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Hemophagocytic lymphohistiocytosis (HLH) and macrophage activation syndrome (MAS) are 2 similar diseases
characterized by a cytokine storm, overwhelming inflammation, multiorgan dysfunction, and death. Animal models of HLH
suggest that disease is driven by IFN-γ produced by CD8+ lymphocytes stimulated by persistent antigen exposure. In
these models and patients with “primary” HLH, the antigen persists due to genetic defects, resulting in ineffective
cytotoxic responses by CD8+ T cells and poor pathogen clearance. However, infectious triggers are often not identified in
patients with MAS, and some patients with HLH or MAS lack defects in cytotoxic T cell killing. Herein, we show that
repeated stimulation of TLR9 produced an HLH/MAS-like syndrome on a normal genetic background, without exogenous
antigen. Like previous HLH models, TLR9-induced MAS was IFN-γ dependent; however, unlike other models, disease did
not require lymphocytes. We further showed that IL-10 played a protective role in this model and that blocking IL-10
signaling led to the development of hemophagocytosis. IL-10 may therefore be an important target for the development of
effective therapeutics for MAS. Our data provide insight into MAS-like syndromes in patients with inflammatory diseases
in which there is chronic innate immune activation but no genetic defects in cytotoxic cell function.
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Hemophagocytic	lymphohistiocytosis	(HLH)	and	macrophage	activation	syndrome	(MAS)	are	2	similar	dis-
eases	characterized	by	a	cytokine	storm,	overwhelming	inflammation,	multiorgan	dysfunction,	and	death.	
Animal	models	of	HLH	suggest	that	disease	is	driven	by	IFN-γ	produced	by	CD8+	lymphocytes	stimulated	by	
persistent	antigen	exposure.	In	these	models	and	patients	with	“primary”	HLH,	the	antigen	persists	due	to	
genetic	defects,	resulting	in	ineffective	cytotoxic	responses	by	CD8+	T	cells	and	poor	pathogen	clearance.	How-
ever,	infectious	triggers	are	often	not	identified	in	patients	with	MAS,	and	some	patients	with	HLH	or	MAS	
lack	defects	in	cytotoxic	T	cell	killing.	Herein,	we	show	that	repeated	stimulation	of	TLR9	produced	an	HLH/
MAS-like	syndrome	on	a	normal	genetic	background,	without	exogenous	antigen.	Like	previous	HLH	models,	
TLR9-induced	MAS	was	IFN-γ	dependent;	however,	unlike	other	models,	disease	did	not	require	lymphocytes.	
We	further	showed	that	IL-10	played	a	protective	role	in	this	model	and	that	blocking	IL-10	signaling	led	to	the	
development	of	hemophagocytosis.	IL-10	may	therefore	be	an	important	target	for	the	development	of	effec-
tive	therapeutics	for	MAS.	Our	data	provide	insight	into	MAS-like	syndromes	in	patients	with	inflammatory	
diseases	in	which	there	is	chronic	innate	immune	activation	but	no	genetic	defects	in	cytotoxic	cell	function.

Introduction
Sepsis, hemophagocytic lymphohistiocytosis (HLH), macrophage 
activation syndrome (MAS), and systemic inflammatory response 
syndrome (SIRS, e.g., sepsis without a documented pathogen) are 
different clinical entities that likely represent a common immuno-
pathologic state referred to as cytokine storm (1). The designation 
given any particular patient’s cytokine storm syndrome is generally 
determined by whether an underlying trigger can be found: bacte-
rial infection (2), malignancy or genetic defect (3), rheumatologic 
disease (4), or idiopathic or drug induced (1), respectively. Despite 
the different names, these syndromes share more in common than 
not (5): massive inflammatory response, elevated serum cytokine 
levels, multiorgan system disease, hemophagocytic macrophages, 
and often death. These syndromes are often clinically indistin-
guishable (5). However, the cytokines that predominate in each of 
these syndromes may differ; for instance, TNF-α predominates in 
bacterial sepsis (6), and IFN-γ predominates in HLH and MAS (7, 8).  
What drives the systemic toxicity in these diseases is not clear. 
Much attention has recently been given to primary HLH due to 
our increased understanding of the genetic defects involved. Pri-
mary HLH is caused by genetic defects in cytotoxic granule exo-
cytosis, such that CD8+ T cells are unable to kill virally infected 
targets. The current model proposes that overstimulation of adap-
tive immunity leads to the progression of disease. This occurs via 
continuous antigen stimulation from infected antigen-present-
ing cells to CD8+ T cells, resulting in the production of IFN-γ that 
directly leads to toxicity, a cycle that is not terminated because 

the CD8+ T cells are unable to lyse their target cells (8). However, 
attempting to recapitulate HLH by continuous antigen exposure 
does not completely recreate the disease process, suggesting that 
persistent antigenemia is not sufficient (8). In the case of MAS and 
SIRS, defects in cytotoxic granule exocytosis are often not found, 
again suggesting that this model is incomplete.

The TLRs also have been implicated in cytokine storm syn-
dromes. For instance, TLR4 is known to be important for cytokine 
release secondary to gram-negative bacterial sepsis (9). MAS is 
most closely associated with systemic juvenile idiopathic arthritis 
(SJIA), a disorder that has been recently associated with abnormal 
TLR-induced gene expression patterns (10). Though these gene 
expression changes cannot be linked to a particular TLR, this 
observation suggests a possible role for TLR activation in MAS 
as well. However, since in MAS gram-negative organisms are not 
found and since primary HLH is often initiated by viral infections 
that do not trigger TLR4, it is likely there are other TLRs that drive 
the inflammatory syndrome in the these entities.

Our understanding of the immunopathology of HLH/MAS 
is limited by the availability of animal models. Those that exist 
require infectious agents to trigger disease, which makes it diffi-
cult to separate the infectious pathology from the immunopathol-
ogy of the cytokine storm itself. Therefore, we undertook a series 
of studies to determine whether repeated TLR stimulation, with-
out exogenous antigen, could replicate an MAS-like syndrome. A 
previous report identified systemic toxicity with repeated TLR9 
stimulation with CpG DNA (11). CpG DNA is a potent stimula-
tor of TLR9 (12). In agreement with the report by Heikenwalder 
et al. of systemic toxicity (11), we found that mice treated with 
repeated TLR9 agonism developed cytopenia, splenomegaly, hep-
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atitis, microthrombosis, and hyperferritinemia, consistent with 
MAS-like syndromes (13). As in the infectious HLH model, we 
show that CpG cytokine storm syndrome was IFN-γ dependent 
but resulted in only minimal CD8+ T cell activation. Surprisingly, 
the syndrome was not dependent on B or T cells, implying that 
TLR9 activation of innate immune cells is sufficient to initiate the 
disease. We also show that NK cells were dispensable for disease. 
However, deleting both T/B cells and NK cells simultaneously 
resulted in disease attenuation, suggesting that the disease is at 
least partially dependent on the presence of both populations 
together. We further show that DCs were capable of IFN-γ tran-
scription after CpG treatment and that deletion of conventional 
DCs (cDCs) resulted in a partial reduction of circulating IFN-γ 
in response to CpG administration. We also identified IL-10 as a 
negative regulator of the MAS-like pathology. Mice made hypore-
sponsive to IL-10 developed a more severe phenotype, including 
the presence of large amounts of hemophagocytosis, a pathologic 
finding not seen when IL-10 signaling is intact. Based on these 
findings, we propose what we believe to be a new model for the 
MAS-like cytokine storm syndromes, in which overstimulation of 
innate immunity by TLRs rather than adaptive immunity is suf-
ficient for disease development and in which the spectrum of dis-
ease severity is in part controlled by responsiveness to IL-10.

Results
Repeated TLR stimulation leads to the clinical appearance of the cytokine 
storm syndrome. We examined whether repeated TLR agonism could 
reproduce elements of the MAS cytokine storm syndrome in the 
absence of exogenous antigen. Repeated administration of the 
TLR9 agonist CpG to mice resulted in a peripheral pancytopenia 
(Figure 1A, rbc indices shown in Supplemental Figure 1; supple-
mental material available online with this article; doi:10.1172/
JCI43157DS1). While absolute numbers of granulocytes were 
slightly fewer in CpG-treated mice, the majority of the leukopenia 
was accounted for by a reduction in lymphocyte numbers (Figure 
1B). CpG-treated mice also developed a marked splenomegaly 
(Figure 1C). This increase in splenic size was accompanied by an 
increase in cellularity (Figure 1D). However, the absolute numbers 
of lymphocytes, macrophages, and DCs did not change dramati-
cally in the spleen (data not shown), suggesting that the peripheral 
lymphopenia is not due simply to splenic sequestration. Similar 
results were also obtained with repeated TLR3 or TLR4 agonism 
(data not shown), albeit to a lesser extent.

As in the MAS syndrome, CpG-treated mice developed elevated 
serum ferritin (Figure 1E) after 10 days of treatment. Patients with 
MAS also develop a disseminated intravascular coagulopathy 
(DIC) (14–17), usually assessed by decreased serum fibrinogen. 
Interestingly, mice treated repeatedly with CpG (herein referred 
to as “repeated CpG-treated mice” did not show any decrease in 
fibrinogen compared with that in PBS controls (data not shown). 
Since fibrinogen levels were only modestly decreased in the perfo-
rin-deficient murine model of primary HLH (8), and since it was 
not assessed in either the Rab27a-deficient (18) or Munc-13-4– 
deficient models (19), it remained possible that plasma fibrino-
gen was not a sensitive assay of the DIC pathophysiologic state. 
We therefore looked for the histologic correlate of DIC, the pres-
ence of microthrombi on tissue sections. Three out of six livers 
from CpG-treated mice developed thrombi in their small vessels, 
with lobular necrosis adjacent to these vessels (Figure 1F). None 
of the PBS-treated mice developed thrombi or necrosis. Even in 

the CpG-treated mice without thrombosis, all of the livers showed 
evidence of vascular damage, including endothelial cell plump-
ness, endothelial cell lifting, and inflammatory infiltrate. These 
lesions may be precursors to the thrombi noted in 50% of the CpG-
treated livers examined. Notably, none of these changes were seen 
in PBS-treated mice. These data are suggestive of an incompletely 
penetrant DIC state present in CpG-treated mice.

To test whether multiple CpG injections were required, we exam-
ined mice injected with a single dose of CpG. Mice given 1 injection 
of CpG, followed by 4 PBS injections, displayed completely normal 
blood counts, ferritin levels, spleen size, and liver and spleen histol-
ogy (data not shown). Mice examined 24 hours after a single injec-
tion of CpG did not have anemia, splenomegaly, hyperferritinemia, 
or hepatic or splenic histologic changes but did develop a leukope-
nia and thrombocytopenia (Supplemental Figure 1 and data not 
shown). Thus, it appears that multiple doses of CpG are required to 
induce the complete disease of pancytopenia, splenomegaly, hyper-
ferritinemia, microthrombosis, and hepatitis. Because it has been 
suggested that CpG motifs may trigger other receptors besides TLR9 
(20), we attempted to induce disease in TLR9-deficient (Tlr9–/–)  
mice but found that CpG-treated Tlr9–/– mice were indistinguish-
able from mice injected with PBS (Supplemental Figure 2 and data 
not shown), thus demonstrating that this CpG-induced disease is 
mediated through TLR9 stimulation.

Repeated TLR9 stimulation results in the development of other MAS-
associated pathology. HLH/MAS is associated with an increase in 
Th1 cytokines, particularly serum IFN-γ. Mice treated with mul-
tiple doses of CpG also demonstrate elevated serum IFN-γ at sac-
rifice on day 10 after initial CpG treatment (Figure 2A). We also 
assessed IL-12p70, IL-6, and IL-10 levels in the serum and found 
them to be elevated (Figure 2A). Increased levels of all of these 
cytokines are found in HLH/MAS in both murine models and in 
human patients (18, 21). The amount of IFN-γ produced in this 
model is not as high as that seen in primary HLH, both in humans 
and mice, and may reflect the less severe phenotype seen in the 
repeated CpG-treated mice. In contrast, we did not find significant 
amounts of serum TNF-α (data not shown). HLH/MAS is often 
associated with hepatitis, and CpG-treated mice developed both 
lobular and portal inflammation in all of the livers examined (Fig-
ure 2, B–D). We next characterized the type of cellular infiltrate by 
immunohistochemistry. Livers from CpG-treated mice showed a 
lymphohistiocytic infiltrate consisting predominately of macro-
phages and to a lesser degree a mixture of T and B cells (Figure 2E). 
Splenic architecture was disrupted, with a loss of B cell areas and 
an infiltration of the red pulp by a large number of small nucleat-
ed cells (Figure 2F), consistent with other reports of spleens from 
CpG-treated mice (11). Consistent with reports of bone marrow 
pathology in primary HLH murine models (18), the bone marrow 
of CpG-treated mice showed decreased cellularity but increased 
megakaryocyte numbers (Supplemental Figure 3). In summary, 
repeated TLR9 activation, even in the absence of foreign antigen, 
can recapitulate multiple serologic and histologic features of the 
MAS cytokine storm syndrome.

IFN-γ is required for maximal disease expression in repeated CpG-treated 
mice. IFN-γ is the central cytokine mediating primary HLH syn-
dromes, and neutralization of this antibody ameliorates disease 
(8, 22). We therefore tested the hypothesis that the TLR9-induced 
MAS-like syndrome would also be IFN-γ dependent. Ifng–/– mice 
were treated with repeated CpG injections, as described above. 
Compared with wild-type counterparts, Ifng–/– mice did not develop  
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anemia or thrombocytopenia (Figure 3, A and B), had markedly 
reduced splenomegaly (Figure 3C), did not develop hepatic inflam-
mation (Figure 3D), and manifested preservation of splenic archi-
tecture (data not shown). However, not all elements of the CpG-
mediated MAS-like syndrome were IFN-γ dependent, in particular, 
the leukopenia (Figure 3A) and hyperferritinemia (Figure 3E). 
Because the amounts of IFN-γ produced at day 10 of disease were 
much lower than what is seen in lymphocytic choriomeningitis 
virus models of HLH (ref. 8 and Figure 2A), we further character-
ized the kinetics of IFN-γ produced earlier in the course of disease. 
Mice were administered repeated CpG injections for 3 doses, and 
IFN-γ was measured 18 hours after each dose. We found that there 
was an initial burst of IFN-γ produced after the first administration 
of CpG, which then fell nearly to baseline levels. This was followed 
by a plateau of low level IFN-γ after the third injection (day 6), com-
parable to what was seen at day 10 (Figure 2A and Figure 4A). Thus, 

there appear to be 2 phases of IFN-γ production, an initial high 
burst followed by a plateau of lower amounts of IFN-γ.

To test whether only the high burst of IFN-γ was required for 
CpG-induced cytokine storm, we administered an IFN-γ–neutral-
izing antibody either before or after the mice experienced the ini-
tial peak of IFN-γ. Mice were treated with CpG over 10 days, as 
described above, with IFN-γ neutralization initiated at day 0 or at 
day 3 (Figure 4, B and C). Mice that received IFN-γ neutralization 
throughout the entire experiment phenocopied the Ifng–/– mice, 
confirming that IFN-γ production is critical for development of 
disease. Mice that did not receive IFN-γ neutralization until day 3, 
allowing them to experience only the initial burst of IFN-γ but not 
the long tail of IFN-γ activity (second-phase blockade), also failed 
to develop disease. This observation demonstrates that although 
the amount of IFN-γ seen at the later time points is modest, it is 
crucial to the development of pathology. These experiments con-

Figure 1
Repeatedly CpG-treated mice develop clinical features of cytokine storm. Mice were treated over a 10-day period with repeated injections of 
PBS or CpG (50 μg) every 2 days. (A) Blood was sampled on day 8 for a complete blood count and analyzed for total leukocytes (wbc), rbc, 
and platelets (PLT). (B) The leukopenia associated with CpG treatment was further characterized by assessing lymphocyte and granulocyte 
numbers. (C–E) Analyses were performed at sacrifice on day 10. (C and D) Spleens from mice were weighed and are expressed at a ratio to 
total body weight. Total splenocyte numbers were assessed by counts with a hemacytometer. (E) Serum ferritin was measured by ELISA. (F) 
Livers from mice were sectioned and stained with H&E (original magnification, ×40). Fibrin thrombi (thick arrows) and associated tissue necrosis 
(thin arrows) were seen only in CpG-treated mice. Individual symbols each represent 1 mouse, with the horizontal lines representing the mean 
values. *P < 0.05 versus PBS for all panels. Data are representative of 3 experiments.
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Figure 2
Repeatedly CpG-treated mice develop serologic and histologic features of cytokine storm. Mice were treated with PBS and CpG as in Figure 1.  
(A) Serum levels of IFN-γ, IL-12, IL-10, and IL-6 were assessed by ELISA at day 10. (B–D) Hepatic inflammation was assessed at sacrifice on 
day 10 by a blinded pathologist using a standardized scoring system as follows: portal inflammation, 0, absent; 1, focal and minimal; 2, mild;  
3, moderate; 4, marked; lobular inflammation, 0, absent; 1, rare small foci; 2, occasional small foci; 3, moderate small foci; 4, frequent small foci. 
(B) Livers were stained with H&E. Lobular infiltrates are marked with short arrows, and portal infiltrates are marked with long double arrows. Rep-
resentative sections are shown at an original magnification of ×40. (C) Lobular and (D) portal inflammation were scored separately. (E) Hepatic 
infiltrates were stained by immunohistochemistry for T cell (CD3), B cell (B220), and macrophage (F4/80) markers. Representative sections are 
shown at an original magnification of ×200. (F) Splenic architecture was assessed by H&E stains of spleens on day 10 (original magnification, 
×50 [left]; ×200 [right]). *P < 0.05 versus PBS for all experiments. Data are representative of 3 experiments. Individual symbols each represent 
1 mouse, with the horizontal lines representing the mean values.
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firm the central role of IFN-γ in CpG-mediated cytokine storm 
syndrome and its similarity to MAS-like syndromes.

Although we did not find significant amounts of TNF-α present 
in the sera of CpG-treated mice, there remained a possibility that 
TNF-α was being produced at time points we were not measur-
ing and contributing to disease pathogenesis. To exclude this pos-
sibility, we also treated mice with TNF-α–neutralizing antibody 
every 3 days during the 10-day course of repeated CpG treatments. 
TNF-α–neutralized mice did not show any decrease in any disease 
parameters compared with mice receiving isotype control antibody 
(data not shown), suggesting that TNF-α is not necessary for the 
development of the MAS-like syndrome.

Repeated TLR9-stimulated mice do not develop excess hemophagocyto-
sis. An expansion of hemophagocytosing macrophages is typically 
found in the cytokine storm syndromes (5, 13, 23, 24). It is unclear 
whether these cells are causal or reactive in the process. Both mice 
and humans exhibit low levels of continuous hemophagocytosis, 
and hemophagocytosing cells were detected in the bone marrow 
and spleen of normal mice (Supplemental Figure 3), representing 
on average 1 hemophagocyte per longitudinal section of femur or 
cross section of spleen. After repeated CpG stimulation, we did not 
find an increase in the numbers of hemophagocytes in the bone 

marrow, spleen, or liver. This observation was consistent with nega-
tive immunohistochemical staining for CD163, a marker expressed 
on the surface of hemophagocytosing macrophages, in both the 
marrow and spleen (Supplemental Figure 3 and data not shown). 
To ensure that our protocols are appropriate for the identification 
of these cells, we examined the marrows of perforin-deficient mice 
infected with lymphocytic choriomeningitis virus and found more 
than 15 hemophagocytes per high-powered field (Supplemental 
Figure 3 and data not shown), arguing against the possibility that 
our detection methods were insufficient to detect hemophago-
cytosis. These data suggest that robust hemophagocytosis is not 
required for the development of other clinical abnormalities associ-
ated with MAS initiated by repeated TLR9 stimulation.

CpG-initiated MAS is accompanied by only minimal CD8+ T cell acti-
vation. Because of the known role of CD8+ T cells in the develop-
ment of primary HLH, we expected to see robust activation of 
this population in CpG-induced MAS syndrome. Surprisingly, 
we found only minimal activation. A very small but consistent 
increase in the number of CD69+CD62LloCD8+ T cells was seen in 
CpG-treated mice (Supplemental Figure 4, A and B). No increase 
in the number of CD69+CD62LloCD4+ T cells or B cells was seen, 
suggesting that this activation was specific to CD8+ T cells. Next, 

Figure 3
IFN-γ is required for maximal CpG-induced cytokine storm disease expression. Ifng–/– mice were treated with PBS or CpG, and data are ana-
lyzed as in Figure 1. Compared with wild-type counterparts, (A and B) Ifng–/– mice have reduced anemia and thrombocytopenia, (C) reduced 
splenomegaly, and (D) complete elimination of hepatic inflammation. In contrast to the experiments shown in Figure 1, there was no difference in  
(A and B) the degree of leukopenia or (E) hyperferritinemia. *P < 0.05. Data are representative of 3 experiments. Individual symbols each rep-
resent 1 mouse, with the horizontal lines representing the mean values.
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we examined whether repeated CpG treatment primed CD8+  
T cells to make IFN-γ. Splenocytes were isolated from repeated 
CpG- or PBS-treated mice and incubated for 5 hours with BFA, 
PMA, and ionomycin. CD8+ T cells but not CD4+ T cells showed 
a small subpopulation of high IFN-γ–producing cells found only 
in the spleens of mice treated with CpG (Supplemental Figure 
4C). These data show that only a small population of CD8+  
T cells acquire activation markers and produce IFN-γ, suggesting 
that these cells are not likely to be contributing greatly to the 
CpG-induced pathology.

CD8+ T cells are not required for CpG-mediated MAS-like syndrome. 
Given that current models of HLH/MAS pathophysiology are 
centered on CD8+ T cell activation, we were surprised that the 
extent of CD8+ T cell activation was low in CpG-mediated MAS. 
This finding suggested the possibility that although some CD8+ T 
cells are activated, they are not the only effector cells in this model. 
Therefore, we tested whether the CpG-mediated pathology occurs 
in mice lacking CD8+ T cells by treating β2 microglobulin–defi-
cient (B2m–/–) mice with repeated CpG injections. B2m–/– mice lack 
both CD8+ T cells (25) and NKT cells (26), due to the absence of 
MHC I and CD1d molecules, respectively. We found no difference 
in the cytopenia or splenomegaly of CpG-treated B2m–/– mice com-
pared with those of wild-type controls (Figure 5, A and B). Addi-
tionally, we detected no differences in the hepatic inflammation, 
presence of thrombi and necrosis, or in serum ferritin levels (data 
not shown). These results show that neither CD8+ T cells nor NKT 
cells are required for CpG-mediated MAS. In fact, we found that 
B2m–/– mice consistently produced more IFN-γ than wild-type 
mice, suggesting that the absence of CD8+ and NKT cells enhances 
the repeated TLR9-stimulated phenotype (data not shown).

Adaptive immunity is not required for CpG-induced MAS-like syndrome. 
Given the surprising result that CD8+ T cells were not required for 
CpG-induced disease, we next investigated whether adaptive immu-
nity was required at all. We tested this requirement by attempting 
to induce disease in recombination activating gene 2–deficient 
(Rag2–/–) mice, which lack T cells, B cells, and NKT cells, using the 
same CpG protocol described above. Rag2–/– mice developed anemia, 
thrombocytopenia, splenomegaly, and hyperferritinemia, similar to 
wild-type controls, and had an enhanced liver microthrombosis and 
hepatitis (Figure 5, C–F). Rag2–/– mice display leukopenia at baseline, 
due to their lack of lymphocytes. This leukopenia is not worsened 
with CpG treatment (Figure 5C), as would be expected given our 
data that granulocytes are largely unaffected by the CpG treatment 
(Figure 1B). CpG-treated Rag2–/– mice had an elevated serum IFN-γ, 
similar to that of wild-type mice, demonstrating that non-lympho-
cyte cells are sufficient to produce CpG-induced IFN-γ.

NK cells are activated in repeated CpG-treated mice. We next consid-
ered other known IFN-γ–producing effector cells that might be 
mediating disease. Given that CD4+ T cells appeared relatively 
unaffected by CpG (Supplemental Figure 4), we investigated the 
contribution of NK cells to this process. NK cell numbers showed 
a greater than 20-fold decrease in the spleens of mice that received 
repeated CpG treatment (Figure 6A), suggesting either that they 
were activated and exiting the spleen or that they were being con-
sumed in the process of disease progression. To examine whether 
splenic NK cells were activated by CpG treatment, we evaluated 
light scatter profile, CD69 upregulation, and IFN-γ production  
16 hours after a single injection of CpG. CD69 was upregulated, 
and there was a dramatic increase in both forward and side scatter 
of splenic NK cells in mice treated with CpG. However, IFN-γ was 

Figure 4
Blockade of late-phase IFN-γ is sufficient to ameliorate disease. (A) Levels of IFN-γ were measured from mice repeatedly injected with CpG, 
showing a biphasic response with an early higher level followed by lower levels, comparable to what is seen on day 10 (Figure 2A). (B and C) 
Mice were treated with PBS alone (PBS) or repeated CpG injections along with an IFN-γ–neutralizing antibody from day 0 (full blockade) or day 3 
(second-phase blockade) or with an irrelevant isotype antibody (no blockade). (B) Cell counts were measured at sacrifice on day 10. (C) Spleen 
size (ratio of splenic weight to total body weight) was assessed at sacrifice. Data are representative of 2 experiments. Individual symbols each 
represent 1 mouse, with the horizontal lines representing the mean values.
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not dramatically increased in NK cells at this time. The increase 
in CD69 expression in NK cells was also seen in B2m–/– mice, sug-
gesting that this NK cell activation did not require the presence of 
CD8+ T cells (Figure 6B).

A combination of NK cells and lymphocytes is required for maximal 
disease expression in CpG-induced MAS-like syndrome. We next inves-
tigated whether NK cells were necessary to cause CpG-induced 

disease by depleting this lineage with the anti-NK1.1 antibody, 
PK136. Mice repeatedly treated with PK136 and CpG were devoid 
of NK cells in the peripheral blood and liver (Supplemental Fig-
ure 5A). It is impossible to assess depletion from spleen, since the 
repeated CpG treatment itself causes complete NK depletion from 
this site (Figure 6A). NK cell–depleted mice developed cytopenia, 
splenomegaly, hyperferritinemia, hepatitis, and elevated IFN-γ lev-

Figure 5
Adaptive immunity is not required for CpG-induced cytopenia or splenomegaly or IFN production. (A and B) Wild-type or B2m–/– mice were 
treated with PBS or CpG as in Figure 1. (A) Peripheral blood cell counts were measured at 8 days and (B) spleen size measured at sacrifice at 
day 10. Results are representative of 2 experiments. (C–E) WT and Rag2–/– mice were treated with PBS or CpG as in Figure 1. (C) Peripheral 
blood cell counts were assessed at day 8, and (D) spleen size was assessed at sacrifice at day 10. (E) IFN levels in the blood were assessed 
by serum ELISA (day 10) for each group of mice. Data are representative of 2 experiments. (F) Liver sections taken at day sacrifice on day were 
stained by H&E. Representative sections are shown at an original magnification of ×40. Individual symbols each represent 1 mouse, with the 
horizontal lines representing the mean values. *P < 0.05 versus PBS for all panels.
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els similar to isotype antibody-treated controls (Supplemental Fig-
ure 5, B and C, and data not shown), suggesting that NK cells were 
dispensable. Given that both Rag2–/– mice and NK cell–depleted 
mice both develop disease, we hypothesized that either NK cells 
or T cells could compensate for the absence of one another. To 
examine this possibility, we treated mice doubly deficient for 
Rag2 and the cytokine receptor common γ-chain (Rag2–/–Il2rg–/–) 
with CpG. These mice lack all lymphocyte populations, includ-
ing T cells and NK cells. Rag2–/–Il2rg–/– mice treated with repeated 
CpG injection showed attenuation in many but not all disease 
parameters. There was a marked preservation of peripheral blood 
counts and a decrease in splenomegaly compared with those of 
Rag2–/– mice (Figure 7A). However, the degree of hepatitis was 
unchanged (Figure 7B). Consistent with a partial rescue from the 
IFN-γ–dependent aspects of the model, Rag2–/–Il2rg–/– CpG-treated 
mice demonstrated an approximate 50% reduction in the levels of 
IFN-γ measured on day 10 of disease (Figure 7C). These results 
suggest that although a combination of NK cells and T/B cells 
are required for maximal disease expression and IFN-γ production, 
another non-lymphocyte population plays an important role in 
CpG-induced MAS.

The IFN-γ–producing cellular compartment changes from the first phase 
to the second phase of TLR9-induced MAS-like syndrome. To examine 
IFN-γ production by nonlymphoid cell populations, we made use 
of the Yeti IFN-γ reporter mouse. This mouse reports active IFN-γ  
transcription by marking these cells with yellow florescent pro-
tein (YFP) (27). A caveat to these mice is that translation may be 
independent of transcription of IFN-γ and that some cell popula-
tions may be transcribing IFN-γ at baseline and, therefore, YFP+ 
at rest (27). Nonetheless, these mice allowed us to examine IFN-γ 

production in cellular populations that are otherwise difficult to 
assess. We first examined control mice treated with PBS. In all PBS-
treated mice tested, we noted subpopulations of plasmacytoid DCs 
(pDCs) and CD8α+ cDCs in the liver that showed IFN-γ transcrip-
tion as marked by YFP positivity, suggesting that these cells are 
transcribing IFN-γ message at baseline (Supplemental Figure 6). 
Next, we examined both spleens and livers after a single injection 
(early phase) and after 4 injections (late phase) of CpG. In mice that 
received 1 dose of CpG (i.e., the early phase of IFN-γ production), 
there was a small but consistent increase in YFP intensity in liver 
CD8α+ cDCs and pDCs, consistent with an increase in IFN-γ tran-
scription. After 4 injections of CpG (i.e., late-phase IFN-γ produc-
tion), splenic pDCs showed a dramatic increase in the numbers of 
IFN-γ–transcribing cells, demonstrating a shift in IFN-γ–producing 
populations between the 2 phases of the disease (Supplemental Fig-
ure 6). Thus, both CD8α+ cDCs and pDCs are likely contributing 
to the production of IFN-γ in our repeated CpG treatment model, 
again suggesting a nonlymphoid-derived IFN-γ source. Most lym-
phocyte populations showed variable YFP positivity between mice; 
however, NKT cells also consistently showed increased YFP posi-
tivity in the late phase, again providing a cellular correlate to the 
biphasic IFN-γ serum response (data not shown).

CD11c+ cDCs are required for the initial IFN-γ surge but not for second-
phase IFN-γ production or disease. Since CD11c+ DCs were implicated 
in IFN-γ production and since ablation of all lymphocyte popula-
tions still resulted in substantial disease (Figure 7, A and B), we 
next tested whether ablation of DCs could ameliorate disease. We 
made use of the CD11c-DTR mouse (28), which deletes CD11c+ 
cDCs upon diphtheria toxin (DT) administration. It is important 
to note that pDCs are relatively spared in this model (29). Because 

Figure 6
NK cells are activated by CpG 
treatment. Wild-type mice were 
treated with CpG as in Figure 1. 
(A) NK cells, identified as CD3–

B220–NK1.1+CD122+DX5+ cells, 
are virtually absent in the spleens 
of wild-type mice treated with CpG. 
Percentages shown are of total 
splenic lymphocytes. Plots are 
representative of 3 experiments. 
(B) Splenic NK cells from wild-type 
and B2m–/– mice were analyzed 
for CD69, IFN-γ, and light scatter 
changes 16 hours after a single 
CpG injection. The numbers rep-
resent the percentage of NK cells 
falling into each quadrant of the 
CD69/IFN-γ plot. Plots are repre-
sentative of 3 experiments. Data 
are representative of 3 experi-
ments. FSC, forward scatter; SSC, 
side scatter.
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Figure 7
Simultaneous deletion of NK cells and lymphocytes partially reduces the severity of CpG-induced HLH/MAS-like syndrome, whereas cDCs are 
required for early-phase IFN-γ production but are dispensable for disease. (A–C) Rag2–/– and Rag2–/–Il2rg–/– mice were treated with repeated 
PBS or CpG injections as in Figure 1. (A) Peripheral blood counts were assessed at day 8, and spleen size was assessed at day 10. (B) Liver 
inflammation, assessed at day 10, was quantitated as in Figure 2. (C) Serum IFN-γ levels were also assessed at day 10. Data are representa-
tive of 2 experiments. (D–G) CD11c-DTR marrow was injected into lethally irradiated wild-type mice that were then allowed to rest for 8 weeks. 
These mice were then injected on alternating days with DT (100 ng) and either CpG or PBS as in Figure 1. (D) IFN-γ levels were measured by 
ELISA on day 1 and day 10. (E) Peripheral blood counts were assessed at day 8, and (F) spleen size was assessed at day 10. (G) Liver inflam-
mation, assessed at day 10, was quantitated as in Figure 2. Individual symbols each represent 1 mouse, with the horizontal lines representing 
the mean values.
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Figure 8
IL-10 receptor blockade results in a more severe MAS-like phenotype with the presence of hemophagocytosis. (A) Serum IL-10 (dotted line) and 
IFN-γ (solid line) levels were measured by ELISA over the course of repeated CpG injections. (B) Serum IL-10 levels were measured by ELISA at 
day 10 of repeated CpG injection in wild-type, Ifng–/–, and Rag2–/– mice. (C–F) Mice were given repeated CpG or PBS injections according to the 
same schedule as in Figure 1. Mice were given concurrent injections of isotype or anti–IL-10R antibody with each dose. (C) Daily weights were 
measured, (D) complete blood count was performed on day 5, and (E) splenic weight and (F) serum ferritin were measured at sacrifice at day 6, 
when most mice receiving anti–IL-10R treatment became moribund. (G) Livers taken at sacrifice on day 6 were stained by H&E. Representative 
sections are shown at an original magnification of ×100. (H) Splenic touch preparations were made at sacrifice on day 6, and peripheral blood 
smears made at the time of complete blood count on day 5 were stained by Wright-Giemsa and evaluated for hemophagocytosis. Representa-
tive fields (original magnification, ×1,000 fields) are shown for mice receiving both CpG and anti–IL-10R antibody. All results are representative 
of 3–4 experiments. Individual symbols each represent 1 mouse, with the horizontal lines representing the mean values.
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repeated DT administration is lethal to a CD11c-DTR mouse, 
we made bone marrow chimeras using wild-type or CD11c-DTR 
donors into wild-type animals. This approach allowed us to main-
tain excellent depletion of CD11c+ DCs over the course of the 
10-day experiment (Supplemental Figure 7). cDC-depleted mice 
produced essentially no IFN-γ after the initial CpG injection; how-
ever, these mice were able to make IFN-γ at day 10 (Figure 7D). 
These mice also developed cytopenia, splenomegaly, and hepatitis 
comparable with DC-sufficient controls (Figure 7, E–G). Thus, 
although cDCs are required for the initial IFN-γ spike, they appear 
dispensable for later-phase IFN-γ and disease expression. This cDC 
requirement could be due to direct production by cDCs, as sug-
gested by the IFN-γ reporter experiments, or by cDC interaction 
with other cell types such as lymphocytes. These data are consis-
tent with our finding that the second phase of lower level IFN-γ 
production was required for disease initiation (Figure 4, B and C) 
as well as the fact that pDCs, which are not deleted in the CD11c-
DTR system, increased their IFN-γ production in the second phase 
(Supplemental Figure 6).

IL-10 plays a protective role in TLR9-induced MAS-like syndrome and 
limits the development of hemophagocytosis. Primary HLH resulting 
from genetic deficiencies in cytotoxic granule exocytosis is usually 
very severe in its phenotype both in humans and in mice. However, 
the secondary form of MAS can be quite varied, ranging from the 
subclinical to the severe. Our model of TLR9 induced MAS-like 
syndrome is on the mild end of this spectrum. In considering the 
mild severity of the phenotype, we observed that the mice were 
producing significant IL-10 in response to CpG (Figure 2A). IL-10  
is well recognized to be an antiinflammatory cytokine, and we con-
sidered whether CpG-induced IL-10 may be contributing mild phe-
notype of our model. In order to better define the kinetics of IL-10 
production, we measured IL-10 and IFN-γ throughout the course 
of repeated injections (Figure 8A). We again observed a biphasic 
IFN-γ response over time. In contrast, IL-10 levels rose mono-
tonically over the course of injections. We next tested whether  
the rising IL-10 levels were in response to production of IFN-γ by 
examining IL-10 levels in the serum of Ifng–/– mice treated with 
repeated CpG injections (Figure 8B). Interestingly, Ifng–/– mice 
made much less IL-10 compared with that of control mice, sug-
gesting that IL-10 was indeed being made in response to Ifng–/–. 
We also examined IL-10 levels in Rag2–/– mice to test whether 
lymphocytes are responsible for IL-10 production. Although, as 
noted above, these mice made as much IFN-γ as their wild-type 
counterparts (Figure 5E), IL-10 levels were quite reduced (Figure 
8B), suggesting a role for lymphocytes in CpG-induced IL-10. The 
correlation of the decreased IL-10 levels in Rag2–/– mice with the 
increased hepatic pathology (Figure 5F) further suggested that  
IL-10 was acting to suppress disease activity.

In order to directly test the role of IL-10 in this model, we per-
formed repeated injections of CpG, concurrent with repeated 
injections of IL-10 receptor blocking antibody (anti–IL-10R, clone 
1B1.3A). Mice that received repeated anti–IL-10R with PBS injec-
tions showed no phenotype; however, mice that received both 
anti–IL-10R and CpG treatments became severely ill, uniformly 
becoming moribund between days 6–8 of the experiment. Treat-
ment of mice with anti–IL-10R with CpG resulted in severe weight 
loss, increased thrombocytopenia, and increased hyperferritinemia 
compared with those that received isotype antibody (Figure 8, C–F). 
Interestingly, not all components of the disease were enhanced, as 
leukopenia, anemia, and splenomegaly were not increased. Liver 

disease was dramatically worse with anti–IL-10R treatment, with 
large areas of necrosis, increased microthrombi, and large areas of 
inflammatory infiltrate (Figure 8G). These findings were similar 
to the liver pathology seen in the Rag2–/– mice (Figure 5E). Most 
strikingly, mice treated with anti–IL-10R and CpG developed large 
amounts of hemophagocytosis, easily seen in both splenic touch 
preparations and in peripheral blood smears (Figure 8H). Hemo-
phagocytosis was also identified on touch preparations made from 
livers taken at sacrifice, demonstrating the presence of hemophago-
cytes infiltrating the liver as well (data not shown). Thus, repeated 
TLR9 stimulation, concurrent with blockade of IL-10 receptor, 
results in an MAS-like syndrome that represents the severe end of 
the spectrum, including the presence of hemophagocytes, suggest-
ing that IL-10 levels can modulate the severity of the disease.

Discussion
Cytokine storm syndrome can result from inflammation from 
bacterial infection, ineffective clearance of virus, rheumatologic 
disease, or, in many instances, from an unknown source. In each 
of these cases, it is possible that this inflammation may arise from 
antigen-specific responses of either B cells or T cells or from non-
antigen-specific inflammation from pattern recognition receptors, 
particularly the TLRs. Because of the role of IFN-γ and the require-
ment for CD8+ T cells in murine models of primary HLH (8), there 
has been much attention given to the antigen-specific receptors in 
cytokine storm. In this report, we show that an MAS-like cytokine 
storm syndrome can be driven by TLR9 in an IFN-γ–dependent 
manner but does not require exogenous antigen or adaptive 
immunity. Although some of the consequences of repeated CpG 
administration had been reported earlier (11), we now recognize 
the syndrome as an MAS-like cytokine storm and extend these 
results to mechanistic cytokines and effector cell compartments. 
Both our own data with other TLR ligands and previous reports 
(11) suggest that TLR9 agonism is unique in producing this MAS-
like syndrome. The severity of MAS in this model is less than that 
seen in the perforin-deficient model (8). However, multiple groups 
have suggested that as opposed to primary HLH, which is often 
severe and life threatening, MAS consists of a spectrum of disease 
severity (10, 30). The more mild phenotype of our model allows 
us to perform an immunologic dissection of the pathophysiol-
ogy, without confounding effects from severe morbidity and early 
mortality. Interestingly, this mild phenotype is a result of the anti-
inflammatory activity of IL-10. This IL-10 is produced partly in 
response to the TLR9-induced IFN-γ, since CpG-treated mice defi-
cient in IFN-γ make less IL-10 than wild-type mice. Blocking IL-10 
results in an enhanced phenotype, more similar in its course to 
primary HLH and fulminant MAS, with rapid onset of death and 
large amounts of hemophagocytes. It is conceivable that differing 
IL-10 responses contribute to the variability of severity of MAS in 
human disease as well, since IL-10 is a cytokine that has been doc-
umented to be elevated in human patients (21). Intriguingly, an 
IL-10–responsive gene signature was one of the most prominent 
patterns of gene expression found in a recent study of peripheral 
blood mononuclear cells from primary HLH patients (31).

The data presented in this report support the idea that hyper-
active innate immune responses, such as those associated with 
SJIA, can lead to IFN-γ production and the MAS phenotype. It is 
interesting to speculate whether the same process might also play 
some role in primary familial HLH, in which antigen-driven CD8+ 
T cells are clearly the major disease-inducing compartment (8). 
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While viral antigens are not eliminated in primary HLH, there is 
also ineffective clearance of viral nucleic acid. These nucleic acids 
can serve as a source for continuous TLR stimulation, causing 
an “adjuvantemia” in addition to persistent antigenemia. Future 
studies will be directed at testing this hypothesis.

The most commonly implicated virus in the development of HLH 
in humans is EBV, a DNA virus that triggers TLR9 (32). Patients 
with EBV-HLH have much higher viral loads compared with 
patients with EBV infectious mononucleosis without HLH (33). 
This increased viral load might serve as a source of TLR9 stimulus 
in these patients, leading to some of the pathologic findings. MAS 
is recognized also as a complication of systemic lupus erythemato-
sus (34), a disease that has been linked to TLR9 overstimulation by 
self DNA (35–38). Patients with SJIA, another population at risk for 
MAS, show gene expression profiles consistent with repeated TLR/
IL-1 receptor activation (10). What drives this response is unclear. 
One hypothesis suggests an intrinsic hyperactivity of TLR/IL-1 
receptor signaling, perhaps in the absence of extrinsic adjuvant. This 
“pseduo-adjuvantemia” might be in part what drives the progression 
to MAS in these patients. In fact, we and others have reported that 
upon closer inspection, one-third of SJIA patients show mild signs 
of MAS, 3-times greater than the previously recognized 10% (30, 39). 
This observation argues that MAS immunopathology plays a more 
central role in the disease process of SJIA, as might be predicted by 
our model of repeated TLR-induced MAS and the data on the gene 
signatures of TLR activation in these patients. Our results suggest 
TLR blockade, such as with antagonist CpGs, as a potential novel 
therapeutic avenue for all of these cytokine storm conditions.

Our model also revealed that disease develops in the absence of 
hemophagocytes, a cell type often found in cytokine storm syn-
dromes, whose role remains unclear. It has been proposed that 
hemophagocytes are inhibitors of inflammatory responses, as 
CD163+ macrophages produce antiinflammatory cytokines such as 
IL-10 (40). Hemophagocytes are also a source of heme-oxygenase 1,  
another mediator of antiinflammatory responses (41). In contrast, 
others have suggested that the ingestion and destruction of hema-
topoietic cells might be part of the pathologic process of MAS, 
particularly with respect to the cytopenias (42, 43). Although sam-
pling error is always of concern, it has been reported that over 40% 
of patients with MAS/HLH do not have hemophagocytes in bone 
marrow aspirates, suggesting a separation of disease initiation from 
the development of hemophagocytes (23). Given that we see pancy-
topenia in the absence of abundant hemophagocytosis, it is difficult 
to argue for a role for these cells in the development of these low 
cells counts. We also see many other elements of the disease, despite 
the lack of hemophagocytes. The disease severity in our model is 
milder than fulminate primary HLH, raising 2 possibilities for the 
absence of hemophagocytes: first, these cells do mediate HLH/MAS 
toxicity, and in their absence, a more mild course is seen, or second, 
these cell are indeed reactive and antiinflammatory and are there-
fore not induced in a milder form of the disease. When IL-10R is 
blocked, a more severe disease results, along with the presence of 
large amounts hemophagocytosis. This result makes a correlation 
of hemophagocytosis with more severe disease; however, the direc-
tion of the causality remains undetermined. Future experiments will 
need to be performed to determine whether hemophagocytes cause 
enhanced disease or appear in reaction against more severe disease.

While IFN-γ is clearly an important effector cytokine in TLR9-
mediated cytokine storm, we were unable to identify a single 
IFN-γ–producing population that was required for disease. CD8+ 

T cells, NK cells, and NKT cells were not required for the induc-
tion of disease. However, when B cells, T cells, and NK cells were 
removed together, a marked reduction in disease severity was seen, 
suggesting that NK cells and lymphocytes together are critical for 
maximal disease. Interestingly, there continued to be production 
of IFN-γ, albeit at a lower lever, and concomitant liver disease in 
Rag2–/–Il2rg–/– mice. This observation is consistent with our finding 
that both cDCs and pDCs are transcribing IFN-γ in our model. The 
critical IFN-γ–producing cell also changes with time, as evidenced 
by the CD11c-DTR experiments, demonstrating the importance 
of the cDC in early IFN-γ production but not the later phase. It is 
also possible that other tissues besides the spleen and liver may be 
harboring pathogenic IFN-γ–producing cells. Future studies will 
address these issues. It is also of interest to note that the inflam-
matory cells seen in the livers of the Rag2–/– and the Rag2–/–Il2rg–/–  
CpG-treated mice must be innate immune cells. Although in an 
animal with a complete immune system, the hepatic infiltrate is 
predominately lymphocytic, in the absence of adaptive immunity, 
we see that the innate immune system can also cause pathogenic 
inflammation in the MAS disease process.

TLR agonists are increasingly being used in vaccination strate-
gies as a means of enhancing the response to specific antigen (44). 
CpG DNA in particular has been proposed as an adjuvant for 
enhancing vaccines. It is reassuring that a single dose of CpG was 
not sufficient to induce the MAS-like disease. However, our results 
suggest caution in multiple-dose vaccination strategies using 
CpG. Further investigation will be needed to determine whether 
repeated doses spaced further apart in time might not lead to the 
onset of the MAS-like syndrome and how repeated coadministra-
tion with antigen might change the response.

Herein we have reported what we believe to be a new model of 
MAS-like cytokine storm that uses TLR9 stimulation. We propose 
that TLR activation, in the case of high viral load in EBV-HLH, self 
DNA/RNA in SLE, or intrinsic hyperactivity in SJIA, may lead to 
the cytokine storm syndrome. Our results also provide a possible 
explanation for the spectrum of severity of secondary MAS, in that 
IL-10 responsiveness can change the degree of pathology seen, 
including the presence of hemophagocytosis. Differences in IL-10 
responsiveness could be due to host factors in polymorphisms of 
IL-10 or IL-10 receptor signaling machinery or in polymorphisms 
in viral IL-10 produced by MAS inducing viruses such as EBV (45).

Furthermore, this study suggests that TLR or IFN-γ blockade 
might be useful therapeutic avenues to explore in the appropriate 
clinical setting. Importantly, the disease process can be ameliorated  
by IFN-γ blockade, even if given after the initial inflammatory 
stimulus. Mice treated with neutralizing antibody at day 3 had 
a reduction of symptoms of the same magnitude as that of mice 
treated before disease induction. This finding raises the possibility 
that IFN-γ–neutralizing antibody may be of therapeutic benefit, 
even in patients early in their disease course. The role of IL-10 in 
suppressing disease activity makes this cytokine another exciting 
target for possible therapeutic intervention.

Methods
Antibodies and reagents. CD3, CD4, CD8, CD19, CD62L, CD69, and IFN-γ 
fluorochrome-tagged antibodies were all purchased from BD Pharmin-
gen. For intracellular staining with IFN-γ, we used the BD Pharmingen 
Intracellular Staining Kit according to the manufacturer’s instructions. 
CpG 1826 oligonucleotide was synthesized by IDT. XMG1.2 (anti–IFN-γ),  
XT3.11 (anti–TNF-α), PK136 (anti-NK1.1), 1B1.3A (anti–IL-10R), and 
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HRPN (isotype control) were purchased from Bio-X-Cell. PK136 was used 
at a dose 0.1 mg per injection daily throughout depletion experiments, 
starting the day before the first injection. XMG1.2 was used at a dose of 
0.5 mg for the first 2 doses and then 0.15 mg per dose thereafter. XMG1.2 
was given concurrently with CpG injection at the time points described in 
Results. XT3.11 was used at a dose of 1.5 mg i.p. every 3 days. 1B1.3A was 
given concurrently with CpG injections at a dose of 0.2 mg i.p.

Mice. C57BL/6, B2m–/–, Rag2–/–, CD11c-DTR, and Ifng–/– mice were pur-
chased from The Jackson Laboratory and housed in our Association for 
Assessment and Accreditation of Laboratory Animal Care–certified ani-
mal facility. Rag2–/–Il2rg–/– mice were purchased from Taconic Laboratories 
(46). Yeti mice were a gift from M. Mohrs (Trudeau Institute, Saranac Lake, 
New York, USA) (27). All experiments were performed with approval of the 
University of Pennsylvania and The Children’s Hospital of Philadelphia 
IACUC. Mice were injected i.p. on days 0, 2, 4, 7, and 9 with PBS, CpG (50 
μg), LPS (100 μg), or polyinosinic/polycytidylic acid (50 μg) in 200 μl of 
volume. On day 8, peripheral blood was sampled by cheek bleed, and a 
complete blood count was performed on a Hemavet analyzer. On day 10, 
mice were euthanized, and organs and serum were taken for analysis.

DC depletion experiments. In order to generate mice capable of long-term 
DC depletion, C57BL/6 mice were exposed to 10.5 gray of gamma irradia-
tion, followed by i.v. injection of 1 million bone marrow cells from either 
C57BL/6 mice or CD11c-DTR mice. These mice were allowed to recover 
for 8 weeks before use in an experiment. Mice were treated with 100 ng 
DT (Sigma-Aldrich) on day –1 and then every other day during the course 
of an experiment.

ELISA. IFN-γ, IL-12, IL-10, and IL-6 ELISA kits were purchased from 
BD Pharmingen and used according to the manufacturer’s instructions. 
Ferritin ELISA was purchased from ALPCO and used according to the 
manufacturer’s instructions.

Histology. Unperfused organ sections were fixed overnight in 4% para-
formaldehyde and embedded in paraffin. Liver and spleen sections were 

stained with H&E and were read by a pediatric pathologist blinded to treat-
ment protocols. Aspirates of marrow were taken from femurs and made into 
dry smears on glass slides. These were stained with Wright-Giemsa. Bones 
were decalcified for 1 week before sectioning and H&E staining to analyze 
the marrow. All marrow and spleen slides were scored by a hematopatholo-
gist blinded to the treatment protocol. CD163, CD3, B220, and F4/80 
immunohistochemistry was performed on slides after antigen retrieval with 
a pressure cooker. Detection was performed using the Mouse-on-Mouse 
(M.O.M.) Basic, Vectastain ABC (rabbit), or Vectastain ABC (rat) Kits where 
appropriate (Vector Laboratories), followed by DAB reagent (Dako). Hemo-
phagocytosis was identified on H&E- and Wright-Giemsa–stained slides by 
morphologic inspection by a board-certified pediatric hematopathologist. 
CD163 staining was used to confirm hemophagocytosis.

Statistics. Data were plotted and analyzed using Prism 5.0 (GraphPad 
Software). Statistical significance was tested for using 2-tailed Student’s  
t test or the Mann-Whitney test, as appropriate, with P < 0.05 set as a cutoff 
for significance. Error bars in all figures represent SEM, with the midline 
representing the mean value.
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