1101/2023.07.03.547491doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.03.547491
http://creativecommons.org/licenses/by/4.0/


 19 

Resource availability 636 

 637 

Lead contact 638 

Further information and requests for resources and reagents should be directed to and will 639 
be fulfilled by the lead contact, Jan Rehwinkel (jan.rehwinkel@imm.ox.ac.uk). 640 

 641 

Materials availability 642 

This study did not generate any unique reagents. 643 

 644 

Data and code availability 645 

All data are available in the manuscript and associated supplementary files and at 646 
https://rehwinkellab.shinyapps.io/ifnresource/. Mass cytometry data generated during this 647 
study has been deposited at Flow Repository (FR-FCM-Z655) and is publicly available. The 648 
data used in Figure 1 was published previously.63 Sequencing data generated during this study 649 
has been deposited on ENA and is publicly available (PRJEB60774). All original code has been 650 
deposited at GitHub (https://github.com/rerigby/ifn-resource) and is publicly available. Any 651 
additional information required to reanalyse the data reported in this paper is available from 652 
the lead contact upon request. 653 
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 680 
Figure 1. Phosphorylation of STAT proteins in response to IFN-α2a 681 
(a) Overview of the type I IFN system. (b) Schematic representation of the mass cytometry 682 
workflow to quantify protein phosphorylation in response to type I IFN-treatment. (c) Median 683 
expression of pSTAT1, pSTAT3, pSTAT4, pSTAT5 and pSTAT6 in PBMCs treated with increasing 684 
concentrations of IFN-α2a for 15 minutes. (d) Depiction of the data shown in (c) as a heatmap. 685 
(e) Violin plots showing expression of each pSTAT in the indicated cell types in response to 686 
increasing concentrations of IFN-α2a. The number of cells analysed is shown in parentheses. 687 
Violin plots for all cell types are shown in Figure S1c. Data are from one experiment with one 688 
donor. See also Figures S1 and S2 and Supplementary Tables 1 and 2.  689 
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690 
Figure 2. Phosphorylation of STAT proteins in response to different type I IFNs 691 
(a) Median expression of pSTATs in PBMCs in response to treatment with 2500 U/ml of the 692 
indicated type I IFNs for 15 minutes. (b) Depiction of the data shown in (a) as a dot plot. (c) 693 
UMAP plot showing clustering of PBMCs and identification of different cell types based on 694 
expression of the phenotyping markers. (d – h) Heatmaps showing median expression of 695 
pSTATs in each cell type in response to treatment with different type I IFNs. Data are from 696 
one experiment with one donor. See also Figures S3 – S6 and Supplementary Tables 3 – 8. 697 
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 698 
Figure 3. Bulk RNAseq of type I IFN-stimulated PBMCs 699 
(a,b) Volcano plots of differentially expressed protein-coding genes (a) and lncRNAs (b) in 700 
PBMCs stimulated with 250 U/ml of the indicated type I IFNs for 24 hours, compared to mock 701 
stimulated PBMCs. Red indicates significant upregulation of expression (padj < 0.05, fold 702 
change > 1.5) and blue indicates significant downregulation of expression (padj < 0.05, fold 703 
change < -1.5); the corresponding numbers of genes are shown. (c) Heatmap of all protein-704 
coding genes that are significantly differentially expressed in response to at least one type I 705 
IFN, compared to unstimulated PBMCs (2,430 up-regulated and 2,130 down-regulated 706 
genes). (d, e). Heatmaps of expression of 379 annotated ISGs (d) and top 50 up-regulated ISGs 707 
(e). In c - e, genes are ranked by z-score of all type I IFN-stimulated samples. Data are from 708 
one experiment with three donors. See also Figures S7 – S12 and Supplementary Tables 9 – 709 
15. 710 
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 711 
Figure 4. Single cell RNAseq analysis of PBMCs stimulated with type I IFNs 712 
(a) UMAP visualisation of 19,587 single cells clustered following weighted nearest neighbour 713 
(WNN) analysis integrating protein and RNA data for each cell. (b) UMAP plots showing 714 
expression of the phenotyping markers CD3, CD19, CD11c and CD4 at the protein (top row) 715 
and RNA (bottom row) level. (c) UMAP showing expression of IFI44L in unstimulated and type 716 
I IFN-stimulated samples. Data are from one experiment with one donor. See also Figures S13 717 
and S14 and Supplementary Tables 16 – 22. 718 
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 719 
Figure 5. Cell type-specific responses to type I IFNs 720 
(a) Venn diagram showing the number of genes significantly up-regulated in response to all 721 
tested type I IFNs in monocytes and lymphocytes. Gene lists are provided in Figure S15. (b) 722 
Violin plots showing expression of selected genes in unstimulated or IFN-β-treated cells. (c) 723 
Heatmaps showing average expression of significantly up-regulated genes for each sample. 724 
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Expression is represented as a z-score across all samples for each gene. Data are from one 725 
experiment with one donor. See also Figures S15 – S17.  726 
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 727 
Figure 6. Response of classical monocytes to type I IFNs 728 
(a) Heatmap showing expression of the 225 genes significantly up-regulated in response to all 729 
tested type I IFNs in classical monocytes in the unstimulated and IFN-β-stimulated conditions. 730 
Each row represents a gene and each column a cell. An enlarged heatmap with annotated 731 
gene names is provided in Figure S18. (b,c) Sinaplots with violin outline showing the ISG scores 732 
calculated using the 225 up-regulated genes in classical monocytes (b) and our list of ten core 733 
ISGs (c). ISG scores were determined on a per cell basis and are shown for classical monocytes 734 
with each black dot representing a single cell. Data are from one experiment with one donor. 735 
See also Figures S18 – S26.  736 
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Supplementary Materials 737 

 738 
Supplementary Figures 1-26 739 
 740 
Key Resources Table 741 
 742 

Supplementary Tables 1-20 743 

Supplementary Table 1: Mass cytometry: Median expression of markers per cluster (IFN-α2a 744 
dose titration, 15 min stimulation), used in Figure 1 745 

Supplementary Table 2: Mass cytometry: Number of cells per sample, by cluster (IFN-α2a 746 
dose titration, 15 min stimulation), used in Figure 1 747 

Supplementary Table 3: Mass cytometry: Median expression of markers per cluster (all type I 748 
IFNs, 15 min stimulation), used in Figure 2 749 

Supplementary Table 4: Mass cytometry: Number of cells per sample, by cluster (all type I 750 
IFNs, 15 min stimulation), used in Figure 2 751 

Supplementary Table 5: Mass cytometry: Median expression of markers per cluster (IFN-α1, 752 
IFN-α2α, IFN-α10, IFN-β, IFN-ω, 90 min stimulation), used in Figure S4 753 

Supplementary Table 6: Mass cytometry: Number of cells per sample, by cluster (IFN-α1, IFN-754 
α2α, IFN-α10, IFN-β, IFN-ω, 90 min stimulation), used in Figure S4 755 

Supplementary Table 7: Mass cytometry: Median expression of markers per cluster (IFN-α1, 756 
IFN-α2α, IFN-α10, IFN-β, IFN-ω, 24 h stimulation), used in Figure S5 757 

Supplementary Table 8: Mass cytometry: Number of cells per sample, by cluster (IFN-α1, IFN-758 
α2α, IFN-α10, IFN-β, IFN-ω, 24 h stimulation), used in Figure S5 759 

Supplementary Table 9: Bulk RNAseq: Length scaled TPM (protein-coding genes) 760 

Supplementary Table 10: Bulk RNAseq: Differential expression testing – all genes (protein-761 
coding genes) 762 

Supplementary Table 11: Bulk RNAseq: Significantly differentially expressed genes (protein-763 
coding genes) 764 

Supplementary Table 12: Curated list of ISGs, used in Figure 3 and Figure S12 765 

Supplementary Table 13: Bulk RNAseq: Length scaled TPM (lncRNAs) 766 

Supplementary Table 14: Bulk RNAseq: Differential expression testing – all lncRNAs (lncRNAs) 767 

Supplementary Table 15: Bulk RNAseq: Significantly differentially expressed genes (lncRNAs) 768 

Supplementary Table 16: CITE-seq: HTO sequences 769 

Supplementary Table 17: CITE-seq: ADT sequences 770 

Supplementary Table 18: CITE-seq: Differentially expressed genes (IFN-α1 v unstim) 771 

Supplementary Table 19: CITE-seq: Differentially expressed genes (IFN-α2a v unstim) 772 

Supplementary Table 20: CITE-seq: Differentially expressed genes (IFN-α10 v unstim) 773 

Supplementary Table 21: CITE-seq: Differentially expressed genes (IFN-β v unstim) 774 

Supplementary Table 22: CITE-seq: Differentially expressed genes (IFN-ω v unstim) 775 
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776 
Figure S1 (Related to Figure 1). Phosphorylation of STAT proteins in response to IFN-α2a at 777 
15 minutes 778 
(a, b) UMAP (a) and heatmap (b) plots showing clustering of PBMCs and identification of 779 
different cell types based on expression of phenotyping markers. The percentage of cells per 780 
cluster is shown in the histogram on the right-hand side of (b). (c) Violin plots showing 781 
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expression of each pSTAT in the indicated cell types in response to increasing concentrations 782 
of IFN-α2a.  783 
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784 
Figure S2 (Related to Figure 1).  Baseline expression of STAT1, pSTAT1, STAT3 and pSTAT3 785 
in different cell types 786 
(a, b) Violin (a) and UMAP (b) plots showing the expression of STAT1, pSTAT1, STAT3 and 787 
pSTAT3 in unstimulated PBMCs, clustered as shown in Figure S1a. (c) Heatmap showing 788 
expression of phosphorylated proteins in unstimulated cells.  789 
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790 
Figure S3 (Related to Figure 2). Phosphorylation of signalling proteins in response to type I 791 
IFN stimulation at 15 minutes 792 
(a) Median expression of pNFκBp65, p-p38, pMAPKAPK2 and pERK1/2 in PBMCs in response 793 
to treatment with 2,500 U/ml of each type I IFN for 15 minutes. (b) Depiction of the data 794 
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shown in (a) as a dot plot. (c) Heatmap showing expression of the 26 phenotyping markers 795 
used for cell type identification as shown in Figure 2c. The percentage of cells per cluster is 796 
shown in the histogram on the right-hand side. (d-g) Heatmaps showing median expression 797 
of the indicated phosphoproteins in each cell type in response to treatment with different 798 
type I IFNs. 799 

800 
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 801 
Figure S4 (Related to Figure 2). Phosphorylation of STAT proteins in response to stimulation 802 
with type I IFNs at 90 minutes 803 
(a) Median expression of pSTATs in PBMCs in response to treatment with 25, 250 and 2,500 804 
U/ml of the indicated type I IFNs for 90 minutes. (b) Depiction of the data shown in (a) as line 805 
plots. (c) UMAP plot showing clustering of PBMCs and identification of different cell types 806 
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based on expression of the phenotyping markers. (d-h) Heatmaps showing median expression 807 
of pSTATs in each cell type in response to treatment with different type I IFNs. 808 

809 
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 810 
Figure S5 (Related to Figure 2). Phosphorylation of STAT proteins in response to stimulation 811 
with type I IFNs at 24 hours 812 
(a) Median expression of pSTATs in PBMCs in response to treatment with 25, 250 and 2,500 813 
U/ml of the indicated type I IFNs for 24 hours. (b) Depiction of the data shown in (a) as line 814 
plots. (c) UMAP plot showing clustering of PBMCs and identification of different cell types 815 
based on expression of the phenotyping markers. (d-h) Heatmaps showing median expression 816 
of pSTATs in each cell type in response to treatment with different type I IFNs. 817 
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 818 
Figure S6 (Related to Figure 2). Phosphorylation of STAT proteins in response to IFN-α2a at 819 
different timepoints 820 
Median expression of pSTATs in total PBMCs after stimulation with IFN-α2a for 15 minutes, 821 
90 minutes or 24 hours. The data were pooled from Figures 1c, S4b and S5b without further 822 
normalisation.  823 
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 824 
Figure S7 (Related to Figure 3). Kinetics of ISG expression in response to stimulation with 825 
IFN-α1 or IFN-β 826 
(a, b) PBMCs were stimulated with 250 U/ml of IFN-α1 (a) or IFN-β (b) or left unstimulated for 827 
the indicated periods of time. RNA was extracted and RT-qPCR for the indicated ISGs was 828 
performed. Data were normalised to expression of the housekeeping gene HPRT and are 829 
shown as fold change relative to unstimulated cells harvested at the same timepoint. Data 830 
are from PBMCs from one donor and error bars show range of duplicate stimulated wells.  831 
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Figure S8 (Related to Figure 3). Differentially expressed protein-coding genes and lncRNAs 833 
in type I IFN-stimulated samples 834 
(a, b) Number of reads pdeudoaligning with the protein-coding human transcriptome (a) or 835 
lncRNA database (b). (c) Quantification of expression of the indicated genes. (d,e) Labelled 836 
volcano plots for IFN-β-stimulated samples from Figure 3a and 3b. In (a-c), colours indicate 837 
individual PBMC donors.  838 
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 839 
Figure S9 (Related to Figure 3). Number of differentially expressed genes using increased 840 
fold change stringency filters 841 
(a,b) Heatmaps of genes differentially expressed in response to stimulation with at least one 842 
type I IFN (padj < 0.05) using 5-fold (a) and 10-fold (b) thresholds. Genes are ranked by z-score 843 
of all type I IFN-stimulated samples.  844 
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 845 
Figure S10 (Related to Figure 3). Genes differentially expressed in response to one type I 846 
IFN subtype only 847 
(a) Summary table of the number of differentially expressed protein-coding genes in response 848 
to stimulation with each type I IFN subtype (padj < 0.05, fold change > 1.5 or < -1.5). (b-f) 849 
Heatmaps for genes uniquely up- or down-regulated by the indicated type I IFN subtype 850 
compared to unstimulated cells. Row names were omitted for clarity from heatmaps with > 851 
50 rows for visualisation purposes. Genes were ranked by z-score for the indicated type I IFN-852 
stimulated samples.  853 
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Figure S11 (Related to Figure 3). Gene Ontology of genes significantly differentially 855 
expressed by all type I IFNs compared to unstimulated PBMCs 856 
(a,b) Gene Ontology (GO) analysis was performed using the lists of genes significantly up- 857 
(padj < 0.05, fold change > 1.5) or down- (padj < 0.05, fold change < -1.5) regulated by all type 858 
I IFNs using GOSeq, accounting for gene length. The Top 50 Biological Process GO terms are 859 
shown for upregulated (a) and downregulated (b) genes, sorted according to the percentage 860 
of hits for each term from the genes in each list. The number of genes and p-value for each 861 
GO term are indicated.  862 
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 863 
Figure S12 (Related to Figure 3). Differential expression of lncRNAs following stimulation 864 
with type I IFN compared to unstimulated PBMCs 865 
(a) Heatmap of all lncRNAs significantly differentially expressed (padj < 0.05, fold change > 1.5 866 
or < -1.5) in response to at least one type I IFN, compared to unstimulated PBMCs (2,931 up-867 
regulated lncRNAs and 2,053 down-regulated lncRNAs). (b) Number of lncRNAs differentially 868 
expressed in response to each different type I IFN subtype. (c) lncRNAs differentially 869 
expressed in response to all type I IFN subtypes. (d) lncRNAs shown in (c) that are associated 870 
with ISGs (n = 56 up-regulated and 2 down-regulated). (e,f) Top 50 up-regulated (e) and down-871 
regulated (f) lncRNAs. (g) Quantification of lncRNA NRIR. Colours indicate individual PBMC 872 
donors. In (a) and (c-f), lncRNAs are ranked by z-score of all type I IFN-stimulated samples.  873 
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 874 
Figure S13 (Related to Figure 4). CITE-seq of PBMCs stimulated with type I IFNs 875 
(a) UMAP plots showing the 32 cell clusters identified following clustering by RNA expression, 876 
protein expression or a weighted combination of both (cells from all samples combined). (b) 877 
Identification of different cell types based on merging of the clusters in (a). (c) Separation of 878 
the WNN UMAP by sample. 879 
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Figure S14 (Related to Figure 4). Core ISGs 881 
UMAP plots showing the expression of the ten core ISGs across all samples.  882 
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 883 
Figure S15 (Related to Figure 5). Monocyte and lymphocyte-specific ISGs 884 
Venn diagram from Figure 5a showing the names of the genes in each segment. 885 
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 886 
Figure S16 (Related to Figure 5). Monocyte and lymphocyte-specific ISGs 887 
Venn diagrams showing cell type-specific ISGs as in Figure S15, further dividing lymphocytes 888 
into B cells, T cells and NK cells. 889 
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890 
Figure S17 (Related to Figure 5). Genes up-regulated in response to only one type I IFN 891 
subtype only in monocytes or lymphocytes 892 
(a) Summary tables of the number of differentially expressed genes in response to stimulation 893 
with each type I IFN subtype in monocytes (classical monocytes, alternative/intermediate 894 
monocytes) and lymphocytes (central memory CD4+ T cells, naïve CD4+ T cells, CD56lo NK 895 
cells, B cells, central memory CD8+ T cells, effector CD8+ T cells, MAIT cells, other NK cells, 896 
naïve CD8+ T cells, regulatory T cells, effector memory CD4+ T cells and γδ-T cells). (b-j) 897 
Heatmaps for genes uniquely up-regulated by the indicated type I IFN subtype compared to 898 
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unstimulated PBMCs (padj < 0.05, log2 fold change > 0.25) plotted for myeloid cells (all 899 
monocytes, cDCs, basophils) or lymphocytes (all T cells, B cells, NK cells, pDCs). Genes were 900 
ranked by z-score for the indicated type I IFN-stimulated samples.  901 
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Figure S18 (Related to Figure 6). Response of classical monocytes to type I IFNs 903 
Enlargement of the heatmap in Figure 6a with annotated rows (for online viewing).  904 
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 905 
Figure S19 (Related to Figure 6). Response of classical monocytes to type I IFNs 906 
Heatmap showing expression of the 225 genes significantly up-regulated in response to all 907 
tested type I IFNs in classical monocytes, in unstimulated and stimulated cells. Each row 908 
represents a gene and each column a cell.  909 
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 910 

 911 
Figure S20 (Related to Figure 6). Expression of IFI27, CCL8, CCL2 and CXCL10 in individual 912 
cells 913 
Expression of the indicated genes is shown for IFN-β-stimulated classical monocytes. 914 
Heatmaps are clustered by columns which represent individual cells. 915 
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 916 
Figure S21 (Related to Figure 6). Expression of genes up-regulated in classical monocytes in 917 
other cell types 918 
Heatmaps showing expression of the 225 genes that were significantly up-regulated by all 919 
tested type I IFNs in classical monocytes, in unstimulated and IFN-β-treated B cells and naïve 920 
CD4+ T cells. Gene names are provided for online viewing. 921 
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 922 
Figure S22 (Related to Figure 6). Response of B cells to type I IFNs 923 
(a-c) Heatmaps showing expression of the 94 genes significantly up-regulated by all tested 924 
type I IFNs in B cells in unstimulated and IFN-β-treated cells for B cells (a), classical monocytes 925 
(b) and naïve CD4+ T cells (c). Gene names are provided for online viewing.  926 
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 927 

 928 
Figure S23 (Related to Figure 6). Response of naive CD4+ T cells to type I IFNs 929 
(a-c) Heatmaps showing expression of the 113 genes significantly up-regulated by all tested 930 
type I IFNs in naïve CD4+ T cells, in unstimulated and IFN-β-treated cells for naïve CD4+ T cells 931 
(a), B cells (b) and classical monocytes (c). Gene names are provided for online viewing.  932 
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 933 
Figure S24 (Related to Figure 6). Selected ISGs significantly up-regulated by classical 934 
monocytes, B cells and naïve CD4+ T cells 935 
Violin plots showing expression of twelve ISGs significantly up-regulated by classical 936 
monocytes, B cells and naïve CD4+ T cells in response to all type I IFN subtypes tested, in 937 
unstimulated and IFN-β-stimulated cells. 938 
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 939 
Figure S25 (Related to Figure 6). ISG scores for each cell type 940 
Sinaplots with violin outline showing the ISG scores calculated using all genes significantly up-941 
regulated by all type I IFNs for each cell type. 942 
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Figure S26 (Related to Figure 6). Core ISG scores for each cell type 944 
Sinaplots with violin outline showing the ISG scores calculated using our ten core ISGs across 945 
each cell type. 946 

947 
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