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Introduction
Mast cells (MCs) are of hematopoietic origin but reside in almost all vascularized tissues (1, 2). MCs play a piv-
otal role in type-2 inflammation (1, 2) and, in concert with IgE, help to protect mice from animal venoms (3), 
infections with Staphylococcus aureus (4), and infections with certain parasites (5). On the other hand, the IgE-
MC pathway is well recognized as a cause of pathology in the context of allergic disorders (1, 2, 6). MCs have 
also been implicated in diseases not typically associated with type-2 immunity, including autoimmunity (7, 
8) and cancer (9, 10). Importantly, the MCs’ role in such settings often depends on the disease model and the 
host’s genetic background (8–17). Therefore, elucidating how MC phenotypes and functions can vary in dif-
ferent genetic backgrounds is critical in efforts to understand the potential roles of MCs in health and disease.

Inbred laboratory mouse strains, such as C57BL/6J and BALB/cJ, have been widely used to uncover MC 
functions in vivo (18). Indeed, much of  our knowledge regarding the mammalian immune system and related 
pathology is based on the results obtained from mouse studies, particularly those involving mutations on 
the C57BL/6J background (19, 20). However, because humans are genetically diverse, using limited mouse 
strains may not fully capture the diversity of  human MC phenotypes and MC-related diseases. In addition, 
we don’t know to what extent the traditionally used mouse strains represent the MC phenotypes to be found 
among the entire Mus musculus species (18). It is even possible that some genes importantly involved in MC 
development/function could have been overlooked by studies conducted using classical laboratory strains.

Collaborative Cross (CC) mice are a reproducible yet genetically diverse genetic reference panel derived 
from 8 founder strains representing major Mus musculus subspecies (M.m. musculus, M.m. domesticus, and M.m. 
castaneou): 5 classical inbred strains (A/J, C57BL/6J, 129S1/SvImJ, NOD/LtJ, and NZO/H1LtJ), and 3 
wild-derived strains (CAST/EiJ, PWK/PhJ, and WSB/EiJ) (21, 22). These strains are thought to capture 

Mouse IgE and mast cell (MC) functions have been studied primarily using inbred strains. Here, 
we (a) identified effects of genetic background on mouse IgE and MC phenotypes, (b) defined the 
suitability of various strains for studying IgE and MC functions, and (c) began to study potentially 
novel genes involved in such functions. We screened 47 Collaborative Cross (CC) strains, as well as 
C57BL/6J and BALB/cJ mice, for strength of passive cutaneous anaphylaxis (PCA) and responses 
to the intestinal parasite Strongyloides venezuelensis (S.v.). CC mice exhibited a diversity in PCA 
strength and S.v. responses. Among strains tested, C57BL/6J and CC027 mice showed, respectively, 
moderate and uniquely potent MC activity. Quantitative trait locus analysis and RNA sequencing of 
BM-derived cultured MCs (BMCMCs) from CC027 mice suggested Sp140 as a candidate gene for MC 
activation. siRNA-mediated knock-down of Sp140 in BMCMCs decreased IgE-dependent histamine 
release and cytokine production. Our results demonstrated marked variations in IgE and MC activity 
in vivo, and in responses to S.v., across CC strains. C57BL/6J and CC027 represent useful models 
for studying MC functions. Additionally, we identified Sp140 as a gene that contributes to IgE-
dependent MC activation. 
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about 90% of the genetic variation among the commonly used strains of  laboratory mice, and the variation 
randomly distributes across the genome. CC mice, therefore, can be used to better capture the breadth of  
physiological or pathological phenotypes caused by genetic variation, to identify the influence of  genetic 
polymorphisms (23–25), and to establish better mouse models to reflect human disease pathology (25–27).

In this study, we screened 47 CC strains, in addition to classical C57BL/6J and BALB/cJ mice, for the 
strength of passive cutaneous anaphylaxis (PCA). PCA is an experimental anaphylactic reaction that is depen-
dent on IgE and MC and, therefore, reflects — at least in part — the strength of MC degranulation in vivo (28). 
We also evaluated infections with the intestinal parasite Strongyloides venezuelensis (S.v.), because IgE and MCs 
partially contribute to the primary immune response to this nematode (5). The aims of our study were (a) to 
understand the phenotypic range of PCA reactions in mice (and how “representative” PCA reactions are in 
C57BL/6J and BALB/cJ strains); (b) to discover strains with phenotypes useful for establishing new models 
for analyzing IgE and/or MC functions; and (c) to identify novel genes or genetic loci affecting MC functions.

Results
All immunological parameters examined are widely diverse across CC strains. We screened 47 CC strains, and con-
ventional C57BL/6J and BALB/cJ mice, for the strength of  PCA reactions and the responses to a primary 
infection with S.v. (Figure 1A). In murine rodents, PCA reactions are relatively weak in young animals, in 
part because of  limited MC maturation (29, 30). Therefore, all of  the 153 mice used were 22–35 weeks old 
before starting the experiments.

We bled mice 1 week before the beginning of  the PCA (day –7) to evaluate baseline levels of  serum 
IgE and IgG1 (Supplemental Figure 1; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.146572DS1). CC mice exhibited marked variation in their baseline levels of  IgE 
and IgG1, and we found significant quantitative trait loci (QTLs) for baseline IgE and IgG1 on chromo-
some 10 and 12, respectively (Supplemental Figure 2).

Mice then were passively sensitized with IgE by intradermal injection of  mouse anti-dinitrophenyl 
(anti-DNP) IgE (day 0) into the right ear pinnae, with vehicle alone injected into the left ear pinnae. A day 
(i.e., 24 hours) later (day 1), mice were i.v. injected with anti-DNP–human serum albumin (HSA), and 
mouse ear thickness was measured.

On day 8 (i.e., 7 days after PCA), the mice were infected with S.v. by s.c. injection of  5000 L3 larvae. 
The number of  S.v. eggs in the stools was counted every day from day 6 after infection (day 13) until the 
mice stopped producing eggs. Three days after the mice stopped producing S.v. eggs, mice were sacrificed. 
We then collected peritoneal cells and blood samples to evaluate the number of  peritoneal MCs and periph-
eral blood eosinophils, as well as the levels of  serum IgE and IgG1 (Figure 1A).

The screening of  47 CC strains, together with C57BL/6J and BALB/cJ mice, showed a wide range of  
intensity of  PCA reactions (in response to in vivo IgE-dependent MC activation) across the mouse strains 
(Supplemental Table 1). Most of  the mice showed the highest PCA value (PCA MAX) at 30 minutes after 
antigen injection, and the rest of  the mice had a PCA MAX at 1 hour after the injection (Figure 1B). The 
PCA MAX varied from 4 × 10–2 to 33 × 10–2 mm, with an average of  12.46 × 10–2 mm and a median of  
10.00 × 10–2 mm (Figure 1C).

C57BL/6J mice exhibited an average PCA MAX of  10.4 × 10–2 mm, which was close to the median 
value for all strains (specifically, 24th out of  49 strains). This indicates that C57BL/6J is a reasonable “aver-
age” mouse model for studying mouse IgE–dependent MC activation in vivo. By contrast, BALB/cJ mice 
showed an average PCA MAX of  5 × 10–2 mm, the second lowest among the strains, indicating that this 
strain had a remarkably weak PCA reaction in the naive state.

The duration of  S.v. infection in the different mice varied from 9 to 17 days (Figure 1, D and E). Inter-
estingly, CC027 mice, which showed the strongest PCA MAX, expelled S.v. in the shortest period (Figure 
1E). C57BL/6J mice stopped S.v. egg production at 12.4 days after infection, 38th among the 49 strains, 
and BALB/cJ mice stopped egg production at 10.8 days (17th among the 49 strains), probably reflecting the 
well-characterized Th1 versus Th2 skewing characteristics of  these 2 strains (31).

Serum IgE and IgG1 levels after S.v. infection, the fold changes of  the antibody levels, the percentages 
of  eosinophils in peripheral blood leukocytes (PBL), and peritoneal MC numbers also varied widely across 
the strains (Figure 1F and Supplemental Figure 3). Interestingly, CC027 mice, the strain that showed the 
highest PCA intensity and the earliest S.v. expulsion, also showed the highest IgE fold change (Figure 1F) 
and PBL eosinophil percentage (Supplemental Figure 3D). This suggests that this strain has a remarkably 
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strong type-2 immunological response. Notably, all of  the screened parameters from C57BL/6J mice, but 
not from BALB/cJ mice, were moderate and most of  them were in the interquartile range (Figure 1, C–F, 
and Supplemental Figure 3); C57BL/6J’s IgE-fold change was slightly above the 25th quartile, at 164.2 
versus 145 (Figure 1F).

To validate the accuracy of  the screening results, we repeated the experiments using a limited number 
of  CC strains (CC012, CC015, CC027, and CC061) together with C57BL/6J and BALB/cJ mice (Sup-
plemental Figure 4). Although all of  these mice showed PCA values that were relatively weaker than in 
the screening experiment, probably because they were younger (14–16 weeks old) than the mice used for 
the initial screening, the strains’ characteristics were consistent with those detected in the initial screening. 
For example, CC027 mice had the strongest PCA MAX and IgE fold change and the shortest time for S.v. 
expulsion, CC015 mice had the longest S.v. infection, and BALB/cJ mice had the lowest PCA value.

We also evaluated the numbers of  MCs in ear and back skins (Figure 2, A and B). The MC numbers 
did not differ as much among the strains as did the intensities of  PCA. Furthermore, MC numbers in the 
jejunum (Figure 2C) and peritoneal exudate cells (PEC) (Figure 2D) 3 days after S.v. expulsion did not 
correlate with resistance against S.v. However, the CC027 mice, which showed the highest PCA intensity 
and the earliest S.v. expulsion, had the highest levels of  serum mouse MC protease 1 (Mcpt1; Figure 2E). 
Therefore, the differences observed in the strengths of  the PCA reactions and responses to S.v. in the var-
ious strains did not correlate strongly with differences in MC numbers but, instead, appeared to correlate 
with the extent of  MC activation.

PCA intensity, duration of  S.v. infections, and the IgE fold change correlate in CC mice. Because the variety of  
values obtained by screening among the strains was much wider than that obtained within each strain, we rea-
soned that all of  the screened parameters were likely to be heritable traits. Therefore, we next examined the cor-
relations among the screened parameters. Spearman’s rank correlation indicated that PCA MAX weakly but 
significantly correlated with the brevity of S.v. infection (P = 3.85 × 10–4), the magnitude of the IgE fold change 
(P = 0.001), and the number of PBL eosinophils (P = 0.0318), but with lower numbers of peritoneal MCs (P = 
2.20 × 10–4; Figure 3 and Supplemental Table 2). In addition to correlating significantly with the PCA MAX, 
the brevity of S.v. infection also correlated with the IgE fold change (P = 0.0438) and the postinfection IgG1 
levels (P = 0.0311; Supplemental Table 2). Therefore, the IgE fold change was the only parameter tested that 
correlated significantly with both PCA MAX and the brevity of S.v. infection, and these 3 parameters were the 
only multiple parameters tested that were mutually correlated with one another (Figure 3).

Genome-wide association analysis identifies regions contributing to MC functions. Given that the PCA MAX, 
a shorter duration of  S.v. infection, and the magnitude of  the IgE fold change correlated with one another 
(Figure 3), we hypothesized that the 3 traits might reflect the effects of  the same genetic locus (or loci). We, 
therefore, performed QTL analyses for each of  them (Supplemental Table 3).

For PCA MAX, we identified a weak but significant QTL (P = 0.0031) on chromosome 1 in the 
interval of  81.7–92.9 Mb (Figure 4A), with a clear contribution of  a founder haplotype in the NOD/
ShiLtJ strain (Figure 4B). The duration of  S.v. infection and IgE fold change did not show any sig-
nificant peaks (Figure 4, C and E), but we found a weak contribution of  the chromosome 1, region 
81.7–92.9 Mb, to the 2 traits, and the causal founder haplotype variant for both traits was also of  the 
NOD/ShiLtJ strain (Figure 4, D and F).

Figure 4, G–I, shows the effects of  the founder strains of  chromosome 1, region 81.7–92.9 Mb, in each 
mouse in the interactions among PCA MAX, the brevity of  S.v. infection, and IgE fold change. Mice that 
had a NOD/ShiLtJ strain–derived chromosome 1, region 81.7–92.9 Mb (CC027, CC037, CC046, CC049, 
and CC060), were concentrated in the high PCA and short duration of  S.v. infection, high PCA and high 
IgE fold change, and high IgE fold change and short duration of  S.v. infection groups. Indeed, the values of  
PCA MAX, date of  S.v. expulsion, and IgE fold change were significantly different between the mice with 
NOD/ShiLtJ strain–derived chromosome 1, region 81.7–92.9 Mb, and the other mice (Figure 4, J and K). 

Figure 1. PCA intensity, duration of S.v. infection, and IgE fold change were assessed in CC, C57BL/6J, and BALB/cJ mice. (A) Schematic representation 
of screening using CC mice. (B) PCA reactions induced by injections of anti–DNP IgE and DNP-HSA. Mean changes (Δ) in ear thickness over time after i.v. 
injection of DNP-HSA in each genotype of mice. (C) Summary graphs (left) and violin plots (right) of the maximum values of PCA. (D) S.v. infections. Mean 
S.v. egg numbers excreted after worm inoculation in each mouse genotype. (E and F) Summary graphs (left) and violin plots (right) of S.v. expulsion date 
(E) and IgE fold change (F) of each mouse genotype. n = 1–5 mice per genotype (Supplemental Table 1) from 8 independent experiments. Data are shown as 
mean ± SD, and each dot indicates 1 mouse. Dashed lines in violin plots indicate 25th and 75th quartiles and median.
 

https://doi.org/10.1172/jci.insight.146572
https://insight.jci.org/articles/view/146572#sd
https://insight.jci.org/articles/view/146572#sd
https://insight.jci.org/articles/view/146572#sd
https://insight.jci.org/articles/view/146572#sd
https://insight.jci.org/articles/view/146572#sd
https://insight.jci.org/articles/view/146572#sd


5

R E S E A R C H  A R T I C L E

JCI Insight 2021;6(12):e146572  https://doi.org/10.1172/jci.insight.146572

These results strongly suggested that chromosome 1, region 81.7–92.9 Mb, derived from the NOD/ShiLtJ 
strain, positively influences both PCA results and the mouse response to this parasite infection.

Within 81.7–92.9 Mb on chromosome 1, we found 100 protein-coding genes (Supplemental Table 
4). A search of  the Sanger database (24, 32, 33) revealed that only 4 genes — Col4a4, Col4a3, Sp100, and 
Sp140 — had NOD/ShiLtJ strain–specific protein–changing SNPs (missense or splice region variants). 
Of  these, Sp140 seemed to be the most plausible candidate, as it is reported to encode a nuclear factor 
that contributes to the expression of  a set of  inflammatory genes in LPS-stimulated macrophages (34). 
In addition, the SNPs on Sp140 associate with autoimmune diseases, such as Crohn’s disease (34–36) 
and multiple sclerosis (37), in humans, where MCs have been proposed to potentially contribute to the 
pathogenesis (38–41).

Figure 2. Tissue MC numbers and serum Mcpt1 levels were evaluated in CC, C57BL/6J, and BALB/cJ mice. CC012, 
CC015, CC027, CC061, C57BL/6J, and BALB/cJ mice were treated as in Figure 1A. (A–E) MC numbers in ear (A) and back 
skin (B) from naive mice, as well as MC numbers per villus crypt unit (vcu) in jejunum (C) and peritoneal exudate cells 
(PEC) (D), and serum Mcpt1 levels (E) from S.v.-infected mice 3 days after the mice stopped producing S.v. eggs. Data 
are shown as mean ± SD, and each dot indicates 1 mouse. n = 4 for A and B and CC027 in C–E and n = 6 for other geno-
types in C–E from 2 (A and B) and 3 (C–E) independent experiments.
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We also explored potential QTLs negatively affecting MC functions. This revealed that chromosome 
10 in the interval of  79.4–94.0 Mb from the NZO/HILtJ strain contributed to a lower PCA MAX, a longer 
duration of  S.v. infection, and lower IgE fold change (Supplemental Figure 5). We found 231 protein-cod-
ing genes within 79.4–94.0 Mb on chromosome 10 (Supplemental Table 4). A search of  the ENCODE 
database revealed that 4 genes — Zbtb7a, Polr3b, Cfap54, and Usp44 — had NZO/HILtJ strain–specific 
protein–changing SNPs (missense variants or in-frame insertion).

CC027 MCs show strong IgE-dependent activation in vitro. The results discussed above indicate that CC 
mice with an NOD/ShiLtJ strain–derived chromosome 1 in the interval of  81.7–92.9 Mb have intense 
PCA activity in vivo. One possibility to explain such a phenotype is more robust IgE-dependent MC activa-
tion. To examine if  this might also be observed in MCs cultured in vitro, we generated BM-derived cultured 
MCs (BMCMCs) from 4 CC mouse strains (CC012, CC015, CC027, and CC061) in addition to from 
C57BL/6J and BALB/cJ mice.

CC027 mice exhibited the strongest PCA reaction, the highest IgE fold change, and the shortest dura-
tion of  S.v. infection (Figure 1), and they have a NOD/ShiLtJ strain–derived chromosome 1 in the interval 
of  81.7–92.9 Mb (Figure 4). BM cells from CC027 and the 5 other strains of  mice were cultured in the 
presence of  IL-3 for 6–7 weeks. Cell yields varied among the strains. Interestingly, BM cells from CC012 
mice did not produce any BMCMCs under such culture conditions (i.e., with IL-3) (Figure 5A). CC012 
mice also showed the lowest jejunal and peritoneal MC numbers and serum Mcpt1 levels after S.v. infection 
(Figure 2, C–E, and Supplemental Figure 3E), and these results might be partially explained by the BM 
cells’ weak response to IL-3 (Figure 5A).

Using the BMCMCs derived from the other 5 strains, we examined their IgE-induced responses. BMC-
MCs from CC027 mice showed the highest percentage of  histamine release among the strains (Figure 5B), 
consistent with CC027’s strong PCA reactions in vivo (Figure 1, B and D). CC027 strain–derived BMCMCs 
also produced the largest amounts of  IL-4, IL-6, and IL-13 in response to IgE ligation (Figure 5, C–E). 
Therefore, BMCMCs derived from CC027 mice have a notably strong IgE-induced response in vitro, further 
suggesting that NOD/ShiLtJ strain–derived chromosome 1 in the interval of  81.7–92.9 Mb positively con-
trols IgE-dependent MC activation.

To gain more insight into how this genetic region might control IgE-dependent MC activation, we 
compared the gene expression profiles of  BMCMCs from CC027 and C57BL/6J mice. RNA sequencing 
(RNA-seq) was performed with BMCMCs from CC027 and C57BL/6J mice in the presence or absence 
of  IgE ligation for 1 hour. The result showed 1259 upregulated and 1669 downregulated genes in the rest-
ing state, and 1784 upregulated and 2053 downregulated genes after IgE ligation, between CC027 and 
C57BL/6J BMCMCs (Supplemental Figure 6, A and B).

Gene ontology (GO) analysis revealed significant enrichment of  the genes involved in several 
GTPase pathways in BMCMCs from CC027 mice (Figure 6, A and B, and Supplemental Table 5). 
GTPase-mediated signaling regulates several membrane trafficking events in cells, including IgE-depen-
dent MC degranulation (42, 43). Therefore, the higher expression of  GTPase pathway genes in CC027 
MCs may contribute to their higher IgE-dependent degranulation. Additionally, BMCMCs from CC027 

Figure 3. PCA intensity, duration of S.v. infection, and IgE fold change correlate in CC mice. (A–C) Maximum PCA value (x axis) relative to S.v. expulsion 
date (y axis) (A), maximum PCA value (x axis) relative to IgE fold change (y axis) (B), and S.v. expulsion date (x axis) relative to IgE fold change (y axis) (C). 
Each dot indicates a value for 1 mouse. The respective Spearman’s rank-order correlation coefficients (r) and P values for each analysis are shown.
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mice highly expressed some genes involved in MC activation, such as Cftr, Lat, Unc13d, Ms4a3, and 
Stxbp2, compared with the cells from C57BL/6J mice (Figure 6C and Supplemental Table 6A). On the 
other hand, the expression of  negative regulators of  MC activation — Bcl6, Hmox1, Rabgef1, Cd300lf, 
and Cd84 — in CC027 strain–derived BMCMCs was lower than that in C57BL/6J strain–derived cells 
(Figure 6D and Supplemental Table 6B). This differential gene expression profile may directly contrib-
ute to the stronger MC activity in CC027 mice.

Because chromosome 1 at region 81.7–92.9 Mb was a potential QTL contributing to MC functions (Fig-
ure 4), we checked the differentially expressed genes in this region. Fifteen genes were identified as differen-
tially expressed genes, and Sp140 was on the list (Figure 6, E and G, and Supplemental Table 6C). We found 
13 SNPs on Sp140 mRNA expressed in CC027 BMCMCs, of  which 10 were already reported, including 2 
NOD/ShiLtJ strain–specific missense SNPs shown in the Sanger database (https://www.sanger.ac.uk) (Sup-
plemental Table 7). In addition, we found 2 potentially novel missense SNPs and a synonymous SNP on 
CC027 Sp140 mRNA. The sequencing results also showed lower abundances of  exons 7–9 in CC027 Sp140 
mRNA, suggesting the presence of  alternative mRNA transcripts skipping these exons (Figure 6, F and H, 
and Supplemental Figure 7A). This truncation would result in the expression of  shorter Sp140 transcripts 
devoid of  a part of  the SAND domain, a DNA-binding domain (Supplemental Figure 7, B and C) (44).

A previous study described Sp140 as a regulator for TLR4-induced gene expression in mouse and 
human macrophages (34). Therefore, we compared previously reported Sp140-regulated genes in mouse 
macrophages (34) and genes differentially expressed between CC027 and C57BL/6J BMCMCs in our 
RNA-seq results. We found a significant overlap of  differentially expressed genes between the 2 data sets 
(P = 3.608 × 10–8; Figure 6I and Supplemental Table 8A). Furthermore, we performed pathway analysis 
using the overlapping genes and found several interesting GO terms such as “regulation of  immune effector 
process,” “T cell mediated immunity,” and “positive regulation of  T cell mediated immunity” describing 
the upregulated genes (Supplemental Figure 8 and Supplemental Table 8B). These results suggest that the 
potential contribution of  SNPs on Sp140 to the differential gene expression profile between CC027 and 
C57BL/6J BMCMCs, and the effects of  these Sp140-controlled genes, may at least partially account for 
the strong IgE-mediated responses in CC027 BMCMCs. Indeed, Sp140 could be a novel regulator of  MC 
function, and related immune responses, in vivo.

Sp140 controls IgE-dependent activation of  C57BL/6J BMCMCs. To examine the extent to which Sp140 is 
involved in IgE-dependent MC activation, we introduced an Sp140-specific siRNA into BMCMCs derived 
from C57BL/6J mice. Transfection of  the Sp140-specific siRNA resulted in a 32%–58% reduction of  Sp140 
mRNA levels compared with the control siRNA transfection (Figure 7A). Sp140–knocked-down MCs 
showed a significantly lower IgE ligation induced histamine release (~35% reduction) compared with the 
control cells (Figure 7B). Concomitantly, the production of  IL-4, IL-6, and IL-13 also was significantly 
decreased in Sp140–knocked-down MCs (Figure 7, C–E).

Sp100 is in the same protein family with Sp140 (45) and is a candidate for MC activation, as NOD/
ShiLtJ has a unique protein-changing SNP on the gene (Supplemental Table 4). However, neither hista-
mine release nor cytokine production after IgE ligation was affected by the transfection of  an Sp100-specific 
siRNA (Supplemental Figure 9). These results demonstrate that Sp140, but not Sp100, is essential for opti-
mal MC degranulation and cytokine production in response to the tested level of  IgE ligation.

Discussion
Translational research increasingly requires the use of  mouse models that accurately reflect human con-
ditions (19, 20). However, mouse models employing traditional inbred strains cannot take into consider-
ation the diverse genetic background of  humans. CC mice can help to address this problem, as they cover 
approximately 90% of  the genetic diversity of  Mus musculus and they can be used under reproducible 

Figure 4. Chromosome 1, region 81.7–92.9 Mb, from NOD/ShiLtJ associates with stronger MC responses in CC mice. (A, C, and E) QTL analysis for chro-
mosomal regions associated with PCA values (A), S.v. expulsion date (C), and IgE-fold change (E). The red lines indicate the LOD score threshold for P = 
0.05. (B, D, and F) Analysis for founder effects associated with the PCA values (B), S.v. expulsion date (D), and IgE-fold change (F) within chromosome 1. 
(G–I) Intercorrelation among maximum PCA value, S.v. expulsion date, and IgE-fold change in CC mice as in Figure 2. The founder strain of each CC mouse’s 
chromosome 1, 82.3–84.1 Mbp, is indicated in 7 different colors. (J and K) CC mice were classified into 7 groups according to their founders of chromosome 
1, 82.3–84.1 Mbp (J), or divided into 2 groups according to their chromosome 1, 82.3 to 84.1 Mbp, was from NOD/ShiLtJ or not (K). Notched box plots (J) and 
dot plots (K) of maximum PCA value, S.v. expulsion date, and IgE-fold change of each group are shown. Each dot indicates 1 mouse. Data are shown as 
mean ± SD. P values were determined by Student’s t test.
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experimental conditions (21). Human genetic diversity influences many aspects of  immunity, and the 
intensity of  IgE-dependent human MC degranulation in vitro varies widely across MCs from different 
donors (46, 47). Here, we show that CC mouse strains exhibit marked variation in the intensity of  their 
PCA reactions, a classical IgE-dependent MC response, in vivo. CC mice also exhibit substantial diversi-
ty in their resistance to S.v., which significantly correlates with their PCA intensity. Therefore, it appears 
that CC mice represent good models for studies of  the genetic diversity of  IgE- and/or MC-dependent 
responses. Notably, we tested the same mice for both PCA reactivity and response to S.v. infection. 
Although all of  the mice were rested for a week after the induction of  the PCA reaction before transfer-
ring S.v., we can’t formally rule out potential effects of  their prior use for PCA reactions on the results of  
the subsequent infection with S.v.

Until now, the functions of  mouse MCs have been studied primarily using mice on the C57BL/6J back-
ground (18). Our screening indicates that this strain is a reasonable model for studying IgE and MC functions 
in vivo because of  the moderate strength of  its IgE-dependent PCA reaction. Indeed, for C57BL/6J mice, 
all the parameters we screened were close to the average or median, and most of  the parameters were within 
the interquartile range, of  all the mice examined. Studying several different strains will help in developing 
the full picture of  IgE- and MC-dependent biological responses, and our results were generated using a single 
classical model of  such a response (i.e., the PCA reaction). However, our findings suggest that C57BL/6J 
mice may represent an average Mus musculus in expression of  IgE- and MC-mediated immune responses.

Figure 5. MCs from CC027 mice show strong in vitro IgE-dependent activation. BM cells from CC012, CC015, CC027, CC061, C57BL/6J, and BALB/cJ mice 
were cultured with IL-3 for 6–7 weeks to generate BMCMCs. (A) MC numbers at 6 weeks of culture were determined by FACS. (B) MCs were sensitized with 
mouse anti–DNP IgE mAb (1 μg/mL) overnight, then stimulated with DNP-HSA (20 ng/mL) for 1 hour. Histamine contents in cell lysates and the culture 
supernatants were determined by ELISA. Histamine release rates are indicated as percent release (supernatants) out of total histamine content of the 
cells (cell lysate plus supernatant). (C–E) MCs were stimulated as in B but for 24 hours. The levels of IL-4 (C), IL-6 (D), and IL-13 (E) in the culture superna-
tants were determined by ELISA. Data are shown as mean ± SD, and each dot indicates different biological replicates. n = 3–4 in each genotype pooled 
from 2 independent experiments. P values were determined by 1-way ANOVA followed by Tukey’s post hoc test.
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By contrast, we found that BALB/cJ was an unusual strain, which showed an extremely low PCA 
reaction but a relatively quick expulsion  of  S.v. Notably, a lack of  MCs delays S.v. expulsion more signifi-
cantly on the C57BL/6J background than on the BALB/cJ background (5). Therefore, BALB/cJ mice may 
rely more on type-2 immune cells other than MCs, such as Th2 cells, to fight this parasite. The differences 
in Th2 immunity between C57BL/6J and BALB/cJ mice might also help to explain why a lack of  MCs 
largely abrogated OVA-induced airway inflammation on the C57BL/6J background but not on the BALB/
cJ background (12, 17). Indeed, this peculiarity of  Th2 immunity in BALB/cJ mice needs to be considered 
when interpreting experimental results regarding the potential roles of  MCs in this strain.

Among the parameters screened, PCA intensity, rapidity of  S.v. expulsion, and fold change of  serum 
IgE concentrations were significantly correlated. It is reasonable that resistance to S.v. correlated with the 
PCA, as both MCs and IgE are essential for normal immunity against this parasite (5). It is notable that 
PCA activity also correlated with IgE production. In a mouse model of  food allergy, IgE-dependent MC 
activation, and IL-4 production from MCs, are essential for intestinal Th2 responses and allergen-specific 
IgE production (48). Moreover, mouse MCs have been shown to function as antigen-presenting cells (49, 
50) or to stimulate B cell IgE production (51, 52) under certain circumstances in vitro. Taken together with 
our results, these findings suggest that further work on the potential contributions of  MCs to the production 
of  IgE in type-2 immunity may be of  interest.

We found that some CC strains, including CC027, showed extremely potent PCA reactions. CC027 
mice also exhibited the fastest S.v. expulsion, as well as the highest IgE fold change and the highest PBL 
eosinophil ratio, after S.v. infection. CC027 mice, thus, have a markedly strong type-2 response. Nota-
bly, Orgel et al. demonstrated that, among 16 CC stains they examined in addition to C57BL/6J, C3H/
HeJ, and BALB/cJ mice, only CC027 mice showed hypothermia after an oral peanut allergen challenge 
in a food allergy model (26). They reasoned that the higher allergen absorption, probably caused by the 
higher intestinal allergen permeability of  the strain, contributed to its anaphylaxis-prone phenotype.

In our study, we found that CC027 mice exhibited very high levels of  IgE-dependent MC activity 
both in vivo and in vitro. The factors released from MCs, such as histamine, cytokines, and proteases, 
could compromise mucosal barrier function (53, 54). Indeed, MC number and/or activation correlates with 
enhanced intestinal permeability both in humans (55, 56) and in mice (57, 58). Therefore, the robust MC 
activity in strain CC027 may contribute to its higher allergen absorption in the intestine and its anaphylax-
is-prone phenotype in the food allergy model. For these reasons, CC027 mice could be an attractive model 
for studying allergic and other MC-related diseases.

In contrast to the BM cells from all of  the other mice tested, BM cells from CC012 mice did not pro-
duce MCs when placed in culture with IL-3. Interestingly, CC012 mice also showed the lowest jejunal 
and peritoneal MC numbers and serum Mcpt1 levels after S.v. infection. Because IL-3 plays a critical 
role in expanding MCs after S.v. infection (59), CC012 BM cells could have a defect in and/or down-
stream of  IL-3 receptor signaling. These observations provide additional evidence that CC mice are an 
attractive tool for investigating the diversity of  factors potentially influencing MC development both in 
the steady-state and under inflammatory conditions.

In our study, we identified Sp140 as a potentially novel gene involved in IgE-dependent MC activation. 
Our QTL analysis showed that chromosome 1 in the interval of  81.7–92.9 Mb from NOD/ShiLtJ mice 
potentially contributed to a high PCA value, rapid S.v. expulsion, and high IgE fold change. Among the 100 
protein-coding genes within the region, 4 had NOD/ShiLtJ-specific, protein-changing SNPs. Col4a4 and 
Col4a3 encode components of  type IV collagen. While collagens could affect the MCs’ tissue interactions, 
it seems less likely that collagens control cell-intrinsic MC functions.

Figure 6. BMCMCs from CC027 and C57BL/6J mice have different RNA expression profiles. BM cells from CC027 and C57BL/6J mice were cultured with 
IL-3 for 6–7 weeks to generate BMCMCs. MCs were sensitized with mouse anti–DNP IgE mAb (1 μg/mL) overnight and then stimulated with (IgE+Ag) or 
without (IgE only) DNP-HSA (20 ng/mL) for 1 hour. The RNAs were collected and subjected to RNA sequencing. (A and B) GO biological processes sig-
nificantly upregulated in CC027 BMCMCs stimulated without (A; IgE only) or with (B; IgE+Ag) DNP-HSA. (C–E) Heatmaps of genes in the GO category of 
positive (C) or negative (D) regulators of MC activation and of protein-coding genes in chromosome 1, region 81.7–92.9 Mb, or (E) differentially expressed 
between CC027 and C57BL/6J BMCMCs either with (IgE+Ag) or without (IgE only) DNP-HSA stimulation (P < 0.05). (F) Sashimi plots showing alternative 
splicing patterns for Sp140 exons 5–10 in C57BL/6J (blue) and CC027 (red). (G and H) Expression levels (FPKM) of Sp140 (G) and Sp140 Exons 7–9 (H) in 
CC027 and C57BL/6J BMCMCs either with (IgE+Ag) or without (IgE only) DNP-HSA stimulation were extracted from RNA-seq results. (I) Volcano plot of 
Sp140-controlled genes (mouse macrophages) between unstimulated BMCMCs from CC027 or C57BL/6J mice. n = 3 for CC027 and n = 4 for C57BL/6J of 
different biological replicates. Padj: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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By contrast, Sp140 and Sp100 belong to the same nuclear protein family that has multiple DNA-binding 
domains (45). SNPs on SP140 associate with Crohn’s disease (34, 35) and multiple sclerosis (37) in humans. 
Moreover, a GO analysis of  genes whose expression positively correlated with SP140 expression in intes-
tinal biopsies revealed MC activation as one of  the strong hit gene signatures (34). In addition, in vitro 
siRNA-mediated knock-down of Sp140 in mouse macrophages demonstrated that the gene contributes to 
the LPS-induced proinflammatory response (34).

Our RNA-seq results confirmed that 2 NOD/ShiLtJ-specific missense SNPs on Sp140 mRNA were 
expressed in CC027 BMCMCs and also revealed previously unknown missense SNPs and mRNA transcripts 
(skipping exons 7–9). Crohn’s disease–associated SNPs on SP140 alter the mRNA splicing and skip its exon 
7 in humans (34, 36). Also, we showed a similarity between published Sp140-controlled genes in mouse mac-
rophages (34) and the differentially expressed genes between C57BL/6J and CC027 BMCMCs in our study.

These observations strongly suggested that NOD/ShiLtJ-specific SNPs on Sp140 contributed to the strong 
PCA reactions, rapid S.v. expulsion, and marked changes in IgE observed in CC mice. Indeed, we showed that 
siRNA-mediated knock-down of Sp140, but not of Sp100, in C57BL/6J BMCMCs resulted in the decreased 
IgE-dependent MC release of histamine and IL-4, IL-6, and IL-13. While such results show that Sp140 is 
essential for these important aspects of MC activation in C57BL/6J mice, it will be of interest to determine 
the effects of Sp140 on the release of these and additional MC cytokines, and other mediators, in diverse mice.

For example, although CC027 BMCMCs, which have higher MC activities than C57BL/6J BMC-
MCs, showed lower Sp140 expression levels, knockdown of  the gene in C57BL/6J BMCMCs resulted in 
decreased MC activity. Therefore, we suspect that the differential Sp140 protein structure caused by the 
SNPs or the truncation, rather than the expression level itself, may modify Sp140’s function and contribute 

Figure 7. Sp140 contributes to IgE-dependent MC responses. BM cells from C57BL/6J mice were cultured with IL-3 for 
6–7 weeks to generate BMCMCs. Control siRNA or siRNA against Sp140 were transfected into the cells. (A) mRNA level 
for Sp140 24 hours after the siRNA transfection was determined by quantitative PCR. The Sp140 levels are indicated as 
relative to Actb. (B) siRNA-transfected cells were sensitized with mouse anti–DNP IgE mAb (1 μg/mL) overnight and then 
stimulated with DNP-HSA (10 ng/mL) for 1 hour. Histamine contents in cell lysates and the culture supernatants were 
determined by ELISA. Histamine release rates are indicated as percent release (supernatants) out of total histamine con-
tents of the cells (cell lysate plus supernatant). (C–E) siRNA-transfected cells were stimulated as in B but for 6 hours. The 
levels of IL-4 (C), IL-6 (D), and IL-13 (E) in the culture supernatants were determined by ELISA. Each dot indicates different 
biological replicates. n = 7 pooled from 4 independent experiments. P values were determined by paired Student’s t test.
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to the higher MC activity in CC027 mice. However, further studies are needed to uncover the exact role of  
Sp140 in MC activation and how these SNPs confer stronger MC activity in the CC027 strain.

Although we found Sp140 to be a potential regulator of  MC function in CC027 mice, we cannot rule 
out the potential involvement of  immune cells other than MCs in CC027’s high resistance against S.v. 
infection. Indeed, Sp140 controls macrophage function (34), and a subpopulation of  macrophages, such 
as M2 macrophages, contributes to immunity against parasites (60, 61). Therefore, macrophages represent 
another candidate cell type that might contribute CC027’s high resistance to S.v. infection.

We also identified chromosome 10 in the interval of  79.4–94.0 Mb from the NZO/HILtJ strain as a 
potential QTL that negatively affects PCA, S.v. expulsion, and IgE fold change. Within that region, we 
found 4 genes — Zbtb7a, Polr3b, Cfap54, and Usp44 — that had NZO/HILtJ strain–specific, protein-chang-
ing SNPs. Zbtb7a is a zinc finger/BTB domain–containing transcription factor with multiple functions in 
cell proliferation and hematopoiesis (62) whose expression in MCs is reportedly high (63). Polr3b encodes 
a subunit of  RNA polymerase III, which regulates innate immune responses such as intracellular DNA 
sensing (64, 65) and TLR signaling pathways (66, 67). Therefore, these genes could be attractive candidates 
for modifying MC activation.

In conclusion, we have demonstrated that (a) there is a diverse range of  IgE-dependent MC acti-
vation and MC-related immune responses in CC mice, (b) the C57BL/6J strain is a reasonable model 
for studying IgE-dependent MC functions in mice in vivo, (c) CC027 is a mouse strain that shows 
notably strong MC-dependent and type-2 immune responses, and (d) Sp140 is a potentially novel gene 
contributing to IgE-dependent MC activation in mice. We suggest that CC mice could be useful for 
studying disease models where the role of  MCs has not been clearly demonstrated using traditional 
inbred mouse strains. Indeed, CC mice might help to uncover a broader spectrum of  MC functions in 
health and disease.

Methods
Study design. For screening using CC mice, we prepared 3 or 5 mice per genotype. Some mice died before 
the beginning of  the screening or after we performed PCA. Therefore, n = 3 or 5 for most of  the data, 
but some are n = 2 or 1 (see detailed methods for screening protocol using CC mice and Supplemental 
Table 1). The screening was performed as 8 independent experiments, and the data were pooled. To 
validate the accuracy of  the screening, we performed a second round of  screening using a small number 
of  strains (4 CC strains plus C57BL/6J and BALB/cJ mice). For this, we prepared n = 4 for CC027 and  
n = 6 for other strains. The second-round screening was performed as 3 independent experiments, and 
the data were pooled. For in vitro experiments with BMCMCs, we prepared more than n = 3 of  biolog-
ical replicates (MCs from different mice). RNA-seq was performed as a single experiment, and other 
in vitro experimental data were pooled from more than 2 independent experiments. No sample was 
excluded. Randomization and blinding were not used in the experiments.

Experimental animals. Female CC mice were purchased from the University of  North Carolina (UNC) 
Systems Genetics Core. Female C57BL/6J and BALB/cJ mice were purchased from The Jackson Labo-
ratory or Oriental Yeast. BALB/cJ Rag1–/– Il2rg–/– mice (68) were provided by Irving Weissman (Stanford 
University School of  Medicine). Wistar rats were purchased from Charles River Laboratories. Mice and 
rats were maintained under specific pathogen–free conditions at the animal facilities in Stanford University 
or Hyogo College of  Medicine.

Antibodies and reagents. Anti–DNP IgE mouse mAb (clone ɛ26) (69) was provided by Fu-Tong Liu 
(UC Davis Department of  Dermatology, Davis, California, USA). mAbs specific for mouse B220 
(clone RA3-6B2) Pacific blue–conjugated, CD3ε (clone 17A2) Pacific blue–conjugated, CD11c (N418) 
FITC–conjugated, CD16/32 (clone 93) purified, CD49b (clone DX5) PerCP-Cy5.5–conjugated, CD117 
(clone 2B8) PE–conjugated, and Ly-6G/Ly-6C (clone Gr-1; RB6-8C5) Pacific blue–conjugated purified 
mouse IgE k isotype control, as well as purified mouse IgG1 k isotype control, were from BioLegend. 
mAbs specific for mouse IgE (clone R35-72) FITC–conjugated, CD11b (clone M1/70) PE–conjugated, 
Siglec-F (clone E50-2440) PerCP-Cy5.5–conjugated, IgE (clone R35-72) purified, IgE (clone R35-72) 
Biotin–conjugated, IgG1 (clone A85-3) purified, and IgG1 (clone A85-1) Biotin–conjugated antibodies, 
as well as Streptavidin-HRP, were from BD Biosciences. Recombinant Murine IL-3 was from PeproTech. 
Albumin DNP-HSA; 3, 3′, 5, 5′-Tetramethylbenzidine Liquid Substrate, Supersensitive, for ELISA;  
Minimum Essential Medium Eagle; PIPES; and Tyrode’s Salt were from Sigma-Aldrich.
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Screening protocol using CC mice. The screening protocol is depicted in Figure 1A. Sera from naive 
mice were obtained 1 week before the beginning of  the PCA (day –7). Mice then were passively sen-
sitized with IgE by intradermal injection of  mouse anti–DNP IgE (20 ng/20 μL/ear) in the right ear 
pinna (day 0). The same volume of  vehicle (HMEM/Pipes buffer; MEM with HBBS containing 0.47 
g/L pipes) was injected into left ear pinna as a control. Twenty-four hours later (day 1), the mice were 
i.v. injected with DNP-HSA (100 μg/100 μL/dose) using the Extreme Microcyringe (Ito Corporation). 
Ear thickness was measured immediately before (0 hour) and 0.5, 1, 2, 4, 6, and 8 hours after antigen 
challenge using a dial thickness gauge (Ozaki MFG). The increase in ear thickness (Δ ear thickness) was 
calculated by subtracting the values of  0 hour from each time point of  induced (right) minus control 
(left) ear thickness. On day 8 (7 days after PCA), mice were infected with S.v. by s.c. injection of  5000 
L3 larvae. The number of  S.v. eggs in the stool was counted every day microscopically from day 6 after 
infection (day 13) until the mice stopped producing the eggs. The date from the beginning of  infection 
to the date the mice stopped producing S.v. eggs was considered as the duration of  S.v. infection. Three 
days after the mice stopped producing S.v. eggs, mice were sacrificed and the animals’ peritoneal cells 
and blood samples were analyzed by FACS and ELISA. Quantities include n = 2 for CC007, CC030, 
CC032, CC038, CC040, CC051, and CC060; n = 5 for CC015, CC029, CC053, C57BL/6J, and BALB/
cJ; and n = 3 for rest of  the strains. After measuring the PCA reactions, 1 CC019, 1 CC053, and 2 
CC012 mice died; therefore, quantities include n = 2 for CC019, n = 4 for CC053, and n = 1 for CC012 
after S.v. infection (Supplemental Table 1).

QTL analysis. QTL mapping was performed on the phenotypes of  maximum PCA value, S.v. expul-
sion date, and IgE fold change across CC mice strains. We used DOQTL v1.19.0 Bioconductor package 
(70) for QTL mapping. Genotype markers and haplotype probabilities for the CC mice were obtained 
from the Systems Genetics Core Facility at the UNC (http://csbio.unc.edu/CCstatus/index.py). The 
log odds (LOD) score was calculated, comparing the observations according to phenotype with and 
without the founder genotype probabilities at each locus (70). We determined the statistical significance 
of  the LOD score with 1000 permutations.

Preparation and maintenance of  S.v. S.v. was maintained in female Wistar rats or BALB/cJ Rag1–/– Il2rg–/– 
mice as previously described (5, 59).

Histological examination. Mouse ears, back skins, and jejunums were fixed with 10% formalin and were 
paraffin-embedded. Then, 4 μm sections were prepared. For ears and back skins, the samples were stained 
with 0.1% Toluidine blue. Jejunum samples were incubated in 0.5% Toluidine blue for 48 hours at room 
temperature. The numbers of  MCs in the tissues were quantified by microscopy.

FACS analysis. Peritoneal cells were collected from mice by injecting PBS (5 mL, 4°C) into the peri-
toneum. Blood samples were obtained using heparin-coated capillary tubes centrifuged at 4°C (2000g, 5 
minutes), and the cell pellets were suspended with Gibco ACK lysing buffer (Thermo Fisher Scientific) to 
obtain peripheral blood cells. Cells were washed in ice-cold staining buffer (1% BSA-PBS), Fc-blocked with 
anti-CD16/32 antibody; they were then incubated with antibodies against CD49b, CD117, IgE, and CD3/
B220/Gr-1 for peritoneal cells and CD11b, CD11c, Gr-1, and Siglec-F for peripheral blood cells (all 1/100) 
for 15 minutes at 4°C and washed twice with staining buffer. Data were acquired using a FACS Canto II 
flow cytometer (BD Biosciences) and analyzed using FlowJo software (version 7.6.1, Tree Star Inc.). Peri-
toneal MCs were defined as CD3–B220–Gr-1–CD49b–CD117+IgE+ cells, and peripheral blood eosinophils 
were defined as CD11b+Gr-1–Siglec-F+ cells.

Serum Ig levels. Levels of  mouse serum IgG1 and IgE were measured by ELISA using anti–mouse IgG1 
mAb (clone A85-3) or anti–mouse IgE mAb (clone R35-72) as capture antibodies, anti–mouse IgG1 mAb 
biotin–conjugated (clone A85-1) or anti–mouse IgE mAb biotin–conjugated (clone R35-118) as secondary 
antibodies, and Streptavidin-HRP (BD Biosciences) and 3, 3′, 5, 5′-Tetramethylbenzidine Liquid Substrate, 
Supersensitive, for ELISA (Sigma-Aldrich), as detection reagents. Purified mouse IgG1 κ isotype control 
and purified mouse IgE κ isotype control (BioLegend) were used as ELISA standards.

Preparation of  BMCMCs. BMCMCs were generated from BM cells derived from CC, C57BL/6J, or 
BALB/cJ mice. BM cells were cultured in DMEM containing 10% FBS and 10 ng/mL mouse IL-3 (at 
37°C) for 6–7 weeks. To induce IgE-dependent MC responses, BMCMCs were sensitized with anti–DNP 
IgE (1 μg/mL) overnight at 37°C; then, they were stimulated with DNP-HSA (20 ng/mL) in Tyrode’s buffer 
(Tyrode’s salt solution containing 10 mM HEPES, 1% glucose, and 1% BSA) for 1 hour at 37°C (to examine 
histamine release) or in DMEM culture medium for 24 hours at 37°C (to examine cytokine production). 
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To examine MC histamine release and cytokine production, cells were incubated using U-bottomed (for 
histamine release) or flat-bottomed (for cytokine production) 96-well plates (1.5 × 105 MCs/200 μL/well). 
In some experiments (for siRNA-mediated gene knockdown), we stimulated the cells with DNP-HSA (10 
ng/mL) for 6 hours for cytokine production. Because we assumed that gene silencing could result in a higher 
MCs response, we decided to use a suboptimal dose of  DNP-HSA (10 ng/mL). Also, because we noticed 
that the knockdown effect did not last very long, we used 6 hours of  MC stimulation to shorten the time after 
the siRNA transfection.

RNA-seq. BMCMCs were generated from BM cells derived from CC027 and C57BL/6J mice. Cells were 
sensitized with anti–DNP IgE (1 μg/mL) overnight at 37°C; they were then stimulated with or without DNP-
HSA (20 ng/mL) for 1 hour at 37°C. Total RNAs were extracted from BMCMCs using RNeasy Micro kit 
(Qiagen). RNA-seq library construction and sequencing was done by Novogene (https://en.novogene.com/). 
Paired-end 150-bp sequencing was performed on Illumina HiSeq 2000 instruments. Fastq files from all samples 
were aligned via STAR v2.7.1a (71) using a mm10 genome reference and GENCODE vM21 annotations. 
To quantify the abundance of each gene and isoform, we used RSEM v1.3.1 (72) to calculate fragments per 
kilobase of transcript per million mapped reads (FPKM) based on the length and the read count mapped 
to each gene or isoform. Differential expression analysis of C57BL/6J and CC027 was performed using the 
DESeq2 R package (1.24.0; ref. 73). Differentially expressed genes were determined at an adjusted P value 
threshold of 0.05. GO enrichment analysis of those genes was performed using clusterProfiler R package 
(3.12.0; ref. 74). RNA-seq raw files are available through the NCBI GEO database (accession no. GSE174030).

siRNA transfection. Ambion Silencer Select Predesigned siRNA against Sp140 (s204308) or Sp100 
(s74199), or Ambion Silencer Select Negative Control siRNA (Thermo Fisher Scientific), were trans-
fected into BMCMCs using Amaxa Mouse Macrophage Nucleofector Kit and Nucleofector II device 
(Lonza). In total, 2 × 106 BMCMCs were transfected with 500 nM siRNAs at 37°C. Six hours after the 
transfection, cells were sensitized with anti–DNP IgE (1 μg/mL) at 37°C, and 24 hours after the transfec-
tion, cells were stimulated with DNP-HSA (10 ng/mL) for 1 or 6 hours at 37°C to determine histamine 
release and cytokine production, respectively. The mRNA levels for Sp140 or Sp100 were determined 24 
hours after the siRNA transfection at 37°C.

Cytokine and histamine ELISA. Cytokine concentrations in culture supernatants were analyzed by mouse 
ELISA DuoSet ELISA kits for IL-4, IL-6, and IL-13 (R&D Systems); mouse IL-4 and IL-13 ELISA Ready 
Set Go kits (eBioscience) or Mouse IL-6 ELISA Kit (Invitrogen). Histamine concentrations in culture 
supernatants were analyzed by EIA Histamine (Beckman Coulter).

Quantitative PCR (qPCR). Total RNAs from BMCMCs were isolated using the RNeasy Mini Kit (Qiagen). 
cDNA was synthesized using High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) or 
ReverTra Ace qPCR RT Master Mix (Toyobo). Gene expression levels were quantified using TaqMan Gene 
Expression Assays (Thermo Fisher Scientific), Premix Ex Taq (Perfect Real Time), and the Thermal cycler dice 
real-time PCR system (Takara Bio Inc.), with an initial denature at 95°C for 30 s, followed by 40 to 45 cycles 
of denaturing at 95°C for 5 seconds and annealing and extension at 60°C for 30 seconds. The TaqMan probes 
used in this study were Applied Biosystems Sp140 (Mm00439646_m1), Sp100 (Mm00434305_m1), and mouse 
Actb (Thermo Fisher Scientific). Results are shown relative to Actb levels as determined by the 2–ΔΔCt method.

Statistics. Two-tailed Student’s t test (to compare 2 groups), 1-way ANOVA followed by Tukey’s test (to 
compare more than 2 groups), and Spearman’s rank correlation coefficient were performed using Prism 6 
(version 6.0h, GraphPad Software). P values less than 0.05 were considered statistically significant.

Study approval. The use of  all mice for these studies was in accord with institutional guidelines, with 
review and approval by the Stanford IACUC (no. 12683) or Institutional Animal Care Committee of  Hyo-
go College of  Medicine (no. 19–015).
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