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One Sentence Summary: IgA1 autoantibodies synergize with IgG in RNA-containing immune 
complexes to generate robust pDC IFNa responses in a FcaR receptor dependent manner.  

Abstract:  
 

Autoantibodies to nuclear antigens are hallmarks of the autoimmune disease systemic lupus 
erythematosus (SLE) where they contribute to pathogenesis. However, there remains a gap in our 
knowledge regarding how different isotypes of autoantibodies contribute to disease, including the 
production of the critical type I interferon (IFN) cytokines by plasmacytoid dendritic cells (pDCs) 
in response to immune complexes (ICs). We focused on IgA, which is the second most prevalent 
isotype in serum, and along with IgG is deposited in glomeruli in lupus nephritis. Here, we show 
that individuals with SLE have IgA autoantibodies against most nuclear antigens, correlating with 
IgG against the same antigen. We investigated whether IgA autoantibodies against a major SLE 
autoantigen, Smith ribonucleoproteins (Sm/RNPs), play a role in IC activation of pDCs. We found 
that pDCs express the IgA-specific Fc receptor, FcaR, and there was a striking ability of IgA1 
autoantibodies to synergize with IgG in RNA-containing ICs to generate robust pDC IFNa 
responses. pDC responses to these ICs required both FcaR and FcgRIIa, showing a potent synergy 
between these Fc receptors. Sm/RNP IC binding to and internalization by pDCs were greater when 
ICs contained both IgA1 and IgG. pDCs from individuals with SLE had higher binding of IgA1-
containing ICs and higher expression of FcaR than pDCs from healthy control individuals. 
Whereas pDC FcaR expression correlated with blood ISG signature in SLE, TLR7 agonists, but 
not IFNa, upregulated pDC FcaR expression in vitro. Together, we show a new mechanism by 
which IgA1 autoantibodies contribute to SLE pathogenesis.  
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Main Text: 

INTRODUCTION 
 
Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by the 

breakdown of tolerance to nuclear antigens and systemic inflammation. Individuals with SLE have 
circulating autoreactive anti-nuclear antibodies (ANAs) that recognize nuclear antigens such as 
dsDNA and DNA or RNA-associated proteins, such as histones or subunits of ribonucleoproteins 
(RNPs) (1–3). ANAs form nucleic acid-containing immune complexes (ICs), which deposit in 
tissues where they are recognized by and trigger inflammatory responses in Fc receptor (FcR) 
expressing cells such as dendritic cells, monocytes, and neutrophils (4–8). In this way ANA-ICs 
facilitate nucleic acid entry to endosomes where RNA and DNA sensing innate immune receptors 
reside, thereby allowing immune cells to aberrantly respond to autologous RNA and DNA 
molecules.   

 
While it is generally accepted that autoantibodies to nuclear antigens contribute to SLE 

pathology, there is still much to be discovered regarding how different isotypes and antigen 
specificities contribute to disease. Most studies have focused on IgG isotype ANAs in SLE (1, 9), 
however there are four additional isotypes present in serum: IgA, IgM, IgD and IgE (10–12). IgA 
is the second most prevalent antibody isotype after IgG (10), and there is some evidence that IgA 
ANAs may contribute to SLE pathology. A few studies have shown that IgA anti-dsDNA 
antibodies are present in 30-50% of individuals with SLE and that IgA anti-dsDNA antibodies 
correlated to SLE disease activity index (SLEDAI), lupus nephritis, and other markers of SLE 
severity, such as high erythrocyte sedimentation rate and low complement C3 and C4 (13–15). 
IgA is almost uniformly present in lupus nephritis glomeruli, in addition to IgG, IgM, C3 and C1q, 
and is used for diagnosis (16). Elevated levels of IgA ANAs have also been found in the saliva and 
fecal samples of SLE subjects (17, 18). Additionally, one study found a substantial increase in IgA 
isotype B cell clones in SLE compared to healthy controls and other immune-mediated diseases 
(19). However, the pathophysiologic significance of IgA in lupus nephritis is not understood and 
requires further investigation. Several studies have shown that IgA antibodies have a pathogenic 
role in other inflammatory diseases e.g., IgA nephropathy, IgA vasculitis, dermatitis herpetiformis, 
inflammatory bowel disease, linear IgA bullous disease and rheumatoid arthritis (20).  

 
IgA is a unique isotype that has multiple forms and functions. IgA is generally recognized 

as important in mucosal immunity where it is secreted as a secretory dimeric (SIgA) form that can 
bind and neutralize pathogens (20). IgA is also abundant in human serum, where it exists mainly 
in a monomeric form that can be regulatory and promote immune homeostasis (20–22). The IgA-
specific FcaR (CD89) associates with the immune tyrosine activating motif (ITAM)-containing 
FcR common gamma (FcRg) chain to confer downstream signaling and internalization in response 
to IgA-FcaR binding (23, 24).  When monomeric IgA binds to FcαR, the associated ITAMs are 
only partially phosphorylated resulting in recruitment of SHP-1 and downstream inhibitory 
signaling (25–27). Multimeric or complexed IgA binding to FcaR causes clustering of the receptor 
and the associated FcRg chains resulting in complete phosphorylation of FcRg ITAMs, recruitment 
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of Syk, and downstream pro-inflammatory signaling (24, 28). In this way, IgA functions as 
inhibitory when monomeric and stimulatory when multimeric. In some contexts, IgA-FcaR 
interactions are more effective than IgG-FcgR interactions at stimulating immune responses. 
Multimeric IgA can be more potent than IgG at activating neutrophils (29, 30) and FcaR signaling 
enhances toll-like receptor (TLR) signaling in monocytes and macrophages (31). Lastly, a non-
synonymous SNP in FCAR, encoding FcaR, which enhances signaling through this receptor, was 
associated with increased risk of SLE in a case-control study (32). Thus, there is evidence that IgA 
has diverse roles in immune responses, and may be important in SLE. Because there is no mouse 
orthologue of FCAR, studies of IgA and FcaR in human disease require human systems. 

 
Because of the emerging studies suggesting IgA autoantibodies may be relevant in SLE 

and data demonstrating that multimeric IgA is potent at stimulating immune cells through FcaR, 
we wanted to better understand the role IgA ANAs play in the context of SLE. Specifically, we 
asked how IgA ANAs contribute to plasmacytoid dendritic cell (pDC) responses in SLE. pDCs 
are specialized innate immune cells implicated in SLE pathogenesis that release large amounts of 
the key type I interferon (IFN) cytokines in response to RNA and DNA sensing by TLRs 7 and 9, 
respectively (8, 33–36). Type I IFNs are cytokines critical for anti-viral immune responses with 
myriad immune modulating functions, including promoting B cell survival, plasma cell 
differentiation, T cell proliferation and DC maturation (37). Additionally, type I IFNs promote the 
expression of interferon-stimulated genes (ISGs) in many cell types, which are upregulated in 
individuals with SLE compared to healthy control individuals and correlate to measures of SLE 
disease severity (3, 38, 39). In pDCs, FcR recognition of ANA-ICs facilitates the internalization 
of nucleic acids to endosomes, where TLR7 and TLR9 reside (5, 8). This leads to TLR signaling 
via IRF7 and subsequently potent type I IFN production, contributing to the pathogenesis of SLE 
(39, 40).  

 
Given the important role of pDCs in type I IFN production in SLE, we chose to focus on 

the effect IgA-containing ICs have on these cells. We found pDCs express FcaR in addition to the 
IgG-binding FcgRIIa and can bind both IgA and IgG. Using a unique in vitro system employing 
serum from individuals with SLE to generate ICs with potent pDC stimulatory function, we show 
here a novel and critical function for the IgA1 subtype in pDC type I IFN production in response 
to RNA-containing RNPs. FcaR and FcgRIIa acted synergistically to induce type I IFN production 
through facilitating internalization of ICs, and pDCs from individuals with SLE had higher IC 
internalization and FcaR expression than those from HCs. Thus, we have uncovered a critical role 
of IgA1 and FcaR in pDC responses in SLE. 

 
RESULTS  

 
SLE donors have IgA isotype ANAs to multiple nuclear autoantigens 
 

To better understand the breadth and prevalence of these IgA anti-nuclear antibodies 
(ANA), we performed autoantigen profiling on serum from 24 SLE subjects assessing both IgA 
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and IgG isotypes. Supplemental Table 1 summarizes the demographics and clinical features 
including disease activity scores (SLEDAI), presence of autoantibodies (ANA, dsDNA, anti-Smith 
RNP) and disease duration. We found that all 24 SLE donors had detectable IgA isotype 
autoantibodies against multiple RNA-associated and DNA-associated nuclear antigens (Fig. 1A, 
Supplementary Fig. 1A). When comparing IgA and IgG autoantibodies to the same autoantigen, 
we found that the level of these antibodies positively correlated in 25/26 nuclear antigens relevant 
to SLE, whereas the degree of correlation and the ratio of IgA to IgG autoantibody varied by 
antigen (Fig. 1A, Supplementary Fig. 1A and 1B). Antibodies against Smith/ribonucleoprotein 
(Sm/RNP) and double stranded DNA (dsDNA) are prevalent in SLE (41, 42) and IgA and IgG 
autoantibodies against these antigens were two of the most highly correlated of all nuclear antigens 
tested (Fig. 1B and Supplementary Fig. 1B).  

 
As an individual’s serum contained both IgA and IgG autoantibodies to the same nuclear 

antigens, we reasoned that the immune complexes (ICs) formed in vivo when these autoantibodies 
recognize their cognate nuclear antigens will likely contain both IgG and IgA isotype antibodies. 
To test whether circulating ICs with both IgA and IgG are found in SLE, we performed ELISAs 
on SLE serum (n=26) using anti-IgG capture antibody and anti-IgA detection antibody. In this way 
we could detect ICs that contained both IgA and IgG regardless of antigen specificity. We found 
that 21/26 SLE donors we tested had detectable mixed IgA/IgG ICs directly ex vivo (Fig. 1C). As 
has been well established (16), we also detected IgA in the glomeruli of diffuse proliferative (class 
IV) lupus nephritis (Fig. 1D).  The fact that mixed IgA/IgG ICs exist in SLE serum, that SLE 
serum often contains both IgA and IgG isotype ANAs, and that lupus nephritis usually shows both 
IgA and IgG deposition, led us to hypothesize that IgA/IgG mixed isotype ICs may contribute to 
disease pathogenesis in SLE. Because IgA and IgG isotype antibodies can have different effector 
functions and are recognized by different FcRs, these isotypes have the potential to both contribute 
to pathogenic IC-mediated responses in SLE.  

 
pDCs express the IgA-specific FcaR and bind IgA 

 
Because pDCs make large quantities of IFNa in response to ICs, we wanted to determine 

how IgA-containing ICs contribute to the responses of pDCs. pDCs express the IgG-specific 
FcgRIIa (CD32a) and respond to IgG-containing ICs, however FcaR expression on or IgA binding 
to pDCs has not been described. Therefore, we first examined whether pDCs express the IgA-
specific FcaR (CD89) and bind to IgA. Analysis of publicly available single-cell RNA sequencing 
data (43) revealed that pDCs expressed FCAR mRNA that encodes the IgA-specific FcaR, albeit 
to a lesser degree than monocytes, which are known to have high FcaR expression (Supplementary 
Fig. 2A). Interestingly, a higher percentage of pDCs had detectable FCAR mRNA than FCGRIIA 
mRNA encoding FcgRIIa, which also had lower percentage and mean counts of expression in 
pDCs compared to monocytes. We confirmed that pDC expression of FCAR mRNA resulted in 
FcaR protein surface expression by flow cytometry (Fig. 2A, Supplementary Fig. 2B). We also 
observed FcgRIIa surface expression on pDCs and saw that both FcaR and FcgRIIa surface 
expression was lower on pDCs compared to monocytes, which was consistent with the scRNA-
Seq data (Fig. 2A, 2B, Supplementary Fig. 2B-C). To determine if pDCs could bind to IgA, we 
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heat-aggregated biotinylated human IgA and used fluorescently-labeled streptavidin to visualize 
the IgA by flow cytometry. In this assay, pDCs bound heat aggregated IgA (Fig. 2C). In addition, 
we detected bound IgA on the surface of pDCs directly ex vivo by staining pDCs with anti-IgA 
antibody (Fig. 2D). As expected, pDCs also bound heat-aggregated IgG in vitro and had surface 
bound IgG directly ex vivo (Fig. 2C, 2D) Therefore, pDCs have the potential to respond to both 
IgA and IgG through FcaR and FcgRIIa, respectively. As we showed above that individuals with 
SLE have circulating ICs containing both IgA and IgG, we hypothesized that these receptors act 
in concert in pDCs to recognize ICs. 
 
IgA1 in Sm/RNP immune complexes enhances pDC IFNa responses via FcaR and FcgRIIa 
co-engagement 
 

We next investigated whether IgA in ICs influences pDC production of IFNa. We focused 
on the IgA1 subtype as this represents the majority of serum IgA (44, 45). We modified a 
previously described in vitro system from Lood et al (46) to test the effect of IgA1 autoantibodies 
on pDC IFNa production in response to ICs in vitro.  Specifically, we used SLE serum to compare 
ICs that contained both IgG and IgA1 autoantibodies (SLE serum) to those depleted of IgA1 (SLE 
serum ΔIgA1) and those generated from purified IgA1 (SLE IgA1) (Fig. 3A). To generate these 
serum reagents, we first identified SLE donors in our biorepository whose serum contained both 
IgA and IgG specific for the RNA-containing Sm/RNP nuclear antigen. We found that 75% 
(12/16) of SLE donors with anti-Sm/RNP IgG also had detectable anti-Sm/RNP IgA by ELISA 
(Table 1, Supplementary Table 2). To generate IgA1-depleted serum (SLE serum ΔIgA1) that 
retained IgG and other antibody isotypes, we performed affinity chromatography on SLE serum 
containing anti-Sm/RNP IgA using Jacalin agarose, which binds to IgA1 (Fig. 3A). Depletion of 
IgA1 from serum resulted in significant depletion of IgA anti-Sm/RNP antibodies but did not alter 
the amount of anti-Sm/RNP IgG or IgE as measured by ELISA (Fig. 3B, Supplementary Fig. 3A-
B). Purified IgA1 was generated by eluting the IgA1 bound to the affinity column used for 
generating IgA1-depleted serum. Purified IgA1 had no detectable contaminating IgG, whether 
specific for Sm/RNP or when measuring total IgG (Fig. 3B, Supplementary Fig. 3A-B). IgA1 
depletion also did not significantly affect total or anti-Sm/RNP-specific IgE levels, and purified 
IgA1 contained minimal anti-Sm/RNP-specific IgE (Supplementary Fig. 3A and 3C). 

 
Using these serum reagents, we generated ICs by combining commercially available 

Sm/RNPs with either whole SLE serum or IgA1-depleted SLE serum to generate ICs containing 
both IgG and IgA or principally IgG, respectively (Fig. 3A). These ICs were added to pDCs 
enriched from fresh healthy control (HC) donor blood, and we measured IFNa secretion in 
response to the RNA contained within the Sm/RNPs by bioassay. As expected, ICs generated by 
mixing SLE serum with Sm/RNPs induced a large amount of type I IFNa secretion from HC pDCs 
from 4 donors, while Sm/RNPs alone elicited very low type I IFNa production (Fig. 4A). 
Depletion of IgA1 from serum before generation of ICs dramatically abrogated pDC IFNa 
secretion, which was rescued when the purified IgA1 was added back to IgA1-depleted serum 
before IC generation (Fig. 4A). Interestingly, ICs generated from purified IgA1 were not sufficient 
to generate strong pDC IFNa secretion, nor were ICs generated from twice the amount of IgA1-
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depleted serum, suggesting that IgA1 synergizes with IgG in ICs for pDC responses (Fig. 4A, 
Supplementary Fig. 4A). To further validate the role of IgA1 in ICs, we purified total IgG and total 
IgA1 from serum of the SLE donor assessed in Figure 4A, allowing us to generate ICs without 
additional serum components. Sm/RNP ICs containing purified IgA1 and IgG induced 
significantly stronger IFNa responses than those induced by ICs made with purified IgG alone 
(Fig. 4B), consistent with a synergistic response with IgG and IgA1 both present in ICs.  

 
We corroborated the importance of IgA1 in pDC responses to Sm/RNP ICs with sera from 

an additional 7 SLE subjects, where we found a 38-99% reduction in IFNa secretion depending 
upon the serum donor (Fig. 4C, Supplementary Fig. 4B, Supplementary Table 3). We also 
validated the reproducibility and durability of these findings by repeating experiments using the 
same SLE serum donor with the same healthy control pDC donor different days months apart (Fig. 
4D, Supplementary Fig. 4C). Consistent results were also found when using different healthy 
control pDC donors with the same SLE serum donor (Supplementary Fig. 4D). We detected low 
amounts of IFNb secreted from 3 of 4 pDC donors when stimulated with SLE serum ICs containing 
both IgA1 and IgG. However, there was no detectable IFNb in response to Sm/RNP ICs lacking 
IgA1 (Supplementary Fig. 4E). Measurement of IFNa2 specifically, as well as TNF, showed a 
similar strong dependence on IgA1 (Fig. 4E). Therefore, our data demonstrate a previously 
unreported role that IgA1 anti-nuclear antibodies have on IC activation of pDCs for cytokine 
secretion. 
 

We hypothesized that Sm/RNP ICs containing both IgG and IgA1 would require co-
engagement of Fc receptors for these isotypes, FcgRIIa and FcaR respectively, for potent IFNa 
production. To test whether FcgRIIa and FcaR are required for pDC recognition of Sm/RNP ICs, 
we blocked pDC FcgRIIa with aggregated purified IgG or anti-FcgRIIa monoclonal antibody 
(mAb), or blocked FcaR with aggregated purified IgA or anti-FcaR mAb before addition of ICs 
generated with SLE serum. IC-induced IFNa was completely dependent upon signaling through 
FcgRIIA, with >95% reduction in IFNa secretion with either aggregated IgG or 6C4 blocking. 
Consistent with the large effect we observed of IgA1 depletion on pDC responses to ICs, both anti-
FcaR and aggregated IgA significantly reduced pDC IFN by ~80% (Fig. 4F, Supplementary Fig. 
4H). These data in combination with our IgA1-depletion results led us to conclude that responses 
to mixed ICs containing both IgA1 and IgG are mediated through co-engagement of the IgA-
specific FcaR acting with the IgG-specific FcgRIIa. 

 
IgA1 in immune complexes promotes internalization by pDCs 

 
We hypothesized that ICs that contain IgA1 might be able to better bind to and be 

internalized by pDCs, delivering the Sm/RNPs to endosomes where the RNA contained in the 
RNPs can activate TLR7. To visualize internalization of ICs, we labeled Sm/RNPs with AF647 
and generated ICs that were detectable by flow cytometry and microscopy. Using flow cytometry, 
we found that IC binding and internalization peaked at ~12 hours and by 20 hours detection of 
Sm/RNP-AF647 decreased presumably due to degradation inside the cells (Fig. 5A). When 
comparing the ICs generated with IgA1-sufficient SLE serum versus those generated with IgA1-
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depleted SLE serum, we found that at 6 and 12 hours there was less pDC binding and 
internalization of IgA1-depleted ICs (Fig. 5A). In subsequent experiments we assessed the 12-hour 
time point and found that binding and internalization was significantly decreased in IgA1-depleted 
Sm/RNP ICs compared to those generated with IgA1-sufficient SLE serum using pDCs from 
multiple HC donors (Supplementary Fig. 5A) and using ICs generated with serum from 4 SLE 
donors (Fig. 5B). Therefore, these data show IgA1 promotes binding and/or internalization of 
Sm/RNP ICs. 

 
When directly comparing the time course of IFNa production to corresponding Sm/RNP-

AF647 internalization we found that there was detectable IFNa at 12 hours that was increased 
substantially at 20 hours (Supplementary Fig. 5B), while internalization peaked at 12 hours (Fig. 
5A). We hypothesized that if increased internalization is the mechanism by which IgA1-IgG 
synergy occurs then Sm/RNP-AF647 internalization at 12 hours and IFNa production at 20 hours 
should correlate to one another. For this analysis we included both groups of ICs generated with 
either IgA1-sufficient or IgA1-depleted SLE serum. Consistent with our hypothesis, 
internalization of Sm/RNP ICs at 12 hours strongly correlated to IFNa secretion at 20 hours 
(r=0.96, p=0.0002) when assessed within a single experiment using one pDC donor and 4 SLE 
serum donors (Fig. 5C). When we combined data from multiple experiments significant correlation 
was maintained (r=0.66, p=0.0005) (Supplementary Fig. 5C) and this correlation was stronger 
(r=0.79, p<0.0001) when we normalized to account for the pDC donor differences in the magnitude 
of IFNa produced (Fig. 5D). Therefore, the degree of binding and internalization of Sm/RNP ICs 
correlated to the amount of IFNa produced by pDCs. 

 
As we could not distinguish IC binding and IC internalization using the flow cytometry 

assay, we used confocal microscopy to assess IC internalization more directly. We added either 
IgA1-sufficient or IgA1-depleted AF647-labeled Sm/RNP ICs to freshly isolated HC pDCs and 
cultured for 12 hours, using Sm/RNP-AF647 alone as a control for non-specific uptake, and 
collected full z-stacks of imaged fields to determine whether the AF647 signal was fully 
internalized or bound to the pDC surface (Fig. 6A, Supplementary Fig. 6A, 6B). Using IgA1-
sufficient SLE serum, we found that 29% of pDCs had internalized Sm/RNP-AF647 ICs and 9.6% 
had Sm/RNP-AF647 ICs that appeared bound to the surface of the cell (Fig. 6B). Sm/RNP-AF647 
ICs made with SLE IgA1-depleted serum resulted in significantly reduced binding and 
internalization, with only 4.6% of pDCs showing internalization and 4.6% of pDCs showing 
binding of ICs. pDCs incubated with Sm/RNP-AF647 alone showed little binding or 
internalization (Fig. 6B). Taken together with our flow cytometry data, we conclude that IgA1 in 
ICs results in increased binding and internalization by pDCs that correlates with IFNa production.  
 
SLE pDCs have increased capacity to bind ICs and increased surface FcaR expression 
compared to healthy control pDCs 
 

Because IC internalization and pDC IFNa production correlated and both pDCs and IFNa 
are implicated in SLE pathology, we asked if pDCs from SLE donors had an increased capacity to 
bind to ICs compared to those from matched HC donors (Supplementary Table 3). We incubated 
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PBMCs with Sm/RNP-AF647 ICs generated with SLE serum that contains both IgG and IgA for 
3.5 hours at 37 degrees C and then measured binding and internalization by flow cytometry 
(Supplementary Fig. 7A). Importantly, the SLE serum used here showed strong IgA1 dependence 
for pDC IFNa secretion and IC binding/internalization in our assays. We found that SLE donor 
pDCs had significantly increased binding/internalization of Sm/RNP ICs compared to pDCs from 
HC donors (Fig. 7A). We also measured FcaR and FcgRIIa expression on duplicate samples from 
this cohort and found that pDC IC binding/internalization positively correlated to pDC FcaR 
surface expression, but not FcgRIIa surface expression (Fig. 7B). CD14+ monocytes in the same 
samples showed a trend for increased IC binding and internalization by those from SLE donors, 
but this did not reach statistical significance, nor did it correlate with monocyte FcaR or FcgRIIa 
expression (Supplementary Figs. 7B, 7C). Therefore, pDCs from donors with SLE had the capacity 
to bind and internalize IgA1-dependent ICs to a greater extent than those from HC donors.  
  

Based on our findings that pDC IC binding/internalization and FcaR expression correlated, 
we hypothesized that the increased Sm/RNP IC internalization by SLE pDCs might be due to 
increased FcaR surface expression compared to HC pDCs. Therefore we used flow cytometry to 
measure expression of these receptors on pDCs from 36 matched SLE and HC donors 
(Supplementary Table 1, 3). FcaR expression was significantly higher on pDCs from SLE donors 
than from HC donors, while there was no difference between HC and SLE pDCs in FcgRIIa 
expression (Fig. 7C) or IgE specific FceR1a expression (Supplementary Fig. 7D). CD14+ 
monocytes from HC and SLE donors showed no difference in either FcaR or FcgRIIa expression 
(Fig. 7F, Supplementary Fig. 7E). These data suggest that the increased Sm/RNP IC 
binding/internalization by pDCs from SLE donors may be due to increased FcaR expression, 
which could lead to increased IFNa production from SLE pDCs in a feed forward loop.  

 
To explore whether the expression of FcaR on SLE pDCs was related to IFNa production 

in vivo, we performed whole blood RNA-Seq on matched samples taken from the same blood 
draw that we had used to measure FcaR expression for 18 subjects with samples available. Upon 
analysis of the top 50 genes positively correlated with FcaR MFI, we noted many were known 
interferon-stimulated genes (ISGs) with 19 of these top 50 found in the Hallmark IFNa response 
gene set (Fig. 8A), though several others in this list are well known ISGs including IFIT1, STAT1, 
OAS3 and CCL2. To explore this association between pDC FcaR expression and ISG signature 
more closely, we assessed if there was a correlation between the median expression of the entire 
Hallmark IFNa response gene set and pDC FcaR surface expression. There was a significant 
positive correlation between pDC FcaR expression and the Hallmark IFNa gene signature in SLE 
donors (Fig. 8B), while there was no such correlation with this gene signature and pDC FcgRIIa 
expression or monocyte FcaR or FcgRIIa expression (Fig. 8C, Supplemental Fig. 8A). Therefore, 
the IFNa rich environment in SLE specifically correlates with FcaR expression on pDCs.  

 
To examine if IFNa itself can upregulate pDC FcaR expression, we cultured pDCs for 36 

hrs in the presence of IFNa and found there was no increase in pDC FcaR expression compared 
to untreated pDCs (Fig. 8D). We also investigated if treatment with the TLR7 agonist R848 or 
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with TNF could upregulate surface FcaR on pDCs, and found that R848 treatment significantly 
upregulated pDC FcaR expression while there was a trend for increased pDC FcaR expression 
after TNF treatment (Fig. 8D). None of these treatments significantly changed FcgRIIa expression 
on pDCs (Supplementary Fig. 8B). Thus, while an ISG signature in SLE correlates with FcaR 
expression, this is likely due to pDC activation via TLR7, rather than a direct effect of type I IFNs 
on these cells. 

 

DISCUSSION  
 

Our study aimed to better understand how IgA isotype autoantibodies contribute to SLE 
pathology. Our rationale for exploring IgA isotype autoantibodies in SLE was based upon recent 
insights including: the presence of IgA autoantibodies in SLE (13–15, 17, 18, 47), evidence that 
IgA can be pathogenic in rheumatoid arthritis (48, 49), and an increasing appreciation of the ability 
of IgA to facilitate proinflammatory immune responses when bound to viral and bacterial 
pathogens or in anti-tumor responses (29, 30). Glomerular IgA staining in addition to IgG, IgM, 
C1q and C3, so-called “full house” immunofluorescence, is an almost uniform finding in all classes 
of lupus nephritis (16). Additionally, IgA is the second most prevalent antibody in serum (20) and 
is produced at the highest rate of all isotype antibodies combined, with a rate of ~66 mg/kg of body 
mass each day (20). Using autoantigen arrays, we found that most individuals with SLE have IgA 
autoantibodies against at least one nuclear antigen, and these individuals often have autoantibodies 
of both IgA and IgG isotypes against the same nuclear antigens. We also identified circulating 
immune complexes containing both IgA and IgG in some individuals with SLE, suggesting that 
increasing our knowledge of how these isotypes work together in immune complexes is essential 
for better understanding the mechanisms driving SLE pathology.  

 
We found that IgA1 autoantibodies synergize with IgG to enhance pDC responses to 

immune complexes in SLE. When specifically investigating anti-Sm/RNP autoantibodies, we 
found that most SLE donors with anti-Sm/RNP IgG also had circulating IgA to this autoantigen. 
Using serum from these individuals, we identified a potent synergy between IgA1 and IgG anti-
Sm/RNP autoantibodies for pDC cytokine production and pDC IC internalization.  Because both 
FcαR and FcgRIIa signal through ITAMs, either in the associated FcRg chain for FcαR or in the 
intracellular tail for FcgRIIa, it is not apparent why there is such strong synergy when co-signaling 
through these receptors when both IgG and IgA1 are present in ICs. A possible explanation for 
why IgA enhances the IC-mediated IFNa response is because the affinity for multimeric antigen-
bound IgA for FcaR is greater than similarly complexed IgG for FcgRIIa (50–52). This could 
result in immune complexes containing both IgA1 and IgG having a higher overall avidity for pDC 
FcRs than those containing only IgG. Additionally, the FcRg signaling chain associated with FcaR 
has two ITAMs, whereas FcgRIIa only has one ITAM (28), which may lead to stronger signaling 
for endocytosis of mixed IgA1-IgG ICs with twice the amount of ITAM signaling per IgA1 
molecule bound than per IgG molecule bound. Perhaps unique, non-ITAM sequences in the FcaR 
cytoplasmic tail promote synergy. Furthermore, ICs that contain both IgA and IgG may increase 
internalization by pDCs because of the increased availability of Fc receptors for binding, whereas 
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ICs that contain one isotype of autoantibody would only be able to bind FcaR or FcgRIIa, not both. 
The ability for an IC to bind to two different Fc receptors could be even more essential for a robust 
cytokine response when the surface expression of both receptors is relatively low, as is the case in 
pDCs, which we show express much less surface FcaR and FcgRIIa than monocytes from the 
same individual. Interestingly, platelets are also implicated in SLE pathogenesis with reported low-
level FcaR and FcgRIIa expression (53, 54). Our data showing that IC binding and FcaR 
expression was greater on SLE pDCs compared to healthy controls also suggest that IgA1 
enhancement of pDC IFNa production may be even more exaggerated in individuals with SLE 
than in healthy control individuals, exacerbating IFNa responses both to autoantigen-containing 
and viral-containing ICs in SLE. 

 
IgA1 and IgG have different characteristics, which may result in qualitative changes in ICs 

containing both IgA1 and IgG autoantibodies compared to those without IgA1. IgA1 shares 90% 
sequence identity to IgA2 with the major difference being that IgA1 has a longer hinge region with 
no disulfide bonds allowing for increased flexibility compared to IgA2 and IgGs (51, 55, 56). 
While IgG3 also has longer hinge region, it retains the disulfide bonds (57). Interestingly one study 
found that longer hinge regions engineered into IgG1 and IgG3 antibodies resulted in increased 
phagocytosis in monocytes and neutrophils despite no change in affinity for the FcgRs (58). Even 
though this study focused on IgG hinge length and binding to FcgRs, their findings suggest that 
the increased hinge length of IgA1 could have a similar ability to increase internalization in pDCs 
via FcaR. Alternatively, the increased flexibility and length of the IgA1 hinge region may alter 
the size of ICs generated; larger ICs have been shown to have increased binding to FcRs (59, 60). 
In addition, large ICs that contain IgA and IgG could induce a higher degree of crosslinking of 
FcaR and FcgRIIa leading to stronger ITAM signaling and increased endocytosis. In our study, 
we did not determine the relative number or size of the ICs generated using IgA1-sufficient and 
IgA1-deficient SLE serum, and therefore we do not know if there were quantitative or qualitative 
differences in the ICs we generated. However, we found that Sm/RNP ICs generated with IgA1 
alone were not sufficient to induce pDC IFNa secretion, though perhaps increasing the amounts 
of IgA1 used to generate ICs over the physiological amount found in SLE serum would result in 
pDC IFNa production with these IgA1-only ICs. The possibility remains that an excessive amount 
of IgA1 antibody could generate ICs capable of inducing pDC IFNa production, as IgA1 
opsonized bacteria and viruses can induce phagocytosis in monocytes and phagocytosis and 
NETosis in neutrophils (61–64), though as discussed above the low FcaR and FcgRIIa expression 
on pDCs compared to these phagocytes may cause their responses to be regulated in a distinct 
manner.  Despite these limitations, our data show a previously unrecognized connection between 
IgA1 and immune complex mediated pDC IFNa production and strongly suggests that IgA1 is a 
critical player in SLE.  

 
As our immune system did not evolve to cause autoimmune diseases such as SLE, we 

speculate that this potent synergy between IgA and IgG in ICs evolved in the context of anti-viral 
immune responses, for which pDC IFNa production is protective (65–67). Perhaps this synergy 
evolved to allow for a strong, but transitory, pDC IFNa response to virus-containing ICs. While 
both IgA and IgG are produced during viral infection, IgA has a much shorter half-life (~5 days) 
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than IgG (~21 days) (68, 69), which might allow for this synergy in pDC IFNa production to be 
important at the peak of the antibody response when viral antigens are present, but to resolve 
quickly as IgA antibodies with comparably short half-lives are removed from circulation. This 
may prevent maximal anti-viral IC IFNa production outside the peak of the response. In the case 
of SLE, self nuclear antigens are always present at low levels making IgA-IgG synergy 
maladaptive in the context of autoimmunity, and may promote pathogenic, chronic IFNa 
production. Increased nuclear antigens due to cell death during infection or injury or due to 
defective clearance of dying cells as is seen often in SLE may boost nuclear antigen-specific IgA 
production and subsequent pDC IFNa production, promoting disease flare in SLE. Thus, 
determining not only the presence of nuclear antigen-specific IgA, but also how it changes over 
time and may fluctuate with disease flare or severity is warranted.  While we did not see a 
correlation between SLEDAI and IgA autoantibodies in our limited sample set, with larger cohorts 
there would be greater power to determine if the presence of IgA correlates to disease activity or 
any clinical manifestations of SLE.  

 
The unique ability of FcaR to transduce either activating or inhibitory signals depending 

on whether the bound IgA is multimeric or monomeric, respectively (25), suggests that targeting 
FcaR therapeutically in SLE has two routes by which it could be beneficial. First, blocking FcaR 
could potentially prevent IgA-containing immune complexes from binding to and activating FcaR 
expressing cells, including pDCs, reducing IFNa production in response to ICs. If the blocking 
reagent is monomeric, it may also send inhibitory ITAM (ITAMi) signals through FcaR, which 
have only been shown in monocytes or macrophages to date (26, 27), but may also transduce 
similar signals in pDCs or neutrophils. In fact, one study has shown that early intervention 
targeting FcaR with a blocking mAb resulted in reduced disease outcomes in a pristane induced 
lupus nephritis model in transgenic mice expressing FcaR (70). While additional studies would be 
required to justify testing FcaR as a therapeutic strategy in SLE, they are hampered by the lack of 
an orthologue of FcaR in mice and therefore rely on expressing human FcaR as a transgene using 
promoters that faithfully mirror expression in human. 

 
Our study has both strengths and limitations. Because we use ICs generated from SLE 

serum for all our studies, this has not allowed for us to define the anti-Sm/RNP IgA1 and IgG 
antibodies, their affinities and precise specificity, nor the optimal stoichiometry for generating 
pDC stimulatory ICs. We did not investigate how different IgG subtypes synergize with IgA1, nor 
did we isolate the effects of IgA2 subtype as most of serum IgA is IgA1 subtype  (44, 45). We also 
did not examine the effects of other scarce isotype antibodies, such as IgD or IgE. It is important 
to note that Hennault et al. found that IgG and IgE anti-dsDNA antibodies could synergize to 
enhance pDC IFNa responses (71). For this reason, we measured total IgE and anti-SmRNP IgE 
in our reagents and found that the effects observed were not likely to be driven by IgE as there was 
no significant difference in total or anti-SmRNP IgE between serum and IgA-depleted serum 
(Supplementary Fig. 3A and 3C). Because we did not remove IgE from our reagents it is possible 
that all three isotypes synergize, and future studies will focus on better defining and isolating the 
contributions of each isotype antibody. However, the use of our less defined SLE serum instead of 
monoclonal antibodies ensures that we are observing biologically disease relevant phenomenon. 
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Additionally, isolating peripheral blood pDCs introduces donor variation and, due to the small 
amount of pDCs in blood, does not allow for high throughput testing of conditions optimal for 
inducing pDC IFNa responses to ICs.  Using primary pDCs for our assays also did not allow for 
investigation of SLE pDC IFNa responses to ICs, as in SLE there is ~50% reduction in number of 
pDCs and we obtain smaller amounts of blood from individuals with autoimmune disease. 
However, we were able to use SLE PBMCs to investigate pDC IC internalization and FcaR 
expression. 
 

In conclusion, we show a remarkable ability of IgA1 isotype autoantibodies to synergize 
with IgG in RNA-containing ICs to generate a robust pDC IFNa response in both a FcaR and 
FcgRIIa dependent manner. We found that this pDC IFNa response correlated to pDC IC 
internalization and that SLE donor pDCs exhibited higher FcaR surface expression and more 
readily internalized IgA-containing ICs compared to HC pDCs. Taken together our data indicate 
that IgA1 ANAs are contributors in SLE pathology and warrant further investigation.   
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MATERIALS AND METHODS 
 
Human samples 
 
Frozen PBMCs, frozen serum, and fresh blood draws from HC and SLE subjects were obtained 
from the Benaroya Research Institute Immune-mediated Disease Registry and Repository. All 
pDC functional assays and microscopy imaging were performed with pDCs that were magnetically 
enriched from PBMCs isolated on the same day as the blood draw.  Frozen SLE sera was used to 
generate ICs and for autoantigen arrays. See supplementary tables for specifics on donors used in 
each experiment. All experiments comparing cells from HC and SLE subjects were performed in 
a blinded manner. All experiments were approved by the Benaroya Research Institute Institutional 
Review Board.  

Kidney biopsy staining  
Human kidney biopsy had standard pathologic workup, including light microscopic 

evaluation with Jones methenamine silver, periodic acid–Schiff, hematoxylin and eosin, and 
trichrome stains. For immunofluorescence (IF) microscopy, frozen tissue was stained with 
antibodies against IgG, IgA, IgM, C3, C1q, fibrin/fibrinogen, κ light chain, lambda light chain, 
and albumin. 
 
IgG and IgA Nuclear Antigen Microarray 
 
Serum from 24 SLE subjects was assessed for IgG and IgA autoantigen binding at the University 
of Texas Southwestern (UTSW) Genomics and Microarray Core Facility. The autoantigen 
microarray super panel contained 128 autoantigens including most nuclear antigens relevant to 
SLE. For our analysis, we included 26 nuclear antigens against which SLE subjects commonly 
have antibodies. Normalized signal intensity (NSI) values were determined for each autoantigen 
as previously described by UTSW core researchers (72, 73). These NSI values were normalized 
to internal controls and corresponded to the amount of antibody binding to each autoantigen 
regardless of isotype, which allowed for direct comparisons between IgA and IgG. NSI values 
were then natural log (ln) transformed for correlation analysis and antibody heatmaps were created 
using the BioConductor package ComplexHeatmap. Because mean NSI values varied greatly 
between antigens, the heatmaps shown were also scaled for each antigen so that the maximum 
value was “1” and minimum value was “0”. Clustering of subjects and samples was conducted on 
the scaled IgA values, separately for RNA- and DNA-associated antigens, using Euclidean 
distances and complete linkage clustering as implemented in hclust; the clustering of IgA was then 
applied to the corresponding IgG heatmap. Supplementary Fig. 2B shows the raw mean NSI 
values. 
 
PBMC isolation and pDC enrichment from whole blood 
 
240 mLs of freshly drawn whole blood was diluted 1:1 with PBS and underlaid with Ficoll-Paque 
plus (Cytiva). After centrifugation at 1000 x g for 25 minutes at 24 C without braking, PBMCs at 
the interface were collected, remaining RBCs were lysed with ACK Lysis buffer (Lonza), and 
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subsequently washed 3 times with PBS 2% FBS (Sigma). pDCs were enriched from freshly 
isolated PBMCs using the human Plasmacytoid Dendritic Cell Isolation Kit II (Miltenyi Biotec) 
following manufacturer’s instructions with a 10% reduction in the recommended amounts of 
reagents. Enriched pDCs were counted and purity was measured by flow cytometry. pDC purity 
ranged from 60-99% (median 85%) with < 0.5% contamination from monocytes, B cells or T cells. 
For experiments using frozen PBMCs, sample vials containing 10-20 million PBMCs were thawed 
and washed in warmed complete RPMI (RPMI with 10% FBS, penicillin/streptomycin, L-
glutamine). Complete RPMI for thawing cells also contained DNAse I (Sigma) at a concentration 
of 9 µg/mL.  
 
Staining for FcaR and FcgRIIa 
 
Previously frozen PBMCs were resuspended in PBS and aliquoted into a 96 well plate for staining. 
All staining reagents used are listed in Supplementary Table 4. Cells were incubated with Zombie 
NIR live dead stain for 10 min at RT. After the live dead stain all subsequent washes and stains 
were performed in staining buffer (1% BSA, 2 mM EDTA in PBS) and plates were spun at 600 g 
for 2 min. After washing, cells were split into 3 replicate wells and incubated with purified anti-
FcaR, anti-FcgRIIa or isotype control for 45 min at 4C. Samples were washed 3 times, then 
incubated with PE-labeled anti-mIgG1 secondary for 30 min at 4C. Samples were washed 3 times 
with staining buffer and once with 200 µg/mL mouse IgG1 to bind any residual anti-mIgG1 PE. 
Cells were then stained with directly conjugated antibodies to CD3, CD19, CD14, CD304, and 
CD123 for 25 minutes at 4C, washed and fixed in 3% paraformaldehyde. For experiments where 
samples were stained on multiple days, a replicate vial of control donor PBMCs was stained each 
day and MFI values of samples were normalized to the staining of control. All flow cytometry was 
performed on a Cytek Aurora spectral flow cytometer. Compensation/unmixing controls were 
done using single color stains with antibody at the same dilution used in the complete stain. Any 
sample in which <100 pDCs were collected were excluded from analysis. All flow cytometry 
analysis was done using FlowJo software. 
 
Staining for IgA and IgG  
 
To generate aggregated IgA or IgG, biotinylated IgG (Novus NBP1-96855) or IgA (Novus NBP1-
97181) was heated at a concentration of 2 mg/mL for 35-45 min at 65 C. After live dead staining, 
heat aggregated antibody was diluted in staining buffer to a final concentration of 0.5 mg/mL, 
incubated with PBMCs for 30 min at 37C. After washing cells were incubated with PE-labeled 
Streptavidin followed by washing, then staining for cell specific surface markers as above. To 
measure IgA and IgG bound to pDCs directly ex vivo, anti-IgA (AF647) and anti-IgG (FITC) were 
used.  
 
Anti-Sm/RNP and total antibody ELISAs  
 
96 well flat bottom, high binding ELISA plates (Costar) were coated Sm/RNPs (Arotec 
Diagnostics ATR01) by adding 50 µl Sm/RNPs (0.5-1 µg/mL) diluted in PBS and incubated at 4 
C overnight. Blocking was performed with 2X assay buffer (Invitrogen 88-50550-88) overnight at 
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4 C. Serum was serially diluted and incubated for 2 hrs at RT. After 7 washes with PBS/0.05% 
Tween-20, sample wells were incubated with biotin-labeled anti-IgA (Jackson Immunochemicals 
309-065-008) or biotin-labeled anti-IgG (Jackson Immunochemicals 309-065-011) at 1:50,000 for 
1 hr to detect IgA and IgG antibodies, respectively. Plates were washed as above and incubated 
with SA-HRP (eBiosciences 00-4100-94) for 30 mins followed by another wash cycle. TMB 
substrate was added, and reactions stopped with 0.16 M sulfuric acid once curves were detectable 
by eye (5-10 minutes). Then spectral reading was performed on VersaMax microplate reader 
(Molecular Devices).  In addition to dilution curves, anti-Sm/RNP antigen binding was estimated 
in arbitrary units (AU) by using reagents from total IgG, IgA and IgE ELISA kits (ThermoFisher 
88-50550-88, 88-50600-88, and 88-50610-88) to generate a standard curve for the appropriate 
isotype being measured using serial dilutions of IgA, IgG or IgE standards. anti-Sm/RNP isotype 
antibody signal was mapped on the corresponding anti-isotype antibody standard curve and scaled 
using arbitrary units. Total IgG, IgA and IgE were measured from serum using these same kits.  
 
IgA/IgG IC ELISA 
 
To detect circulating ICs from donor serum, ELISA plates were coated with anti-human IgG 
(ThermoFisher 88-50550-88, 1X) and blocked overnight with 2X assay buffer (Invitrogen 88-
50550-88) at 4C and for 2 hours at room temperature right before use. SLE donor serum was 
serially diluted in assay buffer, added to wells and then incubated for 2 hours at room temperature. 
After 7 washes with PBS/0.05% Tween-20, biotin anti-human IgA Fab (Invitrogen A24462) was 
added at a dilution of 1:100,000 for 2 hours at 4 C to detect human IgA. Plates were washed again, 
incubated with SA-HRP for 30 mins, washing and TMB substrate detection. Reactions were 
stopped with 0.16 M sulfuric acid. Spectral reading was performed on VersaMax microplate reader 
(Molecular Devices).   
 
IgA1 depletion from serum and IgA1 and IgG purification 
 
IgA1 was depleted from SLE donor serum by affinity chromatography using Jacalin agarose 
(Pierce catalog #20395). SLE donor serum was first diluted 1:1 in PBS and an equal volume of 
Jacalin agarose resin was added to the column. Resin was added to 0.8 mL or 5 mL centrifuge 
columns (Pierce catalog #89868 or #89896) and washed 5 times with PBS. Diluted SLE serum 
was added to the columns and incubated for 1 hour at room temperature. Columns were spun at 
2200 x g for 5 minutes to collect IgA-depleted serum, then were washed at least 8 times or until 
protein A280 measurement was below 0.05 mg/mL (Nanodrop spectrophotometer ND-1000). Two 
washes of 1M D-Galactose (Millipore Sigma PHR1206) were used to elute IgA1 from the column. 
Every 1 mL of collected IgA1 was concentrated by 10X using 10K molecular weight cut off protein 
concentrators (Pierce 88513). After initial concentration 10 additional washes with PBS at 10X 
remaining sample volume were performed in the concentrators to remove any remaining D-
galactose. IgG was purified from IgA-depleted serum using Melon Gel IgG Spin Purification Kit 
(Thermofisher 45206) and following manufacturer’s instructions. Absorbance at 280 nm was 
measured to provide an estimated mg/mL amount of purified IgA1 or IgG in solution. Aliquots 
were frozen at -80 C for later use. 
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Generation of Sm/RNP ICs 
 
For each experimental well to be assayed, 12-16 µl of SLE donor serum or IgA1-depleted SLE 
serum was mixed with Sm/RNPs (Arotec ATR01) at 2-3 µg/mL in a total volume of 50 µl (diluted 
in PBS) and incubated for 1 hr at room temperature. Slightly different ratios of serum and 
Sm/RNPs were used depending on what was optimal for any given serum donor, however ratios 
were kept identical for all SLE serum and ΔIgA1 serum comparisons within a given donor. In 
some cases, ICs were made with Alexa Fluor 647 (AF647)-labeled Sm/RNPs. 0.5 mls of Sm/RNPs 
(0.75 mg/mL) were labeled using the Alexa Fluor 647 Protein Labeling Kit (Invitrogen A20173) 
following the manufacturer’s instructions without removal of unbound AF647. SmRNP-ICs were 
also generated with IgG purified from IgA1-depleted serum with or without the addition of purified 
SLE IgA1. 135 µg of SLE IgG either alone or mixed with 10 µg of purified IgA1 from the same 
SLE serum donor was incubated with Sm/RNPs in a total volume of 50 µl.  
 
IC stimulation of pDCs 
 
25,000 – 45,000 pDCs were added to 96 well U bottom plate wells in 150 µl of culture medium 
(RPMI with 2% heat inactivated human AB serum (Omega Scientific HS-20), 20 ng/mL IL-3 
(Peprotech 200-03), 200 U/L penicillin and 200 µg/L streptomycin). Cells were rested at 37°C for 
1-3 hours before adding 50 µl of Sm/RNP ICs. After the addition of the ICs, plates were incubated 
for 20-24 hrs then 100 µl of supernatants were removed and stored at 4C. For blocking 
experiments, 25 µl of blocking reagents, isotype control antibody, or PBS were added to wells 2 
hours before the addition of Sm/RNPs ICs. Blocking reagents were left in wells throughout the 
assay. Heat aggregated IgA (Invitrogen 31148) and IgG (Invitrogen UJ2861463) stock 
concentrations were 2 mg/mL; anti-FcaR MIP8a (Invitrogen MA5-28106), anti-FcgRIIa 6C4 
(Invitrogen 16-0329-85) monoclonal and isotype control (Invitrogen 16-4714-85) stock 
concentrations were 1 mg/mL.  
 
Cytokine measurements from supernatants 
 
HeLa cells stably expressing an ISRE (interferon stimulated response element) luciferase reporter 
construct were a generous gift from Dr. Dan Stetson (University of Washington) (74) and were 
used to measure type I IFNs in supernatants. 60,000 HeLa-ISRE cells were added to each well of 
96 well white opaque tissue culture plates in a volume of 100 µl and cultured overnight. IFN 
Supernatants were serially diluted in the culture medium and 50 µl added per well. E. coli 
expressed human IFNa 2a (PBL Assay Science 11101) was serially diluted 1:2 to generate a 
standard curve from 1 mg/mL to 1.9 µg/mL. Plates were incubated at 37 C for 5-6 hours. After 
incubation, 50 µl of Bright-Glo Luciferase reagent (Promega E2620) was added to each well. 
Luminescence was measured using a SpectraMax iD3 (Molecular Devices). In some cases, 
cytokines in supernatants were measured using Bioplex assays (BioLegend) measuring IFNa-2 
(catalog #740351), IFNb (catalog #740353), and TNF (catalog#740359) according to 
manufacturer’s protocols. HeLa ISRE cells detect both IFNa and IFNb. However, because the 
amount of IFNb measured was over 1000 fold less than the total type 1 IFNs measured by our 
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ISRE reporter assay used throughout the manuscript, we labeled the y-axis in graphs using this 
assay as IFNa. 
 

Immune complex internalization microscopy 

 
Freshly enriched pDCs from healthy individuals were incubated Sm/RNP-AF647 alone or 

with ICs generated with Sm/RNP-AF647 and SLE serum or SLE serum ΔIgA1 for 12 hrs, and 
then stained with anti-CD123 to identify pDCs. pDCs were mounted to glass slides using 
ProLong™ Diamond Antifade Mountant with DAPI (Thermofisher P36962) and imaged on Leica 
SP5 confocal microscope. Multiple Z-stacked images were taken per cell and images processed 
using Image J. pDCs were then blindly categorized into three groups (no Sm/RNP-AF647 ICs, 
internalized Sm/RNP-AF647 ICs or surface bound Sm/RNP-AF647 ICs). 
 
Interferon Stimulated Genes (ISGs) measurement from whole blood  
 
Whole blood was collected in Tempus Blood RNA Tubes (ThermoFisher), and RNA was extracted 
using MagMax for Stabilized Blood Tubes RNA Isolation Kit, followed by globin reduction using 
GlobinClear Human (ThermoFisher). To generate sequencing libraries, total RNA (0.5 ng) was 
added to reaction buffer from the SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing 
(Takara), and reverse transcription was performed followed by PCR amplification to generate full 
length amplified cDNA. Sequencing libraries were constructed using the NexteraXT DNA sample 
preparation kit (Illumina) to generate Illumina-compatible barcoded libraries. Libraries were 
pooled and quantified using a Qubit® Fluorometer (Life Technologies). Sequencing of pooled 
libraries was carried out on a NextSeq 2000 sequencer (Illumina) with paired-end 59-base reads, 
using a NextSeq P2 sequencing kit (Illumina) with a target depth of 5 million reads per sample.  
Base calls were processed to FASTQs on BaseSpace (Illumina), and a base call quality-trimming 
step was applied to remove low-confidence base calls from the ends of reads.  The FASTQs were 
aligned to the GRCh38 human reference genome, using STAR v.2.4.2a, and gene counts were 
generated using htseq-count (75).  Quality metrics were calculated using the Picard family of tools 
(v1.134; http://broadinstitute.github.io/picard). We used quality thresholds of at least 2.5M total 
reads, at least 70% of reads aligned to human genome, and median CV of coverage at most 0.7; 
18 out of 19 samples passed these filters and were included in subsequent analyses. Gene counts 
were filtered to only protein-coding genes with at least one count per million in 10% of libraries 
and normalized using the trimmed mean of m-values (76). Differential gene expression was 
determined using limma-voom, with FcaR MFI on pDCs as a continuous variable. We quantified 
ISG expression using the median log2 normalized counts of gene in the MSigDB Hallmark IFNa 
response gene set. The gene expression heatmap was created using ComplexHeatmap.  
 
pDC induction and measurement of FcaR  
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pDCs were enriched and cultured as previously described. PBS, R848 (2.5 µg/mL), IFNa (20 
ng/mL) or TNF (20 ng/mL) were added to wells. After 36 hrs of culture, FcaR and FcgRIIa staining 
were performed as previously described.  
 
Statistics   
 
Statistics and tests used are described in the figure legends and methods or results for each section. 
Calculations were performed using GraphPad Prism and R. Additionally, because Pearson 
correlations can be driven by outliers, we also calculated Spearman rank correlations and found 
qualitatively similar results. 

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

The copyright holder for this preprint (whichthis version posted April 4, 2024. ; https://doi.org/10.1101/2023.09.07.556743doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.07.556743
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
 
 
 
 

19 

REFERENCES  
 

1. B. Dema, N. Charles, Autoantibodies in SLE: Specificities, Isotypes and Receptors. 
Antibodies 5, 2 (2016). 

2. M. A. Ameer, H. Chaudhry, J. Mushtaq, O. S. Khan, M. Babar, T. Hashim, S. Zeb, M. A. 
Tariq, S. R. Patlolla, J. Ali, S. N. Hashim, S. Hashim, O. S. Khan, An Overview of Systemic 
Lupus Erythematosus (SLE) Pathogenesis, Classification, and Management. Cureus 14, e30330 
(2022). 

3. M. Postal, J. F. Vivaldo, R. Fernandez-Ruiz, J. L. Paredes, S. Appenzeller, T. B. Niewold, 
Type I interferon in the pathogenesis of systemic lupus erythematosus. Curr. Opin. Immunol. 67, 
87–94 (2020). 

4. D. S. Pisetsky, P. E. Lipsky, New insights into the role of antinuclear antibodies in systemic 
lupus erythematosus. Nat. Rev. Rheumatol. 16, 565–579 (2020). 

5. U. Båve, M. Magnusson, M.-L. Eloranta, A. Perers, G. V. Alm, L. Rönnblom, FcγRIIa Is 
Expressed on Natural IFN-α-Producing Cells (Plasmacytoid Dendritic Cells) and Is Required for 
the IFN-α Production Induced by Apoptotic Cells Combined with Lupus IgG. J. Immunol. 171, 
3296–3302 (2003). 

6. M. Guilliams, P. Bruhns, Y. Saeys, H. Hammad, B. N. Lambrecht, The function of Fcγ 
receptors in dendritic cells and macrophages. Nat. Rev. Immunol. 14, 94–108 (2014). 

7. Y. Wang, F. Jönsson, Expression, Role, and Regulation of Neutrophil Fcγ Receptors. Front. 
Immunol. 10, 1958 (2019). 

8. T. K. Means, E. Latz, F. Hayashi, M. R. Murali, D. T. Golenbock, A. D. Luster, Human lupus 
autoantibody–DNA complexes activate DCs through cooperation of CD32 and TLR9. J Clin 
Invest 115, 407–417 (2005). 

9. A. Y. S. Lee, IgA anti-dsDNA antibodies: A neglected serological parameter in systemic lupus 
erythematosus. Lupus 31, 137–142 (2021). 

10. A. Gonzalez‐Quintela, R. Alende, F. Gude, J. Campos, J. Rey, L. M. Meijide, C. Fernandez‐
Merino, C. Vidal, Serum levels of immunoglobulins (IgG, IgA, IgM) in a general adult 
population and their relationship with alcohol consumption, smoking and common metabolic 
abnormalities. Clin. Exp. Immunol. 151, 42–50 (2008). 

11. A. O. Vladutiu, Immunoglobulin D: Properties, Measurement, and Clinical Relevance. Clin. 
Diagn. Lab. Immunol. 7, 131–140 (2000). 

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

The copyright holder for this preprint (whichthis version posted April 4, 2024. ; https://doi.org/10.1101/2023.09.07.556743doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.07.556743
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
 
 
 
 

20 

12. M. L. Palma-Carlos, D. Escaja, A. G. Palma-Carlos, Evaluation of IgE serum level by radial 
immunodiffusion and radioimmunoassay in allergic diseases. Allergol. Immunopathol. 3, 221–30 
(1975). 

13. D. Villalta, N. Bizzaro, N. Bassi, M. Zen, M. Gatto, A. Ghirardello, L. Iaccarino, L. Punzi, 
A. Doria, Anti-dsDNA Antibody Isotypes in Systemic Lupus Erythematosus: IgA in Addition to 
IgG Anti-dsDNA Help to Identify Glomerulonephritis and Active Disease. PLoS ONE 8, e71458 
(2013). 

14. T. Witte, K. Hartung, T. Matthias, C. Sachse, M. Fricke, H. Deicher, J. R. Kalden, H. J. 
Lakomek, H. H. Peter, R. E. Schmidt, Association of IgA anti-dsDNA antibodies with vasculitis 
and disease activity in systemic lupus erythematosus. Rheumatol. Int. 18, 63–69 (1998). 

15. S. A. Jost, L.-C. Tseng, L. A. Matthews, R. Vasquez, S. Zhang, K. B. Yancey, B. F. Chong, 
IgG, IgM, and IgA Antinuclear Antibodies in Discoid and Systemic Lupus Erythematosus 
Patients. Sci. World J. 2014, 171028 (2014). 

16. J. J. Weening, V. D. D’Agati, M. M. Schwartz, S. V. Seshan, C. E. Alpers, G. B. Appel, J. E. 
Balow, J. A. Bruijn, T. Cook, F. Ferrario, A. B. Fogo, E. M. Ginzler, L. Hebert, G. Hill, P. Hill, 
J. C. Jennette, N. C. Kong, P. Lesavre, M. Lockshin, L.-M. Looi, H. Makino, L. A. Moura, M. 
Nagata, I. S. of N. W. G. on the C. of L. Nephritis, R. P. S. W. G. on the C. of L. Nephritis, The 
classification of glomerulonephritis in systemic lupus erythematosus revisited. Kidney Int. 65, 
521–530 (2004). 

17. S. Romero-Ramírez, V. A. Sosa-Hernández, R. Cervantes-Díaz, D. A. Carrillo-Vázquez, D. 
E. Meza-Sánchez, C. Núñez-Álvarez, J. Torres-Ruiz, D. Gómez-Martín, J. L. Maravillas-
Montero, Salivary IgA subtypes as novel disease biomarkers in systemic lupus erythematosus. 
Front. Immunol. 14, 1080154 (2023). 

18. R. Gudi, D. Kamen, C. Vasu, Fecal immunoglobulin A (IgA) and its subclasses in systemic 
lupus erythematosus patients are nuclear antigen reactive and this feature correlates with gut 
permeability marker levels. Clin. Immunol. 242, 109107 (2022). 

19. R. J. M. Bashford-Rogers, L. Bergamaschi, E. F. McKinney, D. C. Pombal, F. Mescia, J. C. 
Lee, D. C. Thomas, S. M. Flint, P. Kellam, D. R. W. Jayne, P. A. Lyons, K. G. C. Smith, 
Analysis of the B cell receptor repertoire in six immune-mediated diseases. Nature 574, 122–126 
(2019). 

20. M. M. J. van Gool, M. van Egmond, IgA and FcαRI: Versatile Players in Homeostasis, 
Infection, and Autoimmunity. ImmunoTargets Ther. 9, 351–372 (2021). 

21. K. Olas, H. Butterweck, W. Teschner, H. P. Schwarz, B. Reipert, Immunomodulatory 
properties of human serum immunoglobulin A: anti‐inflammatory and pro‐inflammatory 

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

The copyright holder for this preprint (whichthis version posted April 4, 2024. ; https://doi.org/10.1101/2023.09.07.556743doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.07.556743
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
 
 
 
 

21 

activities in human monocytes and peripheral blood mononuclear cells. Clin. Exp. Immunol. 140, 
478–490 (2005). 

22. H. M. Wolf, M. B. Fischer, H. Pühringer, A. Samstag, E. Vogel, M. M. Eibl, Human serum 
IgA downregulates the release of inflammatory cytokines (tumor necrosis factor-alpha, 
interleukin-6) in human monocytes. Blood 83, 1278–88 (1994). 

23. H. C. Morton, I. E. van den Herik-Oudijk, P. Vossebeld, A. Snijders, A. J. Verhoeven, P. J. 
A. Capel, J. G. J. van de Winkel, Functional Association between the Human Myeloid 
Immunoglobulin A Fc Receptor (CD89) and FcR γChain. J. Biol. Chem. 270, 29781–29787 
(1995). 

24. L. Shen, M. van Egmond, K. Siemasko, H. Gao, T. Wade, M. L. Lang, M. Clark, J. G. J. van 
de Winkel, W. F. Wade, Presentation of ovalbumin internalized via the immunoglobulin-A Fc 
receptor is enhanced through Fc receptor γ-chain signaling. Blood 97, 205–213 (2001). 

25. B. Pasquier, P. Launay, Y. Kanamaru, I. C. Moura, S. Pfirsch, C. Ruffié, D. Hénin, M. 
Benhamou, M. Pretolani, U. Blank, R. C. Monteiro, Identification of FcαRI as an Inhibitory 
Receptor that Controls Inflammation Dual Role of FcRγ ITAM. Immunity 22, 31–42 (2005). 

26. Y. Kanamaru, S. Pfirsch, M. Aloulou, F. Vrtovsnik, M. Essig, C. Loirat, G. Deschênes, C. 
Guérin-Marchand, U. Blank, R. C. Monteiro, Inhibitory ITAM Signaling by FcαRI-FcRγ Chain 
Controls Multiple Activating Responses and Prevents Renal Inflammation. J. Immunol. 180, 
2669–2678 (2008). 

27. T. Watanabe, Y. Kanamaru, C. Liu, Y. Suzuki, N. Tada, K. Okumura, S. Horikoshi, Y. 
Tomino, Negative regulation of inflammatory responses by immunoglobulin A receptor (FcαRI) 
inhibits the development of Toll‐like receptor‐9 signalling‐accelerated glomerulonephritis. Clin. 
Exp. Immunol. 166, 235–250 (2011). 

28. S. B. Mkaddem, M. Benhamou, R. C. Monteiro, Understanding Fc Receptor Involvement in 
Inflammatory Diseases: From Mechanisms to New Therapeutic Tools. Front. Immunol. 10, 811 
(2019). 

29. A. M. Brandsma, S. Bondza, M. Evers, R. Koutstaal, M. Nederend, J. H. M. Jansen, T. 
Rösner, T. Valerius, J. H. W. Leusen, T. ten Broeke, Potent Fc Receptor Signaling by IgA Leads 
to Superior Killing of Cancer Cells by Neutrophils Compared to IgG. Front. Immunol. 10, 704 
(2019). 

30. A.-K. Gimpel, A. Maccataio, H. Unterweger, M. V. Sokolova, G. Schett, U. Steffen, IgA 
Complexes Induce Neutrophil Extracellular Trap Formation More Potently Than IgG 
Complexes. Front. Immunol. 12, 761816 (2022). 

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

The copyright holder for this preprint (whichthis version posted April 4, 2024. ; https://doi.org/10.1101/2023.09.07.556743doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.07.556743
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
 
 
 
 

22 

31. I. S. Hansen, W. Hoepel, S. A. J. Zaat, D. L. P. Baeten, J. den Dunnen, Serum IgA Immune 
Complexes Promote Proinflammatory Cytokine Production by Human Macrophages, 
Monocytes, and Kupffer Cells through FcαRI–TLR Cross-Talk. J. Immunol. 199, 4124–4131 
(2017). 

32. J. Wu, C. Ji, F. Xie, C. D. Langefeld, K. Qian, A. W. Gibson, J. C. Edberg, R. P. Kimberly, 
FcαRI (CD89) Alleles Determine the Proinflammatory Potential of Serum IgA. J. Immunol. 178, 
3973–3982 (2007). 

33. F. P. Siegal, N. Kadowaki, M. Shodell, P. A. Fitzgerald-Bocarsly, K. Shah, S. Ho, S. 
Antonenko, Y.-J. Liu, The Nature of the Principal Type 1 Interferon-Producing Cells in Human 
Blood. Science 284, 1835–1837 (1999). 

34. M. Swiecki, M. Colonna, The multifaceted biology of plasmacytoid dendritic cells. Nat. Rev. 
Immunol. 15, 471–485 (2015). 

35. S. K. Panda, R. Kolbeck, M. A. Sanjuan, Plasmacytoid dendritic cells in autoimmunity. Curr. 
Opin. Immunol. 44, 20–25 (2017). 

36. B. Reizis, Plasmacytoid Dendritic Cells: Development, Regulation, and Function. Immunity 
50, 37–50 (2019). 

37. F. McNab, K. Mayer-Barber, A. Sher, A. Wack, A. O’Garra, Type I interferons in infectious 
disease. Nat. Rev. Immunol. 15, 87–103 (2015). 

38. E. C. Baechler, F. M. Batliwalla, G. Karypis, P. M. Gaffney, W. A. Ortmann, K. J. Espe, K. 
B. Shark, W. J. Grande, K. M. Hughes, V. Kapur, P. K. Gregersen, T. W. Behrens, Interferon-
inducible gene expression signature in peripheral blood cells of patients with severe lupus. Proc. 
Natl. Acad. Sci. 100, 2610–2615 (2003). 

39. K. B. Elkon, V. V. Stone, Type I Interferon and Systemic Lupus Erythematosus. J. Interf. 
Cytokine Res. 31, 803–812 (2011). 

40. K. Honda, T. Taniguchi, IRFs: master regulators of signalling by Toll-like receptors and 
cytosolic pattern-recognition receptors. Nat. Rev. Immunol. 6, 644–658 (2006). 

41. S. S. Ahn, S. M. Jung, J. Yoo, S.-W. Lee, J. J. Song, Y.-B. Park, Anti-Smith antibody is 
associated with disease activity in patients with new-onset systemic lupus erythematosus. 
Rheumatol. Int. 39, 1937–1944 (2019). 

42. O. P. Rekvig, Anti‐dsDNA antibodies: Critical remarks. Clin. Exp. Immunol. 179, 5–10 
(2015). 

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

The copyright holder for this preprint (whichthis version posted April 4, 2024. ; https://doi.org/10.1101/2023.09.07.556743doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.07.556743
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
 
 
 
 

23 

43. A.-C. Villani, R. Satija, G. Reynolds, S. Sarkizova, K. Shekhar, J. Fletcher, M. Griesbeck, A. 
Butler, S. Zheng, S. Lazo, L. Jardine, D. Dixon, E. Stephenson, E. Nilsson, I. Grundberg, D. 
McDonald, A. Filby, W. Li, P. L. D. Jager, O. Rozenblatt-Rosen, A. A. Lane, M. Haniffa, A. 
Regev, N. Hacohen, Single-cell RNA-seq reveals new types of human blood dendritic cells, 
monocytes, and progenitors. Science 356 (2017), doi:10.1126/science.aah4573. 

44. D. L. Delacroix, K. B. Elkom, A. P. Geubel, H. F. Hodgson, C. Dive, J. P. Vaerman, 
Changes in size, subclass, and metabolic properties of serum immunoglobulin A in liver diseases 
and in other diseases with high serum immunoglobulin A. J. Clin. Investig. 71, 358–367 (1983). 

45. T. A. Brown, B. R. Murphy, J. Radl, J. J. Haaijman, J. Mestecky, Subclass distribution and 
molecular form of immunoglobulin A hemagglutinin antibodies in sera and nasal secretions after 
experimental secondary infection with influenza A virus in humans. J. Clin. Microbiol. 22, 259–
264 (1985). 

46. C. Lood, B. Gullstrand, L. Truedsson, A. I. Olin, G. V. Alm, L. Rönnblom, G. Sturfelt, M. 
Eloranta, A. A. Bengtsson, C1q inhibits immune complex–induced interferon‐α production in 
plasmacytoid dendritic cells: A novel link between C1q deficiency and systemic lupus 
erythematosus pathogenesis. Arthritis Rheum. 60, 3081–3090 (2009). 

47. K. C. Ukadike, K. Ni, X. Wang, M. S. Taylor, J. LaCava, L. M. Pachman, M. Eckert, A. 
Stevens, C. Lood, T. Mustelin, IgG and IgA autoantibodies against L1 ORF1p expressed in 
granulocytes correlate with granulocyte consumption and disease activity in pediatric systemic 
lupus erythematosus. Arthritis Res. Ther. 23, 153 (2021). 

48. E. Aleyd, M. Al, C. W. Tuk, C. J. van der Laken, M. van Egmond, IgA Complexes in Plasma 
and Synovial Fluid of Patients with Rheumatoid Arthritis Induce Neutrophil Extracellular Traps 
via FcαRI. J. Immunol. 197, 4552–4559 (2016). 

49. S. Rantapää‐Dahlqvist, B. A. W. de Jong, E. Berglin, G. Hallmans, G. Wadell, H. Stenlund, 
U. Sundin, W. J. van Venrooij, Antibodies against cyclic citrullinated peptide and IgA 
rheumatoid factor predict the development of rheumatoid arthritis. Arthritis Rheum. 48, 2741–
2749 (2003). 

50. P. Bruhns, B. Iannascoli, P. England, D. A. Mancardi, N. Fernandez, S. Jorieux, M. Daëron, 
Specificity and affinity of human Fcγ receptors and their polymorphic variants for human IgG 
subclasses. Blood 113, 3716–3725 (2009). 

51. A. Cottignies-Calamarte, D. Tudor, M. Bomsel, Antibody Fc-chimerism and effector 
functions: When IgG takes advantage of IgA. Front. Immunol. 14, 1037033 (2023). 

52. J. E. Bakema, M. van Egmond, The human immunoglobulin A Fc receptor FcαRI: a 
multifaceted regulator of mucosal immunity. Mucosal Immunol. 4, 612–624 (2011). 

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

The copyright holder for this preprint (whichthis version posted April 4, 2024. ; https://doi.org/10.1101/2023.09.07.556743doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.07.556743
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
 
 
 
 

24 

53. K. Qian, F. Xie, A. W. Gibson, J. C. Edberg, R. P. Kimberly, J. Wu, Functional expression of 
IgA receptor FcαRI on human platelets. J. Leukoc. Biol. 84, 1492–1500 (2008). 

54. P. Linge, P. R. Fortin, C. Lood, A. A. Bengtsson, E. Boilard, The non-haemostatic role of 
platelets in systemic lupus erythematosus. Nat. Rev. Rheumatol. 14, 195–213 (2018). 

55. J. M. Woof, M. W. Russell, Structure and function relationships in IgA. Mucosal Immunol. 4, 
590–597 (2011). 

56. P. de Sousa-Pereira, J. M. Woof, IgA: Structure, Function, and Developability. Antibodies 8, 
57 (2019). 

57. H. Liu, K. May, Disulfide bond structures of IgG molecules. mAbs 4, 17–23 (2012). 

58. T. H. Chu, A. R. Crowley, I. Backes, C. Chang, M. Tay, T. Broge, M. Tuyishime, G. Ferrari, 
M. S. Seaman, S. I. Richardson, G. D. Tomaras, G. Alter, D. Leib, M. E. Ackerman, Hinge 
length contributes to the phagocytic activity of HIV-specific IgG1 and IgG3 antibodies. PLoS 
Pathog. 16, e1008083 (2020). 

59. A. Lux, X. Yu, C. N. Scanlan, F. Nimmerjahn, Impact of Immune Complex Size and 
Glycosylation on IgG Binding to Human FcγRs. J. Immunol. 190, 4315–4323 (2013). 

60. H. Chen, A. Maul‐Pavicic, M. Holzer, M. Huber, U. Salzer, N. Chevalier, R. E. Voll, H. 
Hengel, P. Kolb, Detection and functional resolution of soluble immune complexes by an FcγR 
reporter cell panel. EMBO Mol. Med. 14, e14182 (2022). 

61. H. D. Stacey, D. Golubeva, A. Posca, J. C. Ang, K. E. Novakowski, M. A. Zahoor, C. 
Kaushic, E. Cairns, D. M. E. Bowdish, C. E. Mullarkey, M. S. Miller, IgA potentiates NETosis 
in response to viral infection. Proc. Natl. Acad. Sci. 118, e2101497118 (2021). 

62. E. Aleyd, M. W. M. van Hout, S. H. Ganzevles, K. A. Hoeben, V. Everts, J. E. Bakema, M. 
van Egmond, IgA Enhances NETosis and Release of Neutrophil Extracellular Traps by 
Polymorphonuclear Cells via Fcα Receptor I. J. Immunol. 192, 2374–2383 (2014). 

63. M. Duchemin, D. Tudor, A. Cottignies-Calamarte, M. Bomsel, Antibody-Dependent Cellular 
Phagocytosis of HIV-1-Infected Cells Is Efficiently Triggered by IgA Targeting HIV-1 Envelope 
Subunit gp41. Front. Immunol. 11, 1141 (2020). 

64. S. K. Davis, K. J. Selva, S. J. Kent, A. W. Chung, Serum IgA Fc effector functions in 
infectious disease and cancer. Immunol. Cell Biol. 98, 276–286 (2020). 

65. M. Cella, F. Facchetti, A. Lanzavecchia, M. Colonna, Plasmacytoid dendritic cells activated 
by influenza virus and CD40L drive a potent TH1 polarization. Nat. Immunol. 1, 305–310 
(2000). 

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

The copyright holder for this preprint (whichthis version posted April 4, 2024. ; https://doi.org/10.1101/2023.09.07.556743doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.07.556743
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
 
 
 
 

25 

66. M. Swiecki, S. Gilfillan, W. Vermi, Y. Wang, M. Colonna, Plasmacytoid Dendritic Cell 
Ablation Impacts Early Interferon Responses and Antiviral NK and CD8+ T Cell Accrual. 
Immunity 33, 955–966 (2010). 

67. T. J. Yun, S. Igarashi, H. Zhao, O. A. Perez, M. R. Pereira, E. Zorn, Y. Shen, F. Goodrum, A. 
Rahman, P. A. Sims, D. L. Farber, B. Reizis, Human plasmacytoid dendritic cells mount a 
distinct antiviral response to virus-infected cells. Sci. Immunol. 6 (2021), 
doi:10.1126/sciimmunol.abc7302. 

68. A. Morell, F. Skvaril, G. Noseda, S. Barandun, Metabolic properties of human IgA 
subclasses. Clin. Exp. Immunol. 13, 521–8 (1973). 

69. A. Morell, W. D. Terry, T. A. Waldmann, Metabolic properties of IgG subclasses in man. J. 
Clin. Investig. 49, 673–680 (1970). 

70. C. Liu, Y. Kanamaru, T. Watanabe, N. Tada, S. Horikoshi, Y. Suzuki, Z. Liu, Y. Tomino, 
Targeted IgA Fc receptor I (FcαRI) therapy in the early intervention and treatment of pristane‐
induced lupus nephritis in mice. Clin. Exp. Immunol. 181, 407–416 (2015). 

71. J. Henault, J. M. Riggs, J. L. Karnell, V. M. Liarski, J. Li, L. Shirinian, L. Xu, K. A. Casey, 
M. A. Smith, D. B. Khatry, L. Izhak, L. Clarke, R. Herbst, R. Ettinger, M. Petri, M. R. Clark, T. 
Mustelin, R. Kolbeck, M. A. Sanjuan, Self-reactive IgE exacerbates interferon responses 
associated with autoimmunity. Nat. Immunol. 17, 196–203 (2016). 

72. W. H. Robinson, C. DiGennaro, W. Hueber, B. B. Haab, M. Kamachi, E. J. Dean, S. Fournel, 
D. Fong, M. C. Genovese, H. E. N. D. Vegvar, K. Skriner, D. L. Hirschberg, R. I. Morris, S. 
Muller, G. J. Pruijn, W. J. van Venrooij, J. S. Smolen, P. O. Brown, L. Steinman, P. J. Utz, 
Autoantigen microarrays for multiplex characterization of autoantibody responses. Nat. Med. 8, 
295–301 (2002). 

73. Q. ‐Z. Li, J. Zhou, A. E. Wandstrat, F. Carr‐Johnson, V. Branch, D. R. Karp, C. Mohan, E. 
K. Wakeland, N. J. Olsen, Protein array autoantibody profiles for insights into systemic lupus 
erythematosus and incomplete lupus syndromes. Clin. Exp. Immunol. 147, 60–70 (2007). 

74. L. Lau, E. E. Gray, R. L. Brunette, D. B. Stetson, DNA tumor virus oncogenes antagonize 
the cGAS-STING DNA-sensing pathway. Science 350, 568–571 (2015). 

75. S. Anders, P. T. Pyl, W. Huber, HTSeq—a Python framework to work with high-throughput 
sequencing data. Bioinformatics 31, 166–169 (2015). 

76. M. D. Robinson, A. Oshlack, A scaling normalization method for differential expression 
analysis of RNA-seq data. Genome Biol. 11, R25 (2010). 

  

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

The copyright holder for this preprint (whichthis version posted April 4, 2024. ; https://doi.org/10.1101/2023.09.07.556743doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.07.556743
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
 
 
 
 

26 

ACKNOWLEDGEMENTS 

 
General  
 
We thank Drs. Susan Canny, Christian Lood, Adam Lacy-Hulbert, Keith Elkon, David Rawlings, 
Ram Savan and Jim Zimring for input on this work, Dr. Anne Hocking and Taylor Lawson for 
input and editing the manuscript, and members of the Hamerman laboratory for input throughout 
this project. We thank Griff Gessay, Fanny Vaca Flores and Noah Biru for assistance with blood 
processing, Drs. Hannah Volkman and Dan Stetson for ISRE-luciferase reporter cells and Dr. 
Caroline Stefani for assistance with confocal microscopy. We also thank members of the Clinical, 
Cell and Tissue Analysis, and Genomics Cores at the Benaroya Research Institute and all blood 
donors. 
 

Funding 
This work was supported by National Institute of Health grants ITHS TL1 TR002318 to H.R.W., 
R21AI154841 to J.A.H., and R01AR076242 to J.A.H, and by the Lupus Research Alliance 
Lupus Targets and Mechanisms Award to J.A.H. 

 
Author Contributions 

Conceptualization: HRW, JAH, JHB 
Data Curation: MJD, SP 
Formal Analysis: MJD, HRW 
Methodology: HRW, MJD 
Investigation: HRW, CZ, SP, MN, LZL 
Visualization: HRW, MJD, SP, KDS 
Funding acquisition: JAH, HRW 
Supervision: JAH 
Writing – original draft: HRW, JAH, MJD 
Writing – review & editing: all authors 
 

Competing interests: J.H.B. is a Scientific Co-Founder and Scientific Advisory Board member 
of GentiBio, a consultant for Bristol Myers Squibb, Neoleukin Therapeutics and Hotspot 
Therapeutics, and has past and current research projects sponsored by Amgen, Bristol Myers 
Squibb, Janssen, Novo Nordisk, and Pfizer. She is a member of the Type 1 Diabetes TrialNet 
Study Group, a partner of the Allen Institute for Immunology, and a member of the Scientific 
Advisory Boards for the La Jolla Institute for Allergy and Immunology, Oklahoma Medical 
Research Foundation, and BMS Immunology. J.H.B also has a patent for tenascin-C 
autoantigenic epitopes in rheumatoid arthritis. J.A.H. has been a consultant for aTyr Pharma. All 
other authors have no competing interests. 

 

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

The copyright holder for this preprint (whichthis version posted April 4, 2024. ; https://doi.org/10.1101/2023.09.07.556743doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.07.556743
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
 
 
 
 

27 

Data, code and materials availability: All data are available in the main text or the 
supplementary materials, except for whole blood RNA-Seq data which is deposited NCBI GEO 
repository, accession number GSE242721. Custom code for analysis and visualization of the 
autoantigen microarray and RNA-seq data is available 
at https://github.com/BenaroyaResearch/Waterman_Hamerman_SLE_autoantibodies_pDCs_202
4. 

 
SUPPLEMENTARY MATERIALS 

Supplementary Figures S1-S8 
Supplementary Tables S1-S4  

Data Files S1-S3 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

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

The copyright holder for this preprint (whichthis version posted April 4, 2024. ; https://doi.org/10.1101/2023.09.07.556743doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.07.556743
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
 
 
 
 

28 

FIGURES 
 
Figure 1. IgA and IgG RNA-associated anti-nuclear antibodies in SLE serum.  
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Figure 1. IgA and IgG RNA-associated anti-nuclear antibodies in SLE serum.  
 
(A) Autoantibody profiling of serum from 24 SLE subjects. Heatmaps of log-scaled antibody binding for 
IgA (left) and IgG (right) isotype antibodies to 16 RNA-associated nuclear antigens. Each row corresponds 
to an antigen and each column corresponds to an individual subject. Color bar on top indicates SLEDAI 
score for each donor at time of blood draw. Clustering of subjects and samples is based on similarity in 
scaled IgA levels, with the same clustering applied to the IgG heatmap. (B)  Correlation between IgA and 
IgG for anti-Sm/RNP (left) and dsDNA (right) nuclear antigens. Each symbol represents an individual 
subject. (C) Serial dilution curves of immune complexes (ICs) containing both IgA and IgG in serum from 
26 SLE subjects as measured by ELISA. Of the 26 SLE subjects 15% (4/26) had no detectable IgA/IgG 
ICs. Each line represents an individual subject. (D) Histology and immunofluorescence of representative 
glomeruli from class IV lupus nephritis showing Jones silver staining (left), and IgA (middle) and IgG 
(right) staining of serial sections. (B) r = Pearson correlation coefficient.  
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Figure 2. Human blood pDCs express FcaR and FcgRIIa and bind IgA and IgG. 
 

 
 
Figure 2. Human blood pDCs express FcaR and FcgRIIa and bind IgA and IgG.  
  
 
Surface staining and flow cytometry analysis performed on PBMCs from healthy control (HC) donors. (A) 
Representative histograms of FcaR (red) and FcgRIIa (blue) expression on pDCs compared to mIgG1 
isotype control (grey), with detection by the same secondary antibody. (B) Paired analysis between 
monocyte and pDC FcaR (left) and FcgRIIa (right) surface staining (n=12 HC donors). (C) Binding of IgA 
and IgG to pDCs was assessed using biotinylated human heat-aggregated IgA or heat-aggregated IgG and 
fluorescently labeled streptavidin for visualization by flow cytometry, Streptavidin (SA) alone (grey), heat-
aggregated IgA (red) and heat-aggregated IgG (blue). (D) Direct ex vivo binding of IgA and IgG to pDCs 
was assessed by staining with anti-IgA (red) or anti-IgG antibody (blue) directly ex vivo. Control (grey) 
has no anti-IgA or anti-IgG detection antibody. (A-D) Staining was performed on thawed PBMCs and pDCs 
gated as shown in Supplementary Fig. 2B. (B) Ratio paired t-test (**** p<0.0001). 
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Figure 3. Reagents for generating RNA-containing Sm/RNP immune complexes  
 

 
 
Figure 3. Reagents for generating RNA-containing Sm/RNP immune complexes  
 
(A) Schematic showing reagents used to generate immune complexes (ICs) that contained both IgG and 
IgA (I.), mainly IgG (II.) or only IgA1 (III.) from SLE donors with IgG and IgA anti-Sm/RNP antibodies. 
IgA1 depleted serum (SLE serum ΔIgA1) and purified SLE IgA1 were generated from SLE serum by using 
an IgA1 binding substrate column and collecting the flow through and eluted protein, respectively. ICs were 
made by mixing the different antibody reagents with RNA-containing Sm/RNPs. (B) Levels of IgA anti-
Sm/RNP (left) and IgG anti-Sm/RNP (right) antibodies in SLE serum (purple circles), SLE serum ΔIgA1 
(blue open squares) and SLE IgA1 (red diamonds), as measured by ELISA. Representative data for one 
serum donor is shown.  
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Figure 4. IgA1 in Sm/RNP immune complexes enhances IFNα production by pDCs 
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Figure 4. IgA1 in Sm/RNP immune complexes enhances IFNα production by pDCs 
 
pDCs enriched from PBMCs freshly isolated from healthy control (HC) donor blood were incubated with 
immune complexes (ICs) generated with Sm/RNP RNA-containing nuclear antigens. (A) pDC IFNα 
secretion after incubation with Sm/RNPs alone or with Sm/RNP ICs generated with SLE serum, SLE serum 
ΔIgA1 or SLE IgA1. Each symbol shape represents a different pDC donor, mean and range shown. (B) 
Paired analysis of pDC IFNα secretion after incubation with Sm/RNP ICs generated with purified SLE IgG 
(135 µg) and purified SLE IgA1 (10 µg) or purified SLE IgG alone (135µg). (C) Paired analysis of pDC 
IFNα secretion after incubation with Sm/RNP ICs generated with either SLE serum or SLE serum ΔIgA1 
from 8 SLE serum donors. (D) Paired analysis of pDC IFNα secretion after incubation with Sm/RNP ICs 
generated with either SLE serum or SLE serum ΔIgA1 from the same SLE serum donor and the same HC 
pDC donor assessed at 4 times over 14 months. (E) Paired analysis of pDC IFNa2 (left) and TNF (right) 
secretion after incubation with SLE serum or SLE serum ΔIgA1 ICs. (F) pDC IFNα secretion after pDCs 
were incubated with PBS, mIgG1 isotype control, anti-FcgRIIa, anti-FcaR, aggregated IgG or aggregated 
IgA for 2 hours prior to the addition ICs generated from SLE serum. Data are shown as a percent of PBS 
control with mean and range (raw data shown in Supplemental Figure 4E). (A) One way ANOVA, repeated 
measures, Bonferroni correction for multiple comparisons between all groups. Only significant 
comparisons are shown (*** p<0.001 and ** p<0.01). (B-D) Paired t-test (** p<0.01 and * p<0.05). (F) 
One way ANOVA, repeated measures, Bonferroni correction for comparing all blocking conditions to the 
isotype control (*** p<0.001). SLE serum donors; n=1 (A, B D and F), n=4 (E), n=8 (C). HC pDC donors; 
n=1 (C-E), n=3 (F), n=4 (A and B).  
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Figure 5: IgA1 autoantibodies contribute to IC association with pDCs 
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Figure 5: IgA1 autoantibodies contribute to IC association with pDCs 
 
(A) pDCs were incubated with Sm/RNP-AF647 alone (bottom row) or Sm/RNP-AF647 ICs generated from 
SLE serum (top row) or SLE serum ΔIgA1 (middle row), for 3-20 hours. Representative flow cytometry 
plots show the percent of Sm/RNP-AF647+ pDCs. The Sm/RNP-AF647+ gate was determined by selecting 
where binding of Sm/RNP-AF647 control was approximately 1% or less (bottom row). (B) Percent IC+ 

pDCs at 12 hours after incubation with ICs generated with SLE serum or SLE serum ΔIgA1 from 4 SLE 
donors. (C) Correlation between IC+ pDCs (%) at 12 hrs and IFNa secretion at 20 hours (ng/mL) after 
incubation with Sm/RNP-AF647 ICs generated from SLE serum (solid lavender symbols) or SLE serum 
ΔIgA1 (open blue symbols). Plot shows the same IFNa secretion data from (B) with each symbol shape 
corresponding to the SLE serum donor.  (D) Correlation of 12 hr IC+ pDCs (%) and normalized 20 hr IFNa 
production (% max) for combined experiments in which pDCs were incubated with Sm/RNP-AF647 ICs 
generated with SLE serum or SLE serum ΔIgA1. (B) Ratio paired t-test (* p<0.05) (C, D) r = Pearson’s 
correlation coefficient.  SLE serum donors; n=1(A), n=4 (B, C, D). HC pDC donors; n=1 (A, B, C), n=4 
(D).  
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Figure 6: IgA1 autoantibodies enhance pDC internalization of immune complexes 
 

 
 
 
Figure 6: IgA1 autoantibodies enhance pDC internalization of immune complexes 
 
Enriched pDCs from healthy individuals were incubated with Sm/RNP-AF647 alone or Sm/RNP-AF647 
ICs generated with either SLE serum or SLE serum ΔIgA1 for 12 hrs (n=2 SLE serum donors). (A) 
Representative confocal images of the three categories of staining observed with DAPI (blue), CD123 
(green) and Sm/RNP-AF647 ICs (magenta). Group I (left), pDCs that had no ICs bound or internalized or 
very faint IC signaling indicating low level or diffuse ICs bound. Group II (middle), pDCs with either small 
(top cell) or large (bottom cell) internalized ICs. Group III (right), pDCs with either small (top cell) or large 
(bottom cell) ICs that were bound but not internalized. Images shown are a composite of collapsed z-stacks, 
Supplemental Fig. 6 shows examples with full z-stacks to demonstrate the difference between internalized 
and bound ICs. (B) Donut plots show the proportion of pDCs in each group for each experimental condition: 
Sm/RNP-AF647 with no serum (left), Sm/RNP-AF647 ICs generated with SLE serum (middle), and 
Sm/RNP-AF647 ICs generated with SLE serum ΔIgA1 (right). The center of the donut plot shows the 
number of cells imaged and analyzed in each group. Chi-squared analysis performed between all groups 
and statistically significant comparisons shown (** p<0.01, ** p<0.01). 
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Figure 7. SLE pDCs have increased binding to immune complexes and increased expression of 
FcaR  
 

 
 
 
Figure 7. SLE pDCs have increased binding to immune complexes and increased expression of 
FcaR  
 
(A) PBMCs from individuals with SLE (n=12) and matched healthy control subjects (n=12) were incubated 
for 3 hours with ICs generated from Sm/RNP-AF647 and SLE serum. Percent of gated pDCs with ICs is 
shown, determined as described in Figure 5A. (B) PBMCs from the same subjects as in (A) were also 
stained for surface FcaR and FcgRIIa and correlations between IC+ pDCs and FcaR (left) or FcgRIIa (right) 
are shown. Grey circles are pDCs from healthy control individuals and purple circles those from SLE 
individuals. (C) Cell surface expression of FcaR (left) and FcgRIIa (right) on gated pDCs from individuals 
with SLE (n=36) and matched HC subjects (n=37). (D) Cell surface expression of FcaR on gated 
monocytes from the same SLE and HC subjects in Fig. 7C. (A-D) Each circle represents an individual 
subject; (A, C and D) Student’s t-tests (* p<0.05 and ***p<0.001). (B) r=Pearson’s correlation coefficient. 
 
 
 
 
 

0

10

20

30

40

Fc
α

R 
(M

FI
 x

10
3 )

✱

A

C D

B

IC+ pDCs (%)

Fc
α

R 
(M

FI
 x

10
3 )

0 5 10
0

10

20

30
p = 0.0041
r = 0.56

p = 0.58
r = 0.13

0 5 10
0

5

10

15

IC+ pDCs (%)

Fc
γR

IIa
 (M

FI
 x

10
3 )

0

10

20

30

Fc
γR

IIa
 (M

FI
 x

10
3 )

ns

0

5

10

IC
+  p

D
Cs

 (%
)

✱✱✱

monocytespDCs

Fc
α

R 
 (M

FI
 x

10
3 )

HC SLEHC SLEHC SLE

HC SLE

0

50

100

150

200

250
ns

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

The copyright holder for this preprint (whichthis version posted April 4, 2024. ; https://doi.org/10.1101/2023.09.07.556743doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.07.556743
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
 
 
 
 

38 

Figure 8: pDC FcaR expression correlates with IFN signature in SLE.  
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Figure 8: pDC FcaR expression correlates with IFN signature in SLE.  
 
(A) Whole blood RNA-Seq was performed for n=18 donors that were also assessed for FcaR and FcgRIIa 
expression (Fig. 7C). Heatmap shows the top 50 genes positively correlated to FcaR expression. Scales 
above the heatmap show FcaR MFI expression (red), FcgRIIa expression (blue) and SLEDAI score (pink). 
Genes that were found to be part of the Hallmark IFN-alpha response gene set from the Broad’s Molecular 
Signatures Database are indicated with an asterisk (*). (B) Correlation between cell surface expression of 
FcaR on gated pDCs and an interferon-stimulated gene (ISG) signature determined by RNA-seq performed 
on whole blood from 18 of the SLE subjects in (Fig. 7C).  (C) Correlation between cell surface expression 
of FcgRIIa on gated pDCs and ISG signature determined by RNA-seq performed on whole blood from 18 
of the SLE subjects in (Fig. 7C). (D) pDC FcaR expression (geometric MFI) after 36 hr incubation with 
PBS control, TLR7 agonist R848, IFNa or TNF. (D) Healthy control pDC donors n=4-5.  (B and C) r = 
Pearson’s correlation coefficient.  (D) One way ANOVA, repeated measures comparing all induction 
conditions to the PBS control (* p<0.05). 
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Table 1. SLE Serum donors 
 

 

Sex/Gender
Female (% ) 14 (87.5%)

Race
White, Caucasian 6 (37.5%)

Black, African American 4 (25%)
Asian 2 (12.5%)

American Indian, Alaska Native 1 (6.25%)
Native Hawaiian, Other Pacific Islander 1 (6.25%)

More than one race 1 (6.25%)
Unknown 1 (6.25%)

Age at Draw
Age at Draw (Avg +/- SD) 35.2 +/- 13.7

Age at Draw, Range 18 - 62

SLE (n=16)
Clinical information
SLEDAI Score Range 0-16

SLEDAI Score (Avg +/- SD) 4.3 +/- 5.1

SLE / Lupus Nephritis 3 (18.8%)
SLE Duration at Draw Range (yrs) 0.1-24

SLE Duration at Draw [Avg +/- SD (yrs)] 10.4 +/- 9.6
ANA Positive 16 (100%)

anti-dsDNA Positive 12 (50%)
anti-Smith, RNP or Smith RNP positive 15 (93.7%)

Experimental ELISA
anti-Sm/RNP IgG 16 (100%)
anti-Sm/RNP IgA 12 (75%)
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Supplementary Figure 1 
 

 
 
Supplementary Figure 1: Supplementary figures relating to main Figure 1 
 
(A) Autoantibody profiling of serum from 24 SLE subjects. Heatmaps of log-scaled antibody 
binding for IgA (left) and IgG (right) isotype antibodies to 10 DNA-associated nuclear antigens. 
Each row corresponds to an antigen and each column corresponds to an individual subject. The 
numbering of subjects below heatmap correspond to the number in Fig. 1A. The color bar across 
the top indicates SLEDAI score for each donor at time of blood draw. Clustering of subjects and 
samples is based on similarity in scaled IgA levels, with the same clustering applied to the IgG 
heatmap. (B) Table shows mean normalized signal intensity (NSI) values for IgA and IgG isotype 
antibody, the ratio of IgA/IgG NSI values, as well the Pearson’s correlation and p values for natural 
log transformed IgA and IgG NSI values.  
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Histone H1 2855 466 6.12 0.10 0.6458
Histone H2A 4017 1189 3.38 -0.21 0.3351
Histone H2B 966 746 1.29 0.21 0.3356
Nucleosome antigen 3013 812 3.71 0.30 0.1608
dsDNA 272 3545 0.08 0.81 1.7E-06
ssDNA 1842 16628 0.11 0.88 1.4E-08
Jo-1 387 706 0.55 0.60 0.0018
La/SSB 217 643 0.34 0.66 0.0005
Ribo P. P0 462 1346 0.34 0.74 3.9E-05
Ribo P. P1 69 274 0.25 0.53 0.0082
Ribo P. P2 289 1658 0.17 0.71 3.9E-05
Ro/SSA (52 Kda) 1087 15321 0.07 0.66 0.0004
Ro/SSA (60 Kda) 110 458 0.24 0.40 0.0557
Sm 45 647 0.07 0.40 0.0545
Sm/RNP 139 2228 0.06 0.78 6.8E-06
SmD 68 672 0.10 0.52 0.0096
SmD1 143 1121 0.13 0.48 0.0167
U1-snRNP 68/70 300 5942 0.05 0.60 0.0018
U1-snRNP A 133 3272 0.04 0.54 0.0060
U1-snRNP B/B' 728 2431 0.30 0.52 0.0088
U1-snRNP C 846 3499 0.24 0.46 0.0224
ssRNA 67 299 0.22 0.25 0.2408
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Supplementary Figure 2 

 
 
Supplementary Figure 2:  Supplementary figures relating to main Figure 2 
 
(A) FCAR and FCGRIIA mRNA expression in monocytes (1-4) and DC (1-6) subsets analyzed from 
publicly available single cell RNA sequencing data (43). Color of the circles represent scaled mean 
expression levels and size of the circle corresponds to the percent of expressing cells for each group. (B) 
For all flow cytometry experiments gating for pDCs was done as shown. pDCs were identified as CD3-

CD19-CD14-CD304+CD123+ live single cells (purple gate). Monocyte and T cells were identified as CD3-

CD19-CD14+ and CD19-CD14-CD3+ live single cells respectively. (C) PBMCs were analyzed by flow 
cytometry for surface FcaR (red) and FcgRIIa (blue) staining with isotype control staining in grey. The 
first two histograms show FcaR staining on gated monocytes (first panel) and T cells (second panel). The 
last two histograms show FcgRIIa on gated monocytes (third panel) and T cells (fourth panel) (D) Flow 
cytometry analysis showing aggregated biotinylated IgA (red, left) and IgG (blue, right) staining on 
monocytes as detected by labeled streptavidin. Gray histogram shows control streptavidin staining alone. 
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Supplementary Figure 3  
 

 
 
 
Supplementary Figure 3: Supplementary figures relating to main Figure 3 
 
(A) IgG (left), IgA (middle) and IgE isotype (right) anti-Sm/RNP was measured in arbitrary units (AU) as 
described in methods. SLE serum, SLE serum ΔIgA1 and purified IgA1 were assayed for the 8 SLE serum 
donors used for all pDC IFNa production experiments. Each donor is color coded the same throughout this 
figure and in all other figures.  (B) Total IgG in SLE serum and SLE IgA1.  (C) Total IgA (left) in SLE 
serum and SLE serum ΔIgA1. Total IgE (right) in SLE serum and SLE serum ΔIgA1. 
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Supplementary Figure 4 
 

 
 
Supplementary Figure 4: Supplementary figures relating to main Figure 4 
 
pDCs enriched from PBMCs freshly isolated from healthy control (HC) donor blood were incubated with 
immune complexes (ICs) generated with Sm/RNP RNA-containing nuclear antigens. (A) IFNa produced 
by pDCs after 24 hr incubation with Sm/RNP ICs generated with either SLE serum ΔIgA1 or twice the 
amount of SLE ΔIgA1 serum (2X SLE ΔIgA1 serum). (B) pDC IFNa production after 30-hour incubation 
with Sm/RNP ICs made with SLE serum or SLE serum ΔIgA1 from multiple SLE donors. Each line 
represents a distinct SLE serum donor, and each panel is from a different HC pDC donor distinct from the 
donor in Fig. 4C. (C) Paired analysis of pDC IFNα secretion with the same SLE serum donor and HC pDC 
donor assessed at 3 times over 7 months. (D) HC pDCs from multiple donors were stimulated with Sm/RNP 
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ICs made with SLE serum or SLE serum ΔIgA1 from one SLE serum donor (left same SLE serum donor 
as in Supplementary Fig. 4C, right same SLE donor from Fig. 4C). (E) Paired analysis of pDC IFNb 
secretion after incubation with SLE serum or SLE serum ΔIgA1 ICs (F) Raw non-normalized data for 
experiment shown in Fig. 4F. HC pDCs were blocked with either PBS, isotype control antibody, 
monoclonal anti-FcgRIIa (6C4), monoclonal anti-FcaR (MIP8a), aggregated IgG or aggregated IgA for 
two hours before given Sm/RNP ICs generated with SLE serum. One way ANOVA with repeated measures 
(p = 0.018) with Bonferroni correction for multiple comparisons. Statistics for A, B and D-G are ratio paired 
t tests (* p<0.05, ** p<0.01, *** p<0.001.) SLE serum donors n=1 (C, D, F), n=2 (A), n=3 (E) n=6 (B left), 
n=8 (B right). HC pDC donors n=1 (B, C), n=3 (A, F), n=4 (D left), n=7 (D right). 
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Supplementary Figure 5 
 

 
 
Supplementary Figure 5: Supplementary figures relating to main Figure 5 
 
ICs were generated AlexaFluor647-labeled Sm/RNPs (Sm/RNP-AF647). (A) Paired analysis of percent IC+ 

pDCs (n=4) after incubation with Sm/RNP-AF647 ICs generated with SLE serum or SLE serum ΔIgA1 
from 1 SLE serum donor. (B) pDCs (n=1) were incubated with Sm/RNP-AF647 ICs generated with (n=2) 
SLE serum or SLE serum ΔIgA1 and IFNa secretion from replicate wells was measured at 3, 12 and 20 
hours. Each graph shows data from a different SLE serum donor. (C) Correlation of 12 hour IC+ pDCs (%) 
and 20 hour IFNa production for combined experiments in which pDCs were incubated with ICs generated 
with Sm/RNP-AF647 mixed with either SLE serum or SLE serum ΔIgA1. The combined data were 
generated with pDCs from n=4 HC pDC donors and n=4 SLE serum donors. r = Pearson’s correlation 
coefficient.   
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Supplementary Figure 6 

 
 
Supplementary Figure 6: Representative images used to categorize Sm/RNP-AF647 SLE 
serum IC internalization and binding to pDCs 
 
Healthy control (HC) pDCs were incubated with ICs generated with Sm/RNP-AF647 alone or Sm/RNP-
AF647 with SLE serum or SLE serum ΔIgA1 for 12 hours as in described in Fig. 6. (A) Representative 
example of a cell with large, internalized ICs. (B) Representative example of a cell with large ICs bound to 
the outside of the cell. For both (A) and (B) the first series of images (I.) shows the z-stack with all channels 
and second series of images (II.) show the z-stack for each individual channel; DAPI (blue), CD123 (green) 
and Sm/RNP-AF647 ICs (magenta). 
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Supplementary Figure 7 
 

 
 
Supplementary Figure 7: Supplementary figures relating to main Figure 7 
 
(A) Representative flow plots for data shown in Fig. 7A in which thawed and rested PBMCs from 
individuals with SLE (n=12) and age-, race- and sex-matched healthy control (HC) subjects (n=12) were 
incubated for 3 hours with ICs generated from SLE serum and Sm/RNP-AF647.  The first two flow plots 
show the percent of Sm/RNP-AF647+ healthy control pDCs when either Sm/RNP-AF647 is added alone 
(first) or in combination with SLE serum (second). The second two flow plots show the percent of Sm/RNP-
AF647+ SLE pDCs when either Sm/RNP-AF647 is added alone (third) or in combination with SLE serum 
(fourth). (B) Thawed and rested PBMCs from individuals with SLE (n=12) and age-, race- and sex-matched 
healthy control subjects (n=12) were incubated for 3 hours with ICs generated from SLE serum and 
Sm/RNP-AF647. Percent of gated monocytes with ICs is shown. (C) PBMCs from the same subjects as in 
(B) were also stained for surface FcaR and FcgRIIa and correlations between IC+ monocytes and FcaR 
(left) or FcgRIIa (right) staining on monocytes are shown. Grey circles are pDCs from HC individuals and 
purple circles those from SLE individuals. (D) Cell surface expression of FceRIa on gated pDCs from 
individuals with SLE (n=24) and age, race, and sex-matched HC subjects (n=24). (E) Cell surface 
expression of FcgRIIa on gated monocytes from individuals with SLE (n=36) and age, race, and sex-
matched HC subjects (n=37). (B, D and E) Student’s t-tests (C) r = Pearson’s correlation coefficient.   
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Supplementary Figure 8 
 

 
 
 
 
Supplementary Figure 8: Supplementary figures relating to main Figure 8 
 
(A) Correlation between cell surface expression of FcaR (left) and FcgRIIa (right) on gated monocytes and 
interferon-stimulated gene signature determined by RNA-seq performed on whole blood from 18 of the 
SLE subjects in Fig. 7C. (B) pDC FcgRIIa expression (geometric MFI) after 36 hr incubation with PBS 
control, TLR7 agonist R848, IFNa or TNF. (A) r = Pearson’s correlation coefficient. (B) One way 
ANOVA, repeated measures comparing all induction conditions to the PBS control. 
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Supplementary Table 1: SLE and HC Participant Population Summary 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

SLE CONTROLS
Sex/Gender (n=24) (n=25)
Female (% ) 24 (100%) 25 (100%)

Race
White, Caucasian 16 (67%) 16 (64%)

Mixed Race 3 (12.5%) 4 (16%)
Asian 3 (12.5%) 3 (12%)

Native Hawaiian, Other Pacific Islander 0 (0%) 1 (4%)
Black, African American 2 (8%) 1 (4%)

Age at Draw
Age at Draw (Avg +/- SD) 43.4 +/- 15.7 43.7 +/- 15.2

Age at Draw, Range 18 - 84 18 - 82

Medications
Hydroxychoroquine 17 (68%) n/a

Prednisone 7 (29%) n/a
Mycophenolic Acid 3 (12.5%) n/a

Methotrexate 2 (8%) n/a
Azathioprine 2 (8%) n/a
Sulfasalazine 1 (4%) n/a
Chloroquine 1 (4%) n/a

Clinical information
SLEDAI Score Range 0-20 n/a

SLEDAI Score (Avg +/- SD) 4.3 +/- 4.9 n/a
SLE / Lupus Nephritis 4 (17%) n/a

ANA Positive 24 (100%) n/a
anti-dsDNA Positive 12 (50%) n/a
anti-Smith positive 6 (25%) n/a

SLE Duration at Draw Range (yrs) 0 - 22.7 n/a
SLE Duration at Draw [Avg +/- SD (yrs)] 7.4 +/- 8.5 n/a
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 Supplementary Table 2: SLE Participant Population Detailed Summary  
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1 F

50
Black, African

American 23.7 0 x + + + + Y + +

2 F

62
Caucasian,
American

Indian, Alaska
Native 17.5 0 x + + + + Y + +

3 F

27 White,
Caucasian 4.6 4 x + - - + + Y + +

4 F
51 Black, African

American 11 4 x x + + + + Y + +

5 M
26 Black, African

American 0.1 6 x x x + + - + + Y + +

6 F
33 White,

Caucasian 15.7 9 x + + + + + Y + +

7 M
44 Black, African

American 0.7 3 x x + - + + + Y + +

8 F 39 Asian 21 0 x x + + + + Y + +

9 F
21 White,

Caucasian 1.6 1 x x + - + + + N + -
10 F 57 Asian 27 4 x + + + + N + +

11 F
27 White,

Caucasian 5 0 x x + + + + N + +
12 F 22 Caucasian 9 16 x x x + + + + + N + +
13 F 28 Unknown 24 14 x + - - - + N + -

14 F 33

American
Indian, Alaska

Native 4 0 x x x + - + + N + -
15 F 24 Caucasian 2.2 0 x x + - - - N + -

16 F 18

Native
Hawaiian,

Other Pacific
Islander 0.2 8 x x x + - - + N + +

AVG 35.13 10.46 4.31 13% 75% 6% 25% 6% 50% 6% 6% 100% 56% 69% 88% 44% 50% 100% 75%

SD 13.74 9.60 5.12

range 18-62 0.1-24 0-16
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Supplementary Table 3: SLE and HC Participant Population Summary 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SLE CONTROL
Sex/Gender (n=12) (n=12)
Female (% ) 12 (100%) 12 (100%)

Race
White, Caucasian 8 (66.7%)

Asian 2 (16.7%)
Black, African American 2 (16.7%)

8 (66.7%)
2 (16.7%)
2 (16.7%)

Age at Draw
Age at Draw (Mean +/- SD) 43.8 +/- 16.1 43.8 +/-15.6

Age at Draw, Range 22-72 25-71

Medications
Hydroxychoroquine 8 (67%) n/a

Prednisone 2 (16.7%) n/a
Mycophenolic Acid 2 (16.7%) n/a

Belimumab 1 (8.3%) n/a
Chlorquine 1 (8.3%) n/a

Methotrexate 1 (8.3%) n/a

Clinical information
SLEDAI Score Range 2-9 n/a

SLEDAI Score (Avg +/- SD) 4.7 +/- 2.8 n/a
SLE / Lupus Nephritis 1 (8.3%) n/a

ANA Positive 12 (100%) n/a
anti-dsDNA Positive 6 (50%) n/a
anti-Smith positive 1 (8.3%) n/a

SLE Duration at Draw Range (yrs) 0-55 n/a
SLE Duration at Draw [Avg +/- SD (yrs)] 14.6 +/- 16.6 n/a
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Supplementary Table 4: Flow Cytometry Antibody Summary 

 
  

Target Clone Flurophore Manufacturer Catalog # Concentration
mIgG1 RMG1-1 PE Biolegend 406608 1:50
CD3 (T cell marker) OKT3 BV711 Biolegend 317328 1:200
CD19 (B cell marker) HIB19 FITC Biolegend 302206 1:200
CD19 (B cell marker) HIB19 BV650 Biolegend 302238 1:200
CD14 (monocyte marker) M5E2 BUV615 BD 751150 1:200
CD123 (pDC marker) 6H6 FITC Biolegend 306014 1:50, 1:100
CD123 (pDC marker) 7G3 BUV395 BD 56419 1:50, 1:100
CD304 (pDC marker) 3E12 BV421 Biolegend 145209 1:50, 1:100
FcαR MIP8a NA Invitrogen MA5-28106 1:10
FcγRIIa 6C4 NA Invitrogen 16-0329-85 1:10
isotype control mIgG1 P3.6.2.8.1 NA Invitrogen 16-4714-85 1:10
Live/Dead NA NIR Biolegend 77184 1:500. 1:750
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