
B cell autophagy mediates TLR7-dependent
autoimmunity and inflammation

Chi G Weindel,1 Lauren J Richey,2 Silvia Bolland,3 Abhiruchi J Mehta,4 John F Kearney,5 and Brigitte T Huber1,4,*

1Graduate Program in Genetics; Sackler School of Graduate Biomedical Sciences; Tufts University School of Medicine; Boston, MA USA; 2Division of Laboratory Animal Medicine;

Tufts University; Boston, MA USA; 3Laboratory of Immunogenetics; National Institute of Allergy and Infectious Diseases; National Institutes of Health; Rockville, MD USA;
4Department of Integrative Physiology and Pathobiology; Sackler School of Graduate Biomedical Sciences; Tufts University School of Medicine; Boston, MA USA;

5Department of Microbiology; University of Alabama at Birmingham; Birmingham, AL USA

Keywords: Atg5 KO, autoimmunity, B cells, inflammation, lupus, TLR7

Abbreviations: Ab, antibody; ANA, anti-nuclear Ab; B6, C57BL/6J; BM, bone marrow; BMD, BM derived; BMDM, BMD
macrophages; BMDmDCs, BMD myeloid dendritic cells; BMDpDCs, BMD plasmacytoid dendritic cells; DC, dendritic cell; ds,
double stranded; ELISA, enzyme-linked immunosorbent assay; ELISpot, enzyme-linked immunospot assay; EMH, extramedullary

hematopoiesis; FOB, follicular B cells; CSF2, colony stimulating factor 2 (granulocyte-macrophage); CFS3, colony stimulating factor
3 (granulocyte); GMP, granulocyte-macrophage progenitor; H&E, hematoxylin and eosin stain; IFN, interferon; Irf7, interferon

regulatory factor 7; IHC, immunohistochemistry; IL, interleukin; KO, knockout; LAP, LC3-associated phagocytosis; LPS,
lipopolysaccharide; mDC, myeloid DC; MZB, marginal zone B cells; MZP, marginal zone precursor B cells; NEAA, nonessential
amino acids; O/N, overnight; PAS, periodic acid-Schiff; PC, phosphocholine; PCV, packed cell volume; pDC, plasmacytoid DC;

PEMs, peritoneal macrophages; RBC, red blood cell; RT, room temperature; SLE, systemic lupus erythematosus; ss, single stranded;
T1B, transitional 1 B cells; Tg, transgenic; TLR, toll-like receptor; WT, wild type; YAA, Y-linked autoimmune accelerator.

Systemic lupus erythematosus (SLE) is a heterogeneous autoimmune disease, defined by loss of B cell self-tolerance
that results in production of antinuclear antibodies (ANA) and chronic inflammation. While the initiating events in lupus
development are not well defined, overexpression of the RNA-recognizing toll-like receptor (TLR)7 has been linked to
SLE in humans and mice. We postulated that autophagy plays an essential role in TLR7 activation of B cells for the
induction of SLE by delivering RNA ligands to the endosomes, where this innate immune receptor resides. To test this
hypothesis, we compared SLE development in Tlr7 transgenic (Tg) mice with or without B cell-specific ablation of
autophagy (Cd19-Cre Atg5f/f). We observed that in the absence of B cell autophagy the 2 hallmarks of SLE, ANA and
inflammation, were eliminated, thus curing these mice of lupus. This was also evident in the significantly extended
survival of the autophagy-deficient mice compared to Tlr7.1 Tg mice. Furthermore, glomerulonephritis was ameliorated,
and the serum levels of inflammatory cytokines in the knockout (KO) mice were indistinguishable from those of control
mice. These data provide direct evidence that B cells require TLR7-dependent priming through an autophagy-
dependent mechanism before autoimmunity is induced, thereafter involving many cell types. Surprisingly, hyper-IgM
production persisted in Tlr7.1 Tg mice in the absence of autophagy, likely involving a different activation pathway than
the production of autoantibodies. Furthermore, these mice still presented with anemia, but responded with a striking
increase in extramedullary hematopoiesis (EMH), possibly due to the absence of pro-inflammatory cytokines.

Introduction

Autoimmune disease occurs upon breakdown of self-toler-
ance, when the immune system is unable to distinguish self from
nonself and consequently an immune response is mounted
against the body’s own cells and tissues. This disease encompasses
more than 80 disorders that either affect a specific organ, such as
in multiple sclerosis, or have a broader range over multiple organ
systems, such as in systemic lupus erythematosus (SLE).1 SLE
has strong genetic components, based on the concordance rates
of monozygotic (24%) vs. dizygotic (2%) twins.2,3 Thus far,

numerous SLE-susceptibility genes have been identified with the
use of genome-wide association studies.4-6 Many of these
robustly associated genes involve the innate immune system, e.g.,
type 1 interferon (IFN) production and toll-like receptor (TLR)
signaling.7-11

TLRs are types of innate immune receptors that act as a criti-
cal line of defense against invading microbes. They recognize
pathogen-associated molecular patterns and mount inflammatory
responses that directly combat pathogen invasion, while also
priming the adaptive immune system. Tight regulation of these
signaling pathways is crucial for preventing a hyperactive cellular
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phenotype that can result in autoimmunity. In particular, nucleic
acid-sensing TLRs 3, 7, and 9, which recognize double-stranded
(ds) RNA, single-stranded (ss) RNA and dsDNA, respectively,
are compartmentalized to the endosomes, thereby restricting the
recognition of self nucleic acids. In addition, the trafficking of
these TLRs from the endoplasmic reticulum to their destination
in acidic endosomes is tightly controlled.12-14

The use of mouse model systems has provided functional evi-
dence to complement human genome wide association studies,
showing that nucleic acid-sensing TLRs, especially TLR7, can
play a direct role in the induction of SLE. Both dysregulation of
TLR trafficking to endosomes, favoring TLR7 transport over
TLR9,14 and Tlr7 gene overexpression are sufficient for the devel-
opment of SLE. The spontaneous mutant mouse Y-linked auto-
immune accelerator (YAA) is susceptible to lupus nephritis due to
the duplication of Tlr7.15,16 In Tlr7 transgenic (Tg) mouse
strains, a dose-dependent increase in Tlr7 expression correlates
with a progressively severe lupus-like disease phenotype in nonau-
toimmune prone mouse strains. Moderately increased Tlr7 gene
dosage recapitulates the YAA phenotype, whereas high Tlr7 gene
dosage results in a rapid and severe disease.17 In particular, the
Tlr7.1 Tg strain, which has an 8–16 fold copy number increase
in Tlr7 mRNA compared to wild-type (WT) mice, possesses
many characteristics of human lupus, including ANA, chronic
inflammation, and glomerular nephritis.17,18 The use of this well-
defined model provides an excellent means to elucidate mecha-
nisms of SLE progression and facilitate the search for therapeutics.

We hypothesized that autophagosomes in B cells enable initia-
tion of SLE by facilitating delivery of autoantigen, i.e., cytosolic
RNA from endogenous retroviral elements19 and internalized
RNA immune complexes, to TLR7 in the endosomes. This pre-
diction is based on observations made in dendritic cells (DCs)
that macroautophagy delivers viral transcripts to TLR7 during
infection.20,21 In the case of Tlr7 overexpression, this signal
would lead to general B cell activation, facilitating stimulation of
autoreactive B cells. Macroautophagy (referred to as autophagy
in this paper) is a multiprotein process in which cellular contents
are sequestered in a double membrane-bound vesicle, known as
the autophagosome. These vesicles fuse with lysosomes to create
autolysosomes in which the cellular contents are broken down.
Mice lacking functional autophagic machinery die within the first
day of life,22 emphasizing the overall importance of autophagy.
In the immune system autophagy affects T cell proliferation and
survival,23 as well as development and maintenance of the B1a
subset of B cells.24,25 More recently, it has been shown that
autophagy is important for plasma cell differentiation in mice
and humans25,26 and the survival of long-lived plasma cells in
the bone marrow (BM).27 Given the role of autophagy in
innate and adaptive immunity, modulators of autophagy have
been implicated as potential therapeutics for the treatment of
SLE.28,29 To further support this, it has been shown that both
B and T cells from SLE patients exhibit high levels of autoph-
agy, which correlates with disease activity.26

In this paper we have tested our hypothesis by comparing
SLE disease progression in Tlr7.1 Tg mice with or without
functional autophagy. We show that B cell autophagy is

essential for induction of SLE symptoms in this model system,
providing credence for our postulate.

Results

B cell autophagy is required for SLE induction in Tlr7.1 Tg
mice

To study the role of autophagy in TLR7-mediated autoimmu-
nity, we generated cohorts of WT and Tlr7.1 Tg mice with either
intact or B cell-specific loss of autophagy (Cd19-Cre Atg5f/f,
referred to as Atg5 knockout [KO])24 (Table 1). For the majority
of parameters tested in this paper Atg5 KO mice were indistin-
guishable from WT mice and were accordingly grouped as con-
trols. Our model mice, Tlr7.1 Tg Atg5 KO, had a strikingly
different phenotype from that of Tlr7.1 Tg mice with functional
autophagy; namely, these mice showed a significant increase in
survival, with 55% living beyond one y, compared to a median
survival of only 25 wk for Tlr7.1 Tg mice (Fig. 1A). Impor-
tantly, the Tlr7.1 Tg Atg5 KO mice lacked IgG antinuclear auto-
antibodies (Abs) (ANA), as revealed by staining of HEP-2 slides
(Fig. 1B, right panel; Fig. S1A; Table S1). In contrast, sera
from Tlr7.1 Tg mice produced a strong nucleolar pattern of
ANA staining, indicating the presence of anti-RNA Abs (Fig. 1B,
middle panel), as previously described.17,18 In addition, the
Tlr7.1 Tg Atg5 KO mice maintained normal serum IgG
(Fig. 1C; Fig. S1B). Furthermore, their kidneys had lower lesion
severity scores for glomerulonephritis (Fig. 1D, right panel, see
Table S1 for summary of kidney pathology), as well as signifi-
cantly reduced IgG1 and IgG2b deposits (Fig. 1E, right panel).
In agreement with these data, both the kidneys and livers of these
mice showed a reduction in perivascular mononuclear cell infil-
trates (Fig. 1F, upper and lower far right panels), compared to
Tlr7.1 Tg mice (Fig. 1F, middle panels). These data clearly dem-
onstrate that B cell autophagy is required for induction of SLE in
Tlr7.1 Tg mice, as we had predicted.

Lack of B cell autophagy moderates the production of
inflammatory cytokines in Tlr7.1 Tg mice

A hallmark of SLE is chronic inflammation, with a signature
pro-inflammatory cytokine response centered on the IFNA
(interferon, a) family.30,31 Because Tlr7.1 Tg Atg5 KO mice
lacked disease criteria for SLE, we hypothesized that B cell
autophagy might also be required for initiating the production of
inflammatory cytokines by other cell types. Increased TNF
(tumor necrosis factor) serum levels had been previously reported

Table 1. Breeding strategy and genotypes produced to test the role of B cell
autophagy on TLR7-mediated SLE

Tlr7.1 Tg : Atg5f/C < £ Cd19-creC/C : Atg5f/f ,

Genotype Group

Cd19-creC/¡ : Atg5f/C WT Controls
Cd19-creC/¡ : Atg5f/f Atg5 KO Ref. 24
Tlr7.1 Tg : Cd19-creC/¡ : Atg5f/C Tlr7.1 Tg Ref. 27
Tlr7.1 Tg : Cd19-creC/¡ : Atg5f/f Tlr7.1 Tg Atg5 KO
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in moribund Tlr7.1 Tg mice.17 We expanded these data by test-
ing our cohort of mice at a nonmoribund state, using a highly
sensitive multiplex immunoassay for the signature pro-inflamma-
tory interleukins (ILs), and other cytokines observed in human
lupus, in addition to cytokines indicative of T cell activation and
myeloid cell production and recruitment. As can be seen in
Fig. 2A and B, IFNA, IFNG (interferon, gamma), IL12B

subunit p70, IL5, and CSF2 (colony stimulating factor 2 [granu-
locyte-macrophage]), as well as CFS3 (colony stimulating factor
3 [granulocyte]), were significantly elevated in Tlr7.1 Tg mice.
Remarkably, however, none of these pro-inflammatory cytokines,
produced mainly by macrophages and DCs, were significantly
different in Tlr7.1 Tg Atg5 KO compared to control mice
(Figs. 2A, B). Similarly, Tlr7.1 Tg Atg5 KO mice had normal

Figure 1. B cell autophagy is required for SLE induction in Tlr7.1 Tg mice. (A) Tlr7.1 Tg Ag5 KO mice live significantly longer than Tlr7.1 Tg littermates with
functional autophagy. Survival curves of mice measured over 57 wk. Tlr7.1 Tg Ag5 KO (n D 11), Tlr7.1 Tg (n D 10). *, p <0.05, Mantel-Cox test. (B) Detec-
tion of ANA using HEP-2 slides. Sera were tested for IgG-ANA. Data are representative (mice 5 mo, n D 8 per genotype). (C) Total serum IgG was deter-
mined by ELISA. Results are based on at least 6 mice per group. (D) Representative image of PAS staining of glomeruli, revealing severity of lesions (40x).
(E) IgG deposits detected by IHC (upper panels). FITC anti-IgG1 (green), RITC anti-IgG2b (red). A D Control, B D Tlr7.1 Tg, C D Tlr7.1 Tg Atg5 KO, Bar:
20mm. Lower panels D phase contrast pictures. (F) Representative H&E images of kidney (upper panels), and liver (lower panels), showing mononuclear
cell infiltrates (10X). Controls (n D 7), Tlr7.1 Tg (n D 8), and Tlr7.1 Tg Ag5 KO (n D 8). Mice were nonmoribund and between 3–5 mo old. White bar:
200 mm. **, p < 0.01; ***, p < 0.005, Kruskal-Wallis test with Dunn’s post-test.
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levels of the T cell cytokines IL2, IL4, and IL13, in contrast to
Tlr7.1 Tg mice, where these cytokines were increased (Fig. S2A).
Conversely, both Tlr7.1 Tg and Tlr7.1 Tg Atg5 KO mice had
elevated levels of the prototype anti-inflammatory cytokine IL10
(Fig. 2C), along with IL6 and, sporadically, TNF (Fig. 2D).
There was no significant difference in IL18, IL1B, IL1A, or
IL17A in any of the groups (Fig. S2B; data not shown). Overall,
these data confirm and expand our conclusion that autophagy in
B cells is essential for initiating lupus, as it is a prerequisite for
the production of proinflammatory cytokines by other cell types
that have intact autophagy.

Macrophages and DCs from Tlr7.1 Tg Atg5 KO mice make
normal inflammatory responses to TLR agonists

To confirm that the macrophages and DCs from Tlr7.1 Tg
Atg5 KO mice were capable of mounting inflammatory
responses, we stimulated these cells in vitro with a panel of TLR
agonists and measured their cytokine production by enzyme-

linked immunosorbent assay (ELISA) and qRT-PCR, respec-
tively. As can be seen from the ELISA data presented in Fig. 3A,
peritoneal macrophages (PEMs) had similar TNF and IL6 pro-
duction in response to CL097 and lipopolysaccharide (LPS),
TLR7 and TLR4 agonists, respectively. These cells also secreted
comparable levels of IFNB1 (interferon, b 1, fibroblast) in
response to LPS (Fig. 3B). Likewise, BM-derived macrophages
(BMDMs) responded similarly to CL097, LPS, and CpG 2395,
a TLR9 agonist (Fig. 3C).

Furthermore, BMD myeloid (m) and plasmacytoid (p) DCs
from Tlr7.1 Tg Atg5 KO mice showed normal production of
TNF (Fig. S3A), as well as a similar upregulation of Il12b tran-
scripts (Fig. 3D; Fig. S3B), when stimulated with a panel of TLR
agonists. To determine if type 1 IFN signaling was intact in
Tlr7.1 Tg Atg5 KO mice, we compared the expression of inter-
feron regulatory factor 7 (Irf7), a transcription factor that is phos-
phorylated and upregulated through a positive feedback loop upon
TLR activation.32 As can be seen in Fig. 3E (upper right panel),

Figure 2. Lack of B cell autophagy moderates the production of inflammatory cytokines in Tlr7.1 Tg mice. Sera from nonmoribund mice between 3–5 mo
old were tested for cytokines using multiplex immunoassay. Pro-inflammatory cytokines were elevated in Tlr7.1 Tg mice. (A) IFNA, IFNG, IL12 p70 subunit,
and IL5. (B) CSF3, CSF2. (C) IL6 and anti-inflammatory IL10 were elevated in both Tlr7.1 Tg and Tlr7.1 Tg Atg5 KO mice. (D) TNF was elevated sporadically
in both Tlr7.1 Tg and Tlr7.1 Tg Atg5 KO mice. Results are based on at least 10 mice per group. #, p < 0.05, Kruskal-Wallis test; *, p < 0.05; **, p < 0.01;
***, p < 0.005, Kruskal-Wallis with Dunn’s post-test.
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expression of Irf7 was significantly increased in Tlr7.1 Tg Atg5 KO
BMDpDCs. Thus, these cells do not have an intrinsic defect in
the activation of TLR7 and the production of inflammatory cyto-
kines. Rather, in the Tlr7.1 Tg Atg5 KO mice, they are not acti-
vated in vivo, because the initial signal from B cells is lacking.
These data strongly imply that B cells are the initiators of inflam-
mation in Tlr7.1 Tg mice, as has been proposed previously.18

B cell autophagy is required for the TLR7-mediated loss of
the marginal zone

Another important indicator of disease in Tlr7.1 Tg mice is
loss of B cells in the marginal zone (MZB) and a concomitant

increase in follicular B (FOB) cells, a phenotype that is repro-
duced in WT mice immunized with TLR7 agonists.17,33,34

Although the factors responsible for these changes in B cell locali-
zation and their contribution to disease pathogenesis are not well
understood, it is known that they are dependent on type 1
IFN.35 Since we have shown that IFN production is reduced in
Tlr7.1 Tg Atg5 KO mice, we predicted that their MZ should be
restored. As can be seen in Fig. 4A and B, these mice had normal
numbers of MZB cells. This was not due to increased production
of these cells, as evidenced by normal numbers of MZ precursor
(MZP) B cells (Fig. 4A and C). Similarly, transitional 1 B (T1B)
cells were not elevated in these mice (Fig. 4A and D). On the

Figure 3. Macrophages and DCs from Tlr7.1 Tg Atg5 KO mice make normal inflammatory responses when stimulated in vitro. PEMs were activated with
LPS (100 ng/ml), or CLO97 (5 mg/ml) for 6 h (A) IL6, TNF and (B) IFNB1 was measured by ELISA. BMDMs were activated with LPS (100 ng/ml), CLO97
(5 mg/ml), or CpG 2395 (250 nM) for 24 h. (C) TNF and IFNB1 were measured by ELISA. Significance is in comparison to unstimulated controls. BMDmDCs
and BMDpDCs were stimulated with LPS (10 mg/ml), or CLO97 (1 mg/ml) (D) Il12b and (E) Irf7 mRNA transcripts were measured by qRT-PCR and com-
pared to unstimulated cells using the DD CT method. Results are based on 3 mice per group. #, p < 0.05, one-way ANOVA; *, p < 0.05; **, p < 0.01;
***, p < 0.005, one-way ANOVA with Tukey’s post-test.
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other hand, they had decreased percentages of FOB cells, while
their absolute numbers were unchanged (Fig. 4A and E). To
determine if the MZB cells in Tlr7.1 Tg Atg5 KO mice were
localized in the outer rim of the splenic follicle as in WT mice,
we examined frozen spleen sections by immunohistochemistry
(IHC). IgMC B cells were present adjacent to MZ macrophages
in Tlr7.1 Tg Atg5 KO (Fig. 4F, right panel, closed arrows) and
control (left panel) mice, while MZB cells were virtually absent
in Tlr7.1 Tg mice (Fig. 4F, middle panel), confirming published
findings.17 These data imply that autophagy is required for the
TLR7-dependent activation of MZB cells that promotes their
large-scale exit from the MZ to the red pulp.

TLR7.1 Tg Atg5 KO mice secrete hyper-IgM
It has been reported that Atg5 KOmice, immunized with con-

ventional protein antigen, have decreased IgM and IgG plasma-
blasts.25,26 However, we found that on a Tlr7.1 Tg background
these mice had vastly increased levels of IgMhi plasmablasts in
the red pulp of the spleen, similar to Tlr7.1 Tg mice (Fig. 4F,
middle and right panels, open arrows). These data were con-
firmed by flow cytometry (Fig. 5A), as well as by enzyme-linked
immunospot (ELISpot) assay. As can be seen in Fig. 5B, Tlr7.1
Tg Atg5 KO mice had significantly higher numbers of IgM-
secreting plasmablasts than Atg5 KO and Tlr7.1 Tg mice. A
selective accumulation of unrecombined Atg5 plasma cells has
been reported in the bone marrow of Atg5 KO mice following
immunization.27 To determine if the increase in IgM plasma-
blasts was a result of selective pressure, we compared Atg5 recom-
bination in the DNA of splenic B cells and plasmablasts
measured by qPCR. No increase in unrecombined Atg5 was
detected in the plasmablasts of Tlr7.1 Tg Atg5 KO mice
(Fig. 5C). Thus, our data imply that the presence of the Tlr7
transgene rescues Atg5 KO B cells from death during differentia-
tion into plasma cells. No difference in IgM mean spot size was
seen by ELISpot between Tlr7.1 Tg Atg5 KO and Tlr7.1 Tg
mice (Fig. S4A), indicating similar secretion rates by the plasma-
blasts of the 2 strains. Consistent with these observations, the
serum IgM levels of Tlr7.1 Tg Atg5 KO mice were significantly
increased compared to WT mice, similar toTlr7.1 Tg mice
(Fig. 5D), whereas no difference in IgA or IgG3 levels was seen
(Fig. S4B).

B cells do not make IgM autoAbs, but respond normally to
TLR signals in vitro

Because Tlr7.1 Tg Atg5 KO mice produced hyper-IgM serum
levels, it was important to determine the level of anti-RNA IgM.
As presented in Fig. 6A, anti-RNA-specific IgM ELISA revealed
a low concentration of these autoAbs in the serum of Tlr7.1 Tg
Atg5 KO mice as in WT controls, although the former had 3- to
5-fold higher total IgM. In contrast, sera from Tlr7.1 Tg mice
showed a significant increase in anti-RNA IgM compared to the
control mice. Taken together with the ANA analyses described
above (Fig. 1B), these data unambiguously show that autoAbs
against nuclear antigens are not produced in the absence of B cell
autophagy.

The substantial IgM response in the Tlr7.1 Tg Atg5 KO mice
was particularly surprising, because a large fraction of serum IgM
is produced by B1a cells, a B cell subset that has been reported to
be deficient in Atg5 KO mice.24,25 We show here that these cells
were also low in Tlr7.1 Tg Atg5 KO mice (Fig. 5A). To define
the hyper-IgM response of these mice in more detail, we mea-
sured the antiphosphocholine (PC) Ab levels, bearing the T15
idiotype, a prototype germline IgM secreted by B1a cells.36 As
can be seen in Fig. 6B, mice lacking B cell autophagy had normal
levels of anti-PC IgM, but significantly reduced T15C Abs,
resulting in lower ratios of the T15 over the total anti-PC
response, which is consistent with their lower level of B1a cells.

As a final analysis, we compared the level of IL6 and IL10 pro-
duction of B cells from Tlr7.1 Tg Atg5 KO and Tlr7.1 Tg mice
in vitro in response to TLR signals. As can be seen from the
ELISA data presented in Fig. 6C, no defect in responsiveness
was seen in the production of IL6 from B cells of Tlr7.1 Tg Atg5
KO mice. Similarly, these B cells were able to produce IL10 in
response to stimulation (Fig. 6D, Fig. S5B). In fact, B cells from
Tlr7.1 Tg Atg5 KO mice showed a significant increase in IL10
production compared to Tlr7.1 Tg B cells stimulated similarly.
Thus, the defect in the former cells is seen only in vivo, confirm-
ing our working hypothesis that delivery of TLR7 ligands
requires intact autophagy machinery.

Tlr7.1 Tg Atg5 KO mice present with anemia, but
compensate through development of EMH

It has been reported that Tlr7.1 Tg mice have anemia,17 and it
is known that type 1 and 2 IFNs, as well as TNF, play causative
roles in autoimmune-mediated hemolytic anemia and inhibition
of erythropoiesis.37-39 Since Tlr7.1 Tg Atg5 KO mice do not
mount an inflammatory response, we would expect them to be
cured of anemia. However, as can be seen in Fig. 7A, Tlr7.1 Tg
mice had anti-erythrocyte (red blood cell, RBC) autoAbs
(Fig. 7A) and developed anemia in the presence or absence of B
cell autophagy (Fig. 7B). We also established that the BM of
Tlr7.1 Tg Atg5 KO mice contained normal numbers of megakar-
yoctyes and erythroid precursors, suggesting that anemia was not
caused by a deficiency in production of these cell types (Fig. 7C
and D). Furthermore, flow cytometry analysis revealed normal
numbers of BM monocytes and macrophages (Fig. 7D, right
panel). This is in contrast to what had been described in Tlr7.1
Tg mice, which have IFNA-dependent expansion of BM granu-
locyte-macrophage progenitors (GMPs).

Because the Tlr7.1 Tg Atg5 KOmice presented with early signs
of anemia similar to the Tlr7.1 Tg mice, but differed from those
mice in the cellular composition of BM, as well as overall survival,
we looked for compensatory mechanisms in organs other than the
BM. We had observed that Tlr7.1 Tg Atg5 KO mice presented
with splenomegaly as Tlr7.1 Tg littermates (Fig. 7E). Histological
analysis of the spleens revealed that Tlr7.1 Tg Atg5 KOmice had a
marked expansion of the red pulp (Fig. 8A, right panel) that was
more pronounced than in Tlr7.1 Tg (Fig. 8A, center panel) and
control mice (Fig. 8A, left panel). Within the red pulp ofTlr7.1Tg
Atg5 KO mice, increased erythropoiesis was present (Fig. 8B), as
well as an increase in megakaryocytes (megakaryocyte hyperplasia)
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(Fig. 8C). Spleen sections of Tlr7.1 Tg Atg5 KO mice had more
megakaryocytes (5–11/400x field) than Tlr7.1 Tg mice (1–10/
400x field). In addition to the spleen, Tlr7.1 Tg Atg5KOmice had
increased EMH in the liver (Fig. 8D).

Taken together, these data demonstrate that while Tlr7.1 Tg
Atg5 KO mice still have anemia comparable to Tlr7.1 Tg mice,
they compensate for it more effectively through increased EMH.
The persistence of anemic disease in these mice is interesting,

Figure 4. B cell autophagy is required for the TLR7-mediated loss of the marginal zone. (A) Representative FACS plots of controls (upper), Tlr7.1 Tg (mid-
dle), and Tlr7.1 Tg Atg5 KO (lower) mice, showing the gating for FOB, MZB, and MZP cells (left), as well as T1B cells (right). (B) Percentages (left) and abso-
lute numbers (right) of MZB cells (PTPRCC CR2mid CD23-). (C) Absolute numbers of MZP cells (PTPRCC CR2hi CD23hi). (D) T1B cells (PTPRCC CR2¡ CD23¡

CD24C IgMC). (E) Percentages (left) and absolute numbers (right) of FOB cells (PTPRCC CR2mid CD23mid). Each point represents an individual animal. Data
were obtained from 5 independent experiments. Mice were nonmoribund and between 3–5 months old (*, p < 0.05; **, p < 0.01, Kruskal-Wallis test
with Dunn’s post-test). (F) Fluorescent IHC of frozen spleen sections. B cells (IgM red), T cell zone (CD4/CD8 green), MZ macrophages (MOMA-1 blue).
IgMC (red) MZB cells are intermixed with (blue) MZ macrophages (white arrows). IgMhi cells (bright red) are visible in the red pulp (open arrows) of Tlr7.1
Tg and Tlr7.1 Tg Atg5 KO mice. White bar: 100 mm.
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because it suggests that autophagy is important for the formation
of anti-nuclear autoAbs, but is dispensable for the production of
Abs against platelets and RBCs.

Discussion

The data presented in this paper demonstrate that B cell
autophagy is required for the development of TLR7-mediated
SLE; namely, we observed that the hallmarks of lupus, ANA, and
chronic inflammation, did not develop in the absence of B cell
autophagy. As a consequence, glomerulonephritis was amelio-
rated, and overall survival was dramatically improved. No IFNA
signature was present in the serum of these mice, resulting in
reduced tissue infiltration by inflammatory cells. Thus, for all
intents and purposes, these mice were cured of SLE, providing
validation for our working hypothesis.

Further evidence that the Tlr7.1 Tg
Atg5 KO mice did not develop lupus
is their restoration of MZB cells which
are reduced in Tlr7.1 Tg mice. It has
previously been shown that loss of
MZB cells in Tlr7.1 Tg mice is depen-
dent on type 1 IFN.35 This observa-
tion agrees well with our data that
Tlr7.1 Tg Atg5 KO mice had
decreased levels of this cytokine com-
pared to Tlr7.1 Tg mice. Importantly,
DCs, macrophages, and T cells, the
highest producers of IFNs and other
inflammatory cytokines, were not acti-
vated and were, thus, insufficient for
disease initiation, although autophagy
remained intact in these cell types.
This is in agreement with the observa-
tion that DCs fail to expand or upre-
gulate MHCII in Tlr7.1 Tg mice
lacking B cells.18 The fact that loss of
B cell autophagy results in restoration
of the MZ, normal type 1 and 2 IFN
levels, and an overall decrease in
inflammatory cytokines in Tlr7.1 Tg
mice implies that autophagosome
action in B cells is essential for earliest
stages of TLR7 activation in vivo and,
thus, SLE inception and is required
for subsequent recruitment of other
cell types.

Based on the results obtained in our
model mice, we propose that high lev-
els of TLR7 in B cells leads to chronic
stimulation by endogenous RNA,
likely endogenous retroviral ele-
ments,19 by an autophagy-dependent
mechanism. This would result in fur-

ther amplification of Tlr7 expression and B cell activation. It has
been reported that overexpression of RNase A in Tlr7.1 Tg mice
does not mitigate anti-RNA autoAb production.40 These data
suggest that endogenous RNA is the preeminent factor for TLR7
activation in the B cells of these mice. Furthermore, we observed
that B cells in the blood of young Tlr7.1 Tg, but not Tlr7.1 Tg
Atg5 KO mice, expressed the activation marker CD69 (Fig. S6).
It is likely that this activation step is required for the preferential
stimulation of autoreactive B cells, secreting autoAbs. Since these
cells bear anti-RNA Ig, they deliver further ligand to TLR7 and,
thus, receive additional signals, allowing them to differentiate
into autoAb-secreting plasma cells.

It has recently been shown in macrophages that LC3-associ-
ated phagocytosis (LAP) is required for the delivery of large
DNA immune complexes to TLR9.41 Although the presence of
LAP has not been demonstrated in B cells so far, it is possible
that this complex could mediate the delivery of RNA immune
complexes to TLR7 as well. Since both autophagosome and LAP

Figure 5. Tlr7.1 Tg Atg5 KO mice have hyper-IgM levels. (A) Absolute numbers of PTPRClow SDC1C

plasma cells in the spleen were determined by FACS. (B) ELISpot of isolated splenic B cells secreting
IgM. Ab-secreting cell numbers are shown relative to controls. *, p<0.05, one sample t test; **, p < 0.01,
Kruskal-Wallis test with Dunn’s post-test. (C) qPCR for recombined and unrecombined Atg5 was per-
formed on isolated splenic pan-B cells and SDC1C cells. Results are based on 4 mice per genotype.
(D) Sera from age-matched nonmoribund mice between 3–5 mo old were tested for total IgM by ELISA.
*, p < 0.05; **, p < 0.01; ***, p < 0.005, Kruskal-Wallis test with Dunn’s post-test).

www.tandfonline.com 1017Autophagy



assembly require ATG5, our experi-
mental system cannot formally discern
which type of phagosome is responsi-
ble for the TLR7-mediated activation
of autoreactive B cells.

Paradoxically, Tlr7.1 Tg Atg5 KO
mice presented with very high levels of
IgM-secreting plasma cells and corre-
sponding serum IgM, even supersed-
ing those seen in Tlr7.1 Tg mice. This
is particularly surprising, since a defect
in plasmablast survival had been
reported in Atg5 KO mice, immunized
with protein antigens.25,27 Thus, it is
possible that other factors, corollary to
Tlr7 overexpression in the absence of
B cell autophagy, such as increased
apoptotic debris from dying cells, are
responsible for the hyper-IgM seen in
the serum of these mice. The exact
mechanism leading to this phenome-
non remains to be elucidated. How-
ever, the fact that these high levels of
IgM did not contain anti-RNA
autoAbs provides additional credibility
of our working hypothesis that B cell
autophagy is required for the produc-
tion of ANA, resulting in
autoimmunity.

Autophagy in DCs has been
shown to be involved in presentation
of exogenous antigen to CD4 T
cells, leading to priming of these
cells.20,21,23 However, soluble anti-
gens, such as haptens, seem to be
exempt of this requirement.27 This
fits well with our observation that
presentation of nuclear antigen is
prevented in B cells from Tlr7.1 Tg
Atg5 KO mice, as seen in the lack
of anti-RNA autoAbs in these mice.
On the other hand, these cells still
receive ample signals in vivo, leading
to their rescue from death and differentiation into plasma-
blasts, reflected in the high level of IgM-secreting cells.

Furthermore, Tlr7.1 Tg Atg5 KO mice developed anemia,
similar to Tlr7.1 Tg mice.17 It has been shown that type 1
and 2 IFNs, as well as TNF, play causative roles in autoim-
mune-mediated hemolytic anemia and inhibition of erythro-
poiesis.37-39 However, these inflammatory cytokines were
normal in Tlr7.1 Tg Atg5 KO mice. In contrast to the lack
of antinuclear autoAbs in these mice, they had some anti-
erythrocyte Abs. Thus, it is possible that erythrocyte-associ-
ated epitopes elicit a hemolytic Ab response that is not
dependent on autophagy. Alternatively, the hemolytic anemia
could be due to cross-reactive Abs associated with the already

elevated circulating IgM in these mice. Ultimately, the cause
of the pervasive hemolytic anemia, as well as the role of IgM
in its initiation and progression, remain important unan-
swered questions, considering that anemia is one of the most
common hematological malignancies associated with SLE and
its etiology is poorly understood.

The lack of type 1 and 2 IFNs in Tlr7.1 Tg Atg5 KO mice
suggests that these mice may be able to compensate for anemia
more effectively than Tlr7.1 Tg mice. In agreement with this
assumption, the spleens and the livers of these mice presented
signs of a robust EMH response, such as an increase in megakar-
yocytes, the producers of thrombocytes, and erythrocyte
precursors.

Figure 6. B cells do not make IgM autoAbs, but respond normally to TLR signals in vitro. (A) Anti-RNA
IgM ELISA; results are based on at least 5 mice per genotype. *, p < 0.05; **, p < 0.01; ***, p < 0.005,
Kruskal-Wallis test with Dunn’s post-test. (B) ELISA for anti-PC IgM (top), anti-T15 IgM (middle), and the
ratio of T-15 to PC IgM (bottom). Isolated B cells were stimulated for 72 h with CLO97 (1 mg/ml), imiqui-
mod (IMQ; 1 mg/ml), LPS (10 mg/ml), or PAM3CSK4 (1 mg/ml). Cytokine readouts for (C) IL6 and (D) IL10
were determined by ELISA. Results are based on 3 mice per genotype. Unless indicated, significance
was determined relative to unstimulated controls (*, p < 0.05; **, p < 0.01; ***, p < 0.005, One-way
ANOVA with Tukey’s post-test).
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Studying the Tlr7.1 Tg Atg5 KO line provides new insights
into effective treatment strategies of SLE, given that numerous
SLE cases have been described with genetic predisposition to
enhanced TLR7 signaling.7-11 Our data clearly indicate that at
least one arm of the autoAb response, ANA, is completely depen-
dent on autophagy. This is particularly important, because

antinucleotide immune complexes are thought to be the main
malefactor in lupus nephritis. Thus, targeted ablation of B cell
autophagy could provide an effective treatment strategy for
patients with SLE, according to the results described here. In
addition it will be important to study whether disruption of
autophagy in B cells ameliorates other autoimmune diseases

Figure 7. Tlr7.1 Tg Atg5 KO mice present with anemia, but compensate through development of EMH. (A) Indirect Coomb’s assay for IgM; the presence
or absence of agglutination was determined. (B) RBC percentages shown by PCV (packed cell volume). (C) Representative H&E images of megakaryocytes
in the BM of control (top panel), Tlr7.1 Tg (center panel) and Tlr7.1 Tg Atg5 KO mice (bottom panel), all 3–5 mo old. White bar: 100 mm. (D) Flow cytome-
try showing percentages of BM erythroid lineage cells (LY76C ITGAM-) and macrophages/monocytes (ITGAMC ITGAX- LY6Glow/¡). (E) Spleens were
weighed and normalized as a percentage of body weight. Each point is representative of an individual animal. Results are based on at least 6 mice per
group. *, p < 0.05; **, p < 0.01; ***, p < 0.005, Kruskal-Wallis test with Dunn’s post-test.
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associated with antinuclear Ab produc-
tion, such as scleroderma and Sj€ogren
syndrome.

Materials and Methods

Mice
All mice used in this study were on

a C57BL/6J (B6) background and
were analyzed at 3–5 mo old. B6 mice
were purchased from The Jackson Lab-
oratories (Bar Harbor, ME). Tlr7.1 Tg
mice (C57BL/6-Tg(Tlr7)1Boll) were
produced at NIH17 and were bred at
Tufts University School of Medicine;
Cd19-Cre/Atg5f/f mice (B6.129P2(C) -
Cd19tm1(cre)Cgn Atg5tm1Myok) were pro-
vided by H. Virgin (Washington Uni-
versity, St. Louis, MO);24 at N9
backcross to B6, and were backcrossed
to B6 an additional generation on site.
WT and Tlr7.1 Tg mice were crossed
with Cd19-Cre/Atg5f/f mice24 (see
Table 1 for breeding strategy and gen-
otypes of the various groups of mice).
All animals were housed, bred, and
studied at Tufts University School of
Medicine under approved IACUC
guidelines.

Flow cytometry
Single cell suspensions were made

in 1X phosphate-buffered saline
(PBS; 0.137 M NaCl, 2.7 mM
KCl, 5.3 mM Na2HPO4, 1.8 mM
KH2PO4) 2% fetal bovine serum
(FBS; Atlanta Biologicals, S11550)
from whole spleen using 70-mm nylon
cell strainers (Falcon, 352350). Perito-
neal cells were isolated by lavage (1X
PBS, 2% FBS). BM cells were isolated
by flushing femurs with 1X PBS (2%
FBS). Whole blood was collected from
tail veins or by cardiac puncture in BD
Microtainer tubes with EDTA (BD
Biosciences, 365973) and lysed with
RBC lysis buffer (BD Biosciences,
4300–54). Cells were blocked for
FCGR2B/CD32 (eBiosciences, 14-
0161-85) and stained with the follow-
ing mouse Abs from eBiosciences:
IgM (48-5790-80), ITGAX/CD11c

Figure 8. Tlr7.1 Tg Atg5 KO mice possess robust EMH in the spleen and liver. Representative H&E analy-
ses of spleen (A-C) and liver (D) sections reveal elevated EMH in Tlr7.1 Tg and Tlr7.1 Tg Atg5 KO mice.
Control (left panel), Tlr7.1 Tg (center panel) and Tlr7.1 Tg Atg5 KO (right panel), all 3–5 mo old. (A) Red
pulp expansion (4X). (B) Increased numbers of immature red blood cells (erythropoiesis) (10X); (WP,
white pulp; RP, red pulp). (C) Increased numbers of megakaryocytes (yellow arrows) (20X). (D) Cellular
infiltrates (black arrows) in the liver of Tlr7.1 Tg mice vs. EMH foci (open arrows) in the liver of Tlr7.1 Tg
Atg5 KO mice. Results are based on at least 6 mice per group. White bar: 100 mm.
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(48-0114-82), CD3 (48-003280), (eFluor 450), IGHM/IgM
(11-5790-82), FCER2A/CD23 (11-0232-82), LY6G/GR1
(115931-82), CD4 (53-0041-80), (FITC), BST2/PDCA1 (46-
3172-80), (PerCP-Cy5.5), KLRB1/Nk1.1 (12-5941-81) (PE),
PTPRC (47-0452-82), ITGAM (47-0112-82), (eFluor 780),
and BD Biosciences: LY76/TER119 (560512), CD69 (551113)
(PerCP-Cy5.5), ITGAM/CD11b (01715B), CD24A (553262),
SDC1/CD138 (553714), (PE), CD5 (55035), CR2/CD21
(558658), PTPRC/B220 (553092), CD8 (550281), (APC).
Cells were analyzed using an LSRII, FACSDiva software (BD
Biosciences). Secondary analysis was performed using FCS
Express 4 Research Edition (De Novo Software).

Detection of autoAbs
HEP-2 slides (MBL Bion, AN-1012) were used to determine

the presence of antinuclear IgG. Sera were diluted 1:80, and
slides were treated per the manufacturer’s recommendations. To
identify autoreactive sera a secondary goat anti-mouse IgG FITC
(Sigma, F8264) at 1:250 was used. Slides were read using a
Nikon Eclipse 80i fluorescence microscope, and analyzed with
NIS-Elements software (Nikon).

Multiplex immunoassay
Sera were analyzed for 17 cytokines: IL1A, IL1B, IL2, IL4,

IL5, IL6, IL10, IL12 (p70), IL13, IL7A, IL18, TNF, CSF3,
CSF2, CSF1, IFNA, and IFNG, using eBiosciences
ProcartaPlexTM Multiplex Immunoassay, Mouse Th1/Th2 Cyto-
kine Panel (11 plex) (EPX110-20820-901), IFNA Simplex
(EPX010-26027), IL1A Simplex (EPX010-20611), IL10 Sim-
plex (EPX010-20614), CSF3 Simplex (EPX010-26034), IL17A
Simplex (EPX010-26001), and MCSF Simplex (EPX010-
26039), per the manufacturer’s specifications. All samples were
diluted 1:1 and run in duplicate on a Luminex analyzer.

Cytokine ELISA
Cytokine levels of TNF (DY410), and IL6 (DY406), were

determined using DuoSet ELISA Development Systems (R&D
Systems) per the manufacturer’s protocol. For myeloid cell stimu-
lations supernatant fractions were diluted at 1:1 for TNF and were
left undiluted for IL6. For IFNB1 ELISAs, plates were coated
with 50 ml of rat anti-mouse IFNB1 mAb (Santa Cruz Biotech-
nology, sc-57201) at 1:500 in 0.1 M carbonate buffer and incu-
bated overnight (O/N) at 4�C. Plates were blocked with IFNB1
blocking buffer (1X PBS, 10% FCS) for 2 h at 37�C. Standards
were diluted 1:1 starting at 400 IU/ml (PBL, 12400-1) and sam-
ples, used undiluted, were added to the plate and incubated O/N
at 4�C. Detection antibody, 50 ml of polyclonal rabbit anti-
mouse IFNB1 (R&D Systems, 32400-1) was used at a 1:2000
dilution in IFNB1 blocking buffer, and incubated O/N at 4�C.
Secondary antibody, goat anti-rabbit HRP (Cell Signaling Tech-
nology, 7074), was added at 1:2000 and incubated for 3 h at RT.
For detection, 50 ul TMB Substrate (BD Biosciences, 555214)
was added, and reactions were stopped with 50 ul 2 N H2SO4.
For IL10 ELISAs, plates were coated with 3 mg/ml purified rat
anti-mouse IL10 (BD Biosciences, 551215) in IL10 binding
buffer (0.1 M NaHPO4, pH 9.0) and incubated O/N at 4�C.

Plates were blocked with IL10 blocking buffer (1X PBS, 1% BSA
[Sigma, A9647], 0.05% Tween 20 [Fisher Scientific, BP337]) for
2 h at room temperature (RT). Standards, diluted 1:2 starting at
20 ng/ml (BD Biosciences, 559076), and samples, undiluted,
were added to the plate and incubated O/N at 4�C. Detection
antibody, 3 mg/ml biotin rat anti-mouse IL10 (BD Biosciences,
554423) was used, and incubated 1 h at RT. Streptavidin-HRP
(R&D Systems, 43-4323) was added at 1:40 and incubated for
30 min at RT. For detection, 50 ml TMB Substrate (BD Bio-
sciences, 555214) was added and reactions were stopped with
50 ml 2 N H2SO4. For all cytokine ELISAs plates were read at
450 nm with SoftMax Pro using an EMax (Molecular Devices).

Immunoglobulin ELISA
Plates were coated with either 1 mg/ml unlabeled goat anti-

mouse IgG (1030-01), IgM (1021-01), or IgA (1040-01), (South-
ern Biotechnology Associates). Blocking was performed with 1%
BSA in borate buffer, pH 8.4. Sera were serially diluted and incu-
bated at 4�C overnight. AP-conjugated goat anti-mouse IgG
(1030-04), IgM (1021-04), IgA (1040-04), or IgG3 (1100-04) at
1 mg/ml were used (Southern Biotechnology Associates). Stan-
dard curves were prepared with purified mouse IgG, (Santa Cruz
Biotechnology, sc-2025) IgM (0101-01), IgA (0106-01), or IgG3
(0105-01) (Southern Biotechnology Associates). For RNA-IgM
ELISA, plates were coated with 5 mg/ml yeast RNA (Ambion,
AM7120G). Blocking was performed with 5% goat serum
(Sigma, 16210-072) in borate buffer, and AP-conjugated goat
anti-mouse IgM (Southern Biotechnology Associates, 1021-04)
was used. For development, 1 mg/ml phosphatase substrate was
used (Sigma, S0942). Plates were read with SoftMax Pro using an
EMax (Molecular Devices). Phosphocholine (PC)-specific IgM
Ab levels were determined by ELISA using plates coated with PC-
BSA (Biosearch Tech, PC-1011-10), and T15 idiotype levels were
determined on ELISA plates coated with the monoclonal anti-
idiotype Ab AB1-2 (Dr. J.F. Kearney, University of Alabama).
Serum Ab in both assays was detected with alkaline phosphatase-
conjugated goat anti-mouse IgM (Southern Biotechnology Asso-
ciates,1021-04). Standard curves for both assays were prepared
with known concentrations of purified T15 idiotype-bearing IgM
(BH8; Dr. J.F. Kearney, University of Alabama). P-nitrophenyl
phosphate was added, and color development was determined on
a SPECTROstar Omega Reader (BMG Labtech) at 405 nm.

Histology
Tissue were fixed with 10% neutral buffered formalin (NBF;

Sigma, HT501640) and embedded in paraffin; 5-mm sections
were cut and stained with hematoxylin and eosin (H&E); 2-mm
kidney sections were cut and stained with periodic acid-Schiff
(PAS; Rowley Biochemical, SO-429). Femurs were fixed over-
night in NBF, followed by decalcification in 5% formic acid
prior to embedding for examination of bone marrow. The
pathologist performed a masked evaluation of kidney sections for
membrano-proliferative glomerulonephritis using the scoring
system: score 1, none to focal areas of minimal segmental PAS-
positive mesangial thickening; score 2, focal to generalized mild
segmental PAS-positive mesangial thickening; score 3,
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generalized segmental to diffuse moderate to severe PAS-positive
mesangial thickening with increased glomerular cellularity; score
4, generalized diffuse severe PAS-positive mesangial thickening
with increased glomerular cellularity, dilation of Bowman’s
space, attenuation of normally cuboidal parietal epithelium of
Bowman’s capsule in male mice, mild thickening of Bowman’s
capsule, and small numbers of tubules dilated with protein casts.
Liver EMH was determined as either present or absent.

Immunofluorescence tissue section analysis
Kidneys and spleens were collected from mice and frozen in

OCT (Tissue-Tek, 4583). Cryostat sections were fixed in ace-
tone, frozen, and rehydrated. Kidney sections were stained with
FITC goat anti-mouse IgG1 (1070-02), and RITC anti-mouse
IgG2b (1090-03) (Southern Biotechnology Associates). Spleen
sections were stained with Alexa Fluor 555 goat anti-Mouse IgM
(Life Technologies, A-21426), rat anti-SIGLEC1/CD169
(MOMA-1; gift from Dr. G. Kraal, Vrije University Medical
Center, Amsterdam), followed by Alexa Fluor 647 (recolored in
a blue channel; Life Technologies, A-21247) and anti-rat IgG
and biotinylated anti-CD4 (BD Biosciences, RM4-5) and anti-
CD8 (BD Biosciences, 53–6.7) plus Alexa 488-Streptavidin.
Coverslips were then mounted on slides with DAPI Fluoro-
mount (Southern Biotechnology Associates, 0100-20) and ana-
lyzed using a Leitz DMRB fluorescent microscope.

ELISpot assay
Splenic B cells were isolated by magnetic separation via nega-

tive selection, using EasySep mouse B cell isolation kits (Stem-
Cell, 19854), per the manufacturer’s protocol. Purified B cells
were plated at 2.5 £ 105 cells per well in duplicate and diluted
3 times in 4-fold serial dilutions on multiscreen filter plates
(Millipore, S2EM004M99) coated with 1 mg/ml unlabeled goat
anti-mouse IgM (Southern Biotechnology Associates, 1021-01).
Cells were cultured in RPMI supplemented with 10% FBS (com-
plete RPMI). After 24 h incubation at 37�C (5% CO2), plates
were washed and bound Ab was detected with AP-conjugated
goat anti-mouse IgM (Southern Biotechnology Associates, 1021-
04). Plates were developed with 1-Step NBT/BCIP (Thermo Sci-
entific, 34042). Ab-secreting cells were scanned and enumerated
using an Immunospot Analyzer (Cellular Technology Ltd).

qPCR and qRT-PCR analyses
For qPCR analysis of Atg5 recombination, splenic pan B cells

were isolated from mice between 14–16 wk old, using negative
selection EasySep pan-B cell isolation kits (StemCell, 19844),
per the manufacturer’s protocol. SDC1C cells were then isolated
from this population, using a PE-positive selection kit (StemCell,
18554) and PE-SDC1 Ab (BD Biosciences, 553714). For DNA
isolation, 5 £ 105 cells were washed in 1X PBS, centrifuged at
2000 rpm for 5 min, and resuspended in 350 ml RLT buffer
(Qiagen, 79216). DNA and RNA were extracted using All/Prep
DNA/RNA mini kits (Qiagen, 80204). qPCR was performed on
25 ng genomic DNA using Power SYBR Green (Applied Biosys-
tems, 4367659) in duplicate 20-ml reactions. Primer sequences
used were previously described.27 Results were normalized to

genomic Hspa5. RNA was isolated from 5 £ 105 BMDmDCs
and BMDpDCs using RNeasy mini kits (Qiagen, 74104), and
cDNA was produced using 250 ng random primers (Invitrogen,
48190-011) with SuperScript-II reverse transcriptase (Invitrogen,
18064-014) per the manufacturer’s protocol. Samples were
diluted 1:5, and PCR was performed in duplicate using Taqman
gene expression assay systems (Applied Biosystems); Irf7
(Mm00516791_g1), and Il12b (Mm00434174_m1) were used
with FAM reporters. Mouse Actb and Gapdh were used as house-
keeping controls with a VIC-MGB reporter. Data were analyzed
on a 7300 Real-time PCR system (Applied Biosystems).

Production of BMD macrophages, pDCs, and mDCs
BM cells were isolated by washing femurs with cold RPMI

1640. Cells were then centrifuged for 10 min at 1000 rpm
(4�C). Cell pellets were resuspended in freezing medium (90%
FBS, 10% DMSO) at 5 £ 106 cells/ml and were frozen over-
night at ¡80�C. For BMD cell differentiation, BM cells were
thawed and diluted in 10 ml 1X PBS (37�C). Cells were then
centrifuged for 5 min at 1000 rpm and resuspended in the
appropriate differentiation medium. To differentiate BMDMs,
cells were plated at 2 £ 106 cells/10-cm plate in macrophage
differentiation medium (RPMI 1640 with L-glutamine, 20%
FBS, 28% L1 cell conditioned medium (provided by Dr. A.
Poltorak [Tufts University]), and 1% penicillin/streptomycin).
Cells were fed on the 4th d of culture by exchanging 5 ml for
10 ml of media. Cells were harvested after 8 d of culture. To
differentiate BMDmDCs, cells were plated at 5 £ 106 cells/10-
cm plate in mDC differentiation medium (RPMI 1640 with,
10% FBS, 2% L-glutamine, 1% nonessential amino acids
[NEAA, Gibco, 11140–050], 1% sodium pyruvate, 1%
HEPES, 0.1% b-ME (50 mM), 3.3% J558 cell CSF2-condi-
tioned medium (provided by Dr. M.J. Stadecker [Tufts Univer-
sity]), and 1.6% penicillin/streptomycin) Cells were fed on the
3rd d with an additional 10 ml of medium, and on the 5th d
by exchanging 10 ml of medium. Cells were harvested after 8 d
of culture. To differentiate BMDpDCs, cells were plated at 2.5
£ 106 cells/T25 flask in FLT3-L (PeproTech, 300–19) supple-
mented complete medium (RPMI 1640 with, 10% FBS, 2% L-
glutamine, 1% NEAA, 1% sodium pyruvate, 1% HEPES,
0.1% b-ME [50 mM], and 1.6% penicillin/streptomycin)
FLT3-L was supplemented at 400 ng/ml for controls and
200 ng/ml for Tlr7.1 Tg mice and replenished on the 5th day
of culture, and cells were harvested after 10 d. The concentra-
tion of FLT3-L used was determined empirically based on the
concentration required to generate �87% ITGAXlow BST2C

cells determined by flow cytometry.

Stimulation of B cells, PEMs, BMD macrophages, pDCs,
and mDCs

PEMs were isolated from mice 8–9 wk old by lavage (1X
PBS, 4�C). Cells were resuspended in RPMI 1640 media with
10% FBS and 1% pen/strep, and were plated in duplicate in
96-well flat-bottomed plates (Corning, 353072) at 1 £ 105

cells/well. Following O/N incubation at 37�C and 5% CO2,
cells were washed twice (1X PBS, 37�C) to remove nonadherant
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cells and stimulated for 6 h with CLO97 (5 mg/ml) (Invivogen,
tlrl-c95), or LPS (100 ng/ml; Salmonella minnesota Re595
[Enzo Biochem, ALX-581-017-L002]). After harvesting
BMDMs, BMDmDCs, and BMDpDCs were plated in dupli-
cate in 12-well, flat-bottomed plates (Corning, 3512) at 2.5 £
105 cells/well or in 96-well, flat-bottomed plates at 1 £ 105

cells/well. All cells were incubated O/N at 37�C and 5% CO2.
Following incubation, cells were stimulated for 24 h with the
following agents: BMDM: CLO97 (5 mg/ml), LPS (100 ng/
ml), or CpG 2395 (250 nM) (IDT Custom Oligos);
BMDmDC: CLO97 (5 mg/ml), LPS (10 mg/ml), or CpG
2395 (1 mM); BMDpDC: CLO97 (5 mg/ml) or LPS (10 mg/
ml). Following stimulation supernatant fractions were harvested
and frozen at ¡80�C. Cells were washed with 1X PBS and lysed
in RLT buffer for use in later downstream analyses. Splenic B
cells were isolated by magnetic separation via negative selection,
using EasySep mouse B cell isolation kits (StemCell, 19854),
per the manufacturer’s protocol. Purified B cells were plated at
1 £ 106 cells per well in complete medium (RPMI 1640, sup-
plemented with 10% FBS, 1 mM sodium pyruvate, 10 mM
HEPES, 0.1 mM NEAA, 1% pen/strep, 1 mM b-ME). Cells
were stimulated with CLO97 (1 mg/ml), imiquimod (1 mg/ml;
Invivogen, tlrl-imqs), LPS (10 mg/ml), CpG 2395 (1 mM),
PAM3CSK4 (1 mg/ml; Invivogen, tlrl-pms), or goat F(ab’)2
anti-mouse IgM (5 mg/ml; Southern Biotechnology Associates,
1023-01) and cultured at 37�C, 5% CO2 for 72 h. Supernatant
fractions from each well were frozen and used to assess the pro-
duction of cytokines. Cells were then harvested and lysed in
RLT buffer.

Statistical analysis
Graphs were generated using Prism (GraphPad). Significance

for in vivo and ex vivo assays were determined by either Kruskal-
Wallis’ test followed by Dunn’s multiple comparisons test, a 2-
tailed Mann-Whitney U test, or a one-sample t-test, where
appropriate. Significance for in vitro stimulations was determined
by one-way ANOVA followed by Tukey’s multiple comparisons
test. Survival curves were analyzed using a Mantel-Cox (log-
rank) test. Error bars represent SEM.
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