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Secondary hemophagocytic lymphohistiocytosis (sHLH) is a highly
mortal complication associated with sepsis. In adults, it is often
seen in the setting of infections, especially viral infections, but the
mechanisms that underlie pathogenesis are unknown. sHLH is
characterized by a hyperinflammatory state and the presence
hemophagocytosis. We found that sequential challenging of mice
with a nonlethal dose of viral toll-like receptor (TLR) agonist followed
by a nonlethal dose of TLR4 agonist, but not other permutations,
produced a highly lethal state that recapitulates many aspects of
human HLH. We found that this hyperinflammatory response could
be recapitulated in vitro in bone marrow-derived macrophages. RNA
sequencing analyses revealed dramatic up-regulation of the red-pulp
macrophage lineage-defining transcription factor SpiC and its associ-
ated transcriptional program, whichwas also present in bonemarrow
macrophages sorted from patients with sHLH. Transcriptional pro-
filing also revealed a unique metabolic transcriptional profile in these
macrophages, and immunometabolic phenotyping revealed impaired
mitochondrial function and oxidative metabolism and a reliance on
glycolytic metabolism. Subsequently, we show that therapeutic
administration of the glycolysis inhibitor 2-deoxyglucose was suf-
ficient to rescue animals from HLH. Together, these data identify a
potential mechanism for the pathogenesis of sHLH and a poten-
tially useful therapeutic strategy for its treatment.
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Hemophagocytic lymphohistiocytosis (HLH) has classically
been designated as primary or secondary. Primary HLH is

thought to be inherited in an autosomal or X-linked manner with
defects in genes responsible for CD8 and NK-mediated cyto-
toxicity (1). Secondary HLH (sHLH) has been thought to be
acquired, although genetic susceptibility may also play a role by
reducing the threshold of inflammatory activation or attenuating
antiinflammatory negative feedback control (2). Infection is as-
sociated with roughly half of all secondary HLH cases while
rheumatic diseases (where it is often referred to as macrophage
activation syndrome) and neoplasm account for the rest (3, 4).
Primary and secondary HLH are mechanistically distinguished
by the dependence on intrinsic natural killer (NK) cell dysfunc-
tion in the former, but not the latter. Rather, NK cell dysfunction
is thought to be a result of exuberant cytokine signaling in sec-
ondary HLH, although the pathogenesis of this entity is poorly
understood, especially because of the lack of mouse models and
the limitations of extrapolating mechanisms from clinical ob-
servations (2). Lymphocytic choriomeningitis virus (LCMV) in-
fection in perforin-deficient mice, among other genetic models,
closely model primary HLH (5), but a dearth of models exist for
secondary HLH. As a result, mortality associated with sHLH can
be as high as 88% despite modern medical care and a variety of
new immuno- and chemotherapeutics (6–8)
To our knowledge, there is only one proposed animal model of

sHLH. Behrens et al. (9) described a model of secondary HLH

using repeated CpG injection (10). In their model, CpG, a toll-like
receptor 9 (TLR9) agonist, was injected repeatedly intraperitoneally
and mice subsequently developed signs and symptoms of nonlethal
HLH over the course of 10 d. In their model, HLH-2004 criteria
(11) were not met, although application of these criteria, which were
developed for the primary HLH patients, is inherently problematic.
Nonetheless, serum cytokine levels in general were not dramatically
elevated and likely related to the lack of mortality and lack of robust
hemophagocytosis observed. The model is in stark contrast with
what is observed in the adult secondary HLH human population,
where mortality is high and related to multiorgan dysfunction re-
sultant from exuberant inflammation (6).
In this study, we report that sequential challenging of mice with

viral TLR agonists followed by the TLR4 agonist lipopolysaccha-
ride (LPS) recapitulated many of the aspects of sHLH. We found
that the hyperinflammatory phenotype was macrophage intrinsic
and we were able to recapitulate this in vitro. Transcriptional
profiling revealed a unique profile, with enrichment of the SpiC
transcriptional program, which was also present in sorted bone
marrow cells from patients with sHLH, although SpiC was not
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necessary for the hyperinflammatory phenotype. Pathway en-
richment analyses also revealed a significant down-regulation in
genes involved in fatty acid/oxidative metabolism. sHLH mac-
rophages displayed impaired mitochondrial respiration. In-
hibition of glycolysis using 2-deoxyglucose (2-DG) significantly
attenuated the magnitude of inflammation in vitro and in vivo
and was sufficient to protect animals with sHLH from mortality.

Results
Viral Priming Leads to a Hyperinflammatory LPS Response in Vivo.
After first establishing lethal-dose zero (LD0) doses of Poly I:C
and LPS (SI Appendix, Fig. S1 A and B), we found that se-
quentially challenging C57Bl6/J mice with LD0 dose of Poly I:C
and then LD0 dose of LPS (IC:LPS), but not the reverse order,
rapidly led to mortality in all animals (Fig. 1A), which was as-
sociated with a very rapid drop in their body temperature sub-
sequent to LPS challenge (Fig. 1B). We had previously reported
that glucose metabolism had an opposite effect on Poly I:C- and
LPS-induced mortality and that treatment with 2-DG in the first
8 h subsequent to Poly I:C challenge led to high mortality (12).
Therefore, we assessed blood glucose levels in IC:LPS-challenged
animals, which were not significantly different (SI Appendix, Fig.
S1C). We also challenged animals with 2-DG 24 h after priming
with Poly I:C to exclude glucose utilization as the cause of IC:LPS
mortality and did not note any enhancement in mortality (SI Ap-
pendix, Fig. S1D). We also excluded Poly I:C-induced deficiencies
in circulating ketone bodies or FGF21 (SI Appendix, Fig. S1 E and
F). We next examined a temporal requirement for inducing mor-
tality subsequent to Poly I:C priming. We found that while prior
exposure to Poly I:C 36 h before LPS challenge was sufficient to

potentiate LPS mortality, this effect was lost when Poly I:C was
introduced 48 h or longer before LPS (SI Appendix, Fig. S1G). To
exclude the effect of genetic background and gender, we per-
formed IC:LPS in BALB/c males and females and did not note a
dependence on background or gender (SI Appendix, Fig. S1H).
To test if any viral TLR agonist could prime LPS mortality, we

subjected animals to sequential challenges with TLR3 (Poly I:C),
TLR7/8 (R837), or TLR9 (CpG) agonists. While all viral agonists
tested could prime LPS mortality, they could not prime mortality to
each other (Fig. 1C). These data suggested that a conserved feature
in viral inflammation was responsible for priming the LPS response.
We next examined the signaling pathways required for IC:

LPS-induced mortality. Previous studies had demonstrated an
important role for caspase 11 in the LPS response, and in par-
ticular in the intracellular LPS response, which could be primed
by Poly I:C (13, 14). To test if caspase 11 was required for IC:
LPS-induced mortality, we subjected caspase 1/11 double
knockout mice to IC:LPS and did not observe any protection
(Fig. 1D). While neither caspase 1 nor 11 were required for IC:
LPS-induced mortality, mice lacking MyD88/TRIF or TLR2/
4 were protected from IC:LPS (Fig. 1D). These data suggested
that canonical TLR4 signaling was required for IC:LPS mortal-
ity. Since a variety of viral TLR agonists were capable of priming
LPS, and type I IFN signaling has been shown to be important in
the LPS response (15–17), we performed IC:LPS challenge in
mice deficient in IFN α/β receptor 1 (IFNAR) and found that
IFNAR was necessary for IC:LPS-induced mortality (Fig. 1D).
Finally, we compared the systemic inflammatory response be-

tween mice challenged with LPS:IC versus IC:LPS during primary
and secondary challenge. We found that Poly I:C priming followed
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Fig. 1. Viral TLR agonism primes a hyperinflammatory LPS response. (A) Survival of 8-wk-old male C57Bl6/J mice treated with 5 mg/kg LPS i.p. or 10 mg/kg i.v.
Poly I:C at the indicated times (arrows) in the indicated order (n = 10 mice per group). (B) Colonic temperatures of 8-wk-old male C57Bl6/J mice treated with
LPS:IC or IC:LPS (n = 10 per group). (C) Survival of 8-wk-old male C57Bl6/J mice treated with 10 mg/kg Poly I:C, 5 mg/kg LPS, 10 mg/kg R837 i.p., 10 mg/kg CpG
ODN1826 i.p. in the indicated order at the indicated times (arrows) (n > 8 per group). (D) Survival of 8-wk-old male C57Bl6/J, caspase 1/11 DKO, IFNaR KO,
TLR2/4 DKO, or MyD88/TRIF DKO mice were challenged with IC:LPS (n > 8 per group). (E–H) Plasma IL-6, TNFα, IL-1β, or IFNα assessed following LPS and Poly I:C
administered at the indicated time points (arrows) in the indicated order (n > 5 per group). ****P < 0.0001.
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by LPS resulted in dramatically elevated levels of TNF, IL-1β, and
IL-6 (Fig. 1 E–G) but not IFNα (Fig. 1H). Taken together, we
found that sequential challenge with nonlethal doses of Poly I:C
and LPS resulted in superinduction of inflammatory response
and mortality.

Poly I:C Priming Followed by LPS Challenge Recapitulates Most
Aspects of HLH. The cytokine storm induced by IC:LPS chal-
lenge was reminiscent of the hyperinflammatory state of HLH
(18). To assess if other features of HLH were present in these
mice, we examined plasma levels of ferritin (Fig. 2A), triglycer-
ides (Fig. 2B), alanine aminotransferase (Fig. 2C), and soluble
IL-2 receptor (Fig. 2G). Consistent with HLH, we observed ro-
bust increases in all three plasma biomarkers subsequent to LPS
challenge in Poly I:C primed versus unprimed animals. Consis-
tent with the lack of hyperinflammation and mortality, LPS:IC
challenge did not have the same effect.
One characteristic feature of HLH is hemophagocytosis, which

is the ability of macrophages, usually seen in the bone marrow,
liver, and spleen, to phagocytize leukocytes leading to con-
sumptive peripheral cytopenias of rapid onset (19). To test if
IC:LPS led to cytopenias, we performed complete blood cell
characterization of animals challenged with IC:LPS and found
that Poly I:C primed animals developed profound pancytopenia

6 h after LPS compared with unprimed animals (Fig. 2 D–F).
Finally, we observed significantly more hemophagocytosis in
cytospin preparations of bone marrow subsequent to IC:LPS
compared with other stimulation conditions (Fig. 2G). Taken to-
gether, these data suggest that sequential TLR challenges in mice
are sufficient to replicate most features of sHLH.

Influenza Infection Potentiates Mortality of Nonpathogenic Escherichia
coli Peritonitis. Having identified that Poly I:C priming caused a
hyperinflammatory LPS response, we asked if our model could be
recapitulated with live infections to assess the effect of hyper-
inflammation on pathogen control. We had previously shown in a
different system that influenza induced a glucocorticoid response
that attenuated the host response to the intracellular Gram-positive
bacteria Listeria monocytogenes, which led to increased pathogen
load and mortality (20). We also had previously shown that in-
fluenza infection followed by Legionella pneumophilia resulted in
mortality due to defective tissue repair but without an effect on
pathogen load or magnitude of inflammatory response (21).
Because sequential IC:LPS challenge mimics viral–bacterial

coinfections, we next examined whether IC:LPS response could
be recapitulated using live infections. We chose to utilize the
nonpathogenic DH5α strain of E. coli (22). We verified that high
cfu i.p. inoculations of DH5α were unable to cause mortality (SI
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Fig. 2. IC:LPS induces sHLH-like phenotype in mice.
(A–C) Plasma ferritin (A), triglycerides (B), ALT (C)
was assessed following LPS and Poly I:C administered
at the indicated time points (arrows) in the indicated
order (n = 5 per group). (D–F) Complete blood counts
were performed on mice challenged sequentially at
t = 0 and then t = 24 h with LPS, Poly I:C, or vehicle
(PBS) in the indicated order. White blood cells (D),
hemoglobin (E), and platelets (F) are displayed. (G)
Soluble CD25 was assessed following LPS and Poly I:C
administered at the indicated time points (arrows) in
the indicated order (n = 5 per group). (H) Represen-
tative cytospin images of hemophagocytosis (arrows)
from bone marrow aspirates harvested from mice 4 h
after challenge with IC:LPS (Right) with quantifica-
tion (Left). ns, not significant; *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001. (Scale bars, 20 μm.)
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Appendix, Fig. S2A). To model viral priming, we infected mice
with influenza virus intranasally and then, 3 d after infection, we
challenged them with i.p. DH5α. We found that infection with
influenza followed by DH5α resulted in 100% mortality (Fig.
3A). We also tested if other routes of entry of single-stranded
RNA viruses would produce the same result. We found that i.v.
LCMV infection could also potentiate DH5α mortality (SI Ap-
pendix, Fig. S2B). Consistent with our IC:LPS model, influenza-
infected mice rapidly dropped body temperature after DH5α
challenge (Fig. 3B) and exhibited greatly enhanced plasma cy-
tokine levels (Fig. 3C) as well as evidence of hemophagocytosis
in the bone marrow (Fig. 3D).
Interestingly, despite the enhanced TNF production, we found

significantly higher DH5α bacterial burden in the blood of animals
preinfected with influenza compared with controls (Fig. 3H). The
amount of DH5α recovered from the peritoneal lavage also
trended slightly higher (Fig. 3G). However, the amount of plaque
forming units of influenza did not differ significantly between
groups (Fig. 3 E and F). Taken together, these data indicate that
secondary peritonitis, even with nonpathogenic bacteria, can cause
a hyperinflammatory hemophagocytic phenotype akin to sHLH
and suggest that despite hyperinflammation, pathogen control
may be paradoxically impaired, as has been previously demon-
strated in primary HLH (23, 24). Given our other previously
reported coinfection models (20, 21), these data also indicate that
certain pathogen pairs and not others may predispose to sHLH.

Hyperinflammation and Hemophagocytosis Are Macrophage Intrinsic.
To dissect the mechanism of hyperinflammation in our IC:LPS
model, we first asked if our model is dependent on NK cells or
T cells, which are required in primary HLH. Thus, we tested
IC:LPS challenge in RAG 1/2-deficient animals, as well as RAG
1/2-deficient animals in which NK cells had been depleted using
the NK1.1 antibody (Fig. 4A). We found that T lymphocytes and
NK cells were dispensable in mediating IC:LPS. Since IFNγ is a
potent driver of macrophage activation and also implicated in
the pathogenesis of primary HLH, we also tested whether or not
IFNγ was required for IC:LPS response, which we tested by in-
troducing IFNγ blocking antibodies into RAG 1/2-deficient mice
(Fig. 4A). Concordant with the mortality data, RAG 1/2-deficient an-
imals in which NK cells or IFNγ were depleted did not display any
reduction in plasma cytokine levels (Fig. 4 B and C).
To identify the source of the cytokine producing cell, we iso-

lated leukocytes from IC:LPS-challenged animals and incubated
them without any additional stimulus in the presence of Brefeldin
and assessed the identity of cytokine producing cells. We found
that CD11b+ F480+ cells in the liver robustly produced IL-6, and
bone marrow CD11b+ F480+ cells robustly produced TNF (Fig.
4D). We also found that peritoneal macrophages were also robust
producers of TNF (SI Appendix, Fig. S3E). We were unable to
detect more CD11b+ F480+ cells in the peritoneum, bone marrow,
liver, or spleen of animals challenged with IC:LPS, excluding the
possibility that the hyperinflammation was also due to an increase
in total macrophage numbers (SI Appendix, Fig. S3 A–D). We

A B C D

E F G H

Fig. 3. Influenza pneumonia primes mortality from nonpathogenic E. coli peritonitis. (A) Survival of 8-wk-old male C57Bl6/J mice (n = 10 per group) infected
with influenza intranasally or DH5α E. coli i.p. in the indicated order at the indicted times (arrows). (B) Colonic temperatures of 8-wk-old male C57Bl6/J mice
treated with influenza followed by E. coli or visa versa (n = 10 per group). (C) Plasma TNFα in mice treated with influenza or vehicle followed by E. coli (n =
5 per group). (D) Representative image of bone marrow aspirate of mice treated with influenza followed by E. coli. (Magnification: 100×.) (E and F) Plaque
forming units of influenza from the bronchoalveolar lavage (E) or lung parenchyma (F) of mice treated with the indicated sequence of challenges 8 h after
the second challenge. (G and H) Colony forming units of E. coli from the peritoneal lavage (G) or blood (H) of mice treated with the indicated sequence of
challenges 8 h after the second challenge. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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were also unable to robustly detect IL-6 in other cells within the
liver, including in CD11b+ F480− cells (SI Appendix, Fig. S3F).
Taken together, we hypothesized that the hyperinflammation in
IC:LPS is largely macrophage intrinsic.
To further test this, we asked if we could induce hyperinflammatory

response in isolated bone marrow-derived macrophages (BMDMs).
We found that BMDMs displayed dramatically increased magnitude
and accelerated kinetics of transcription of inflammatory genes
subsequent to Poly I:C priming (Fig. 4 E and F). We found that
secondary response genes (25, 26), such as IL-6 and MX1 were
highly induced within 1 h of LPS stimulation when primed 24 h
earlier with Poly I:C (Fig. 4F and SI Appendix, Fig. S3G). As with
our in vivo model, we found that Poly I:C could not prime the Poly
I:C response (SI Appendix, Fig. S3H), caspase 1/11 was dispensable,
IFNAR was required for the hyperinflammatory response (SI Ap-
pendix, Fig. S3I), and the Poly I:C priming effect was lost after 36 h
(SI Appendix, Fig. S3J). Although IFNAR was required, IFNβ was
insufficient to prime LPS (SI Appendix, Fig. S3H). Finally, we found
that only IC:LPS-treated macrophages, but not other treatment
conditions, could phagocytize freshly prepared bone marrow cells
that were labeled with carboxyfluorescein succinimidyl ester
(CFSE) (Fig. 4G). Taken together, we demonstrate that the
hyperinflammatory hemophagocytic phenotype of IC:LPS macro-
phages is cell intrinsic and has a transcriptionally distinct inflammatory
profile compared with conventional LPS-stimulated macrophages.

Macrophage SpiC Expression Is a Potential Biomarker of sHLH. To
characterize the transcriptional profile of IC:LPS macrophages,
we performed RNA sequencing of macrophages stimulated with
Poly I:C followed by LPS (IC:LPS), PBS followed by LPS
(PBS:LPS), and Poly I:C followed by PBS (IC:PBS) at 2 and 6 h post
LPS or PBS (Fig. 5A). We identified differentially expressed genes in
IC:LPS compared with IC:PBS- and PBS:LPS-treated macrophages

and focused our analyses on differentially expressed transcription
factors. We identified one transcription factor specifically induced in
IC:LPS macrophages, which was not present in PBS:LPS or IC:PBS
at both time points and identified the E26 transformation-specific
(ETS) family member SpiC as well as SpiC-regulated genes Vcam1,
Bach1, and Treml4 (Fig. 5B). SpiC is the transcriptional master
regulator of red-pulp macrophages (RPMs), which activates a tran-
scriptional program that enables RPMs to phagocytose aged eryth-
rocytes and metabolize iron and heme (27, 28). SpiC is thought to be
negatively regulated by Bach1 which is proteasomally degraded in
the presence of heme (28). Consistent with the proposed activation
of SpiC in RPMs, IC:LPS macrophages displayed suppressed tran-
scription of Bach1 and increased transcription of many proteasomal
subunits (Fig. 5B). We confirmed SpiC induction in IC:LPS and
characterized its kinetics by qRT-PCR (Fig. 5C). We also confirmed
that SpiC protein was increased in IC:LPS and observed a con-
comitant decrease in Bach1 (Fig. 5D).
Next, we asked if SpiC was also induced in vivo. We found that

treatment with IC:LPS significantly increased SpiC transcription
(Fig. 5E). Consistent with the proteasome requirement for SpiC
activation, we found that treatment in vivo with the proteasome
inhibitor bortezomib significantly inhibited induction of SpiC. Fi-
nally, we obtained bone marrow aspirates from patients with
sHLH, sorted CD14+ CD16+ cells, and assessed SpiC transcrip-
tional levels in these cells versus normal controls and found that
SpiC was highly expressed in sHLH bone marrow aspirates (Fig.
5F). To test if SpiC or its transcriptional target Treml4, which has
been implicated in feed-forward amplification of viral TLR re-
sponses (29), were required for the hyperinflammatory response
to IC:LPS, we performed IC:LPS stimulation on SpiC-deficient
and Treml4-deficient BMDMs and found that they were dispens-
able in the hyperinflammatory phenotype (Fig. 5 G and H). Con-
sistent with the dispensability of SpiC, treatment with bortezomib in
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Fig. 4. IC:LPS induced sHLH is macrophage intrinsic.
(A) Survival of 8-wk-old male C57Bl6/J, RAG1/2 DKO,
or RAG1/2 DKO treated with antibodies to NK1.1 or
IFNγ challenged with IC:LPS (n > 8 per group). (B and
C) Plasma IL-1β (B) and TNFα (C), following LPS and
Poly I:C administered at the indicated time points
(arrows) in the indicated order (n = 5 per group). (D)
Representative histogram plots of ex vivo intracellu-
lar analyses of TNF (Left) and IL-6 (Center, quantified
on the Right) of CD11b+ F480+ cells isolated from
the liver (TNF) and bone marrow (IL-6) of mice chal-
lenged with indicated treatments (n > 3 per group).
(E and F) Relative abundance of Tnfa (E) and Il6 (F) in
BMDMs sequentially challenged with the indicated
treatments (representative experiment, average of
two experimental replicates per time point per
group). (G) Representative image of BMDMs (bright
field) challenged with IC:LPS incubated with CFSE-
labeled (red) bone marrow cells (arrows indicate
BMDMs which contain CFSE-labeled cells). (Magni-
fication: 100×.)
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vivo had no effect on survival despite attenuation of SpiC expres-
sion (Fig. 5I). Together, these data demonstrate that SpiC and its
transcriptional targets are enriched in IC:LPS macrophages in vitro
and in vivo in mouse and humans, making it potentially a useful
biomarker for sHLH, but that they likely do not participate in the
pathogenesis of sHLH.

IC:LPS Macrophages Display an Altered Immunometabolic Profile.
Pathway analyses of up-regulated genes confirmed a hyper-
inflammatory phenotype in IC:LPS macrophages (SI Appendix, Fig.
S4 A and B). Interestingly, pathway analyses of genes that were
significantly down-regulated in IC:LPS BMDMs revealed signifi-
cant enrichment in genes involved in OXPHOS and fatty acid
metabolism (SI Appendix, Fig. S4 C and D), including the fatty acid
transporter Cd36 and several genes involved in fatty acid oxidation,
including Acaa2 and Hadh (SI Appendix, Fig. S4 E and F). Meta-
bolic reprogramming of LPS-stimulated macrophages is well de-
scribed (30, 31), and, given the enrichment in metabolic pathways in
our transcriptome analyses, we asked if IC:LPS macrophages
exhibited a different metabolic profile. Seahorse analyses of IC:LPS
demonstrated that IC:LPS macrophages were significantly more
glycolytic (Fig. 6A) and had significantly impaired OXPHOS me-

tabolism (Fig. 6 B–D), consistent with the down-regulation of genes
involved in fatty acid metabolism seen in our RNA-Seq data.
Given that IFNAR was required for mortality in IC:LPS (Fig.

1D) and the role of TNF, IL-1, and IL-6 in driving mortality in
multiple models of inflammation (32, 33), we asked if cytokine
blockade would be sufficient to rescue IC:LPS-challenged ani-
mals. While TNF blockade extended viability of IC:LPS-
challenged animals, blocking TNF, IL-6, IL-1, or IFNAR did
not significantly prolong survival (Fig. 7A). Proteasome inhibition
(Fig. 5I) and IFNγ blockade (Fig. 4A) were also unable to confer
protection. These data are consistent with the poor efficacy of cy-
tokine blockade in patients with sHLH (34, 35). Given the glycolytic
phenotype of IC:LPS-treated macrophages, we next asked if in-
hibition of glycolysis with the 2-DG can reduce inflammation and
improve survival in our HLH model. Indeed, when we treated
IC:LPS-challenged animals with 2-DG, we noted a dramatic im-
provement in survival (Fig. 7B). Consistent with prolonged survival,
animals regained their body temperature (Fig. 7C).
Previous studies had shown that deletion of PDK1, Hif1a,

Glut1, or pharmacological inhibition of glycolysis with 2-DG
reduced transcriptional induction of inflammatory genes sub-
sequent to LPS stimulation (36–39). We thus asked if circulating

BA C

D

E F G H I

Fig. 5. IC:LPS macrophages have a distinct transcriptional profile. (A) K-mean clustered heat map of uniquely differentially expressed genes in IC:LPS BMDMs
(normalized to PBS:PBS, expressed as log2 fold change) at 2 h (Left) and 6 h (Right) in BMDMs following the indicated sequential stimulations. (B) Venn
diagram of significantly up-regulated transcription factors (Top). Expression of Spic pathway genes (Bottom Left) and heat map of proteasome genes (Bottom
Right). (C) qRT-PCR validation of Spic in BMDMs. (D) Representative Western blot of SpiC and BACH-1 in BMDMs 8 h after the indicated treatments. (E)
Relative abundance of Spic in bone marrow cells harvested from mice 4 h after the indicated treatments. (F) Relative abundance of Spic in CD14+ CD16+ cells
sorted from bone marrow aspirates of patients with sHLH. (G and H) Fold change of Il6 in BMDMs from SpiC KO (G) or Treml4 KO (H) or control animals 2 h
after the indicated treatments. (I) Survival of mice challenged with IC:LPS treated with bortezomib or vehicle (n > 8 per group). **P < 0.01, ***P < 0.001.
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inflammatory cytokines induced by IC:LPS were attenuated in vivo
with 2-DG treatment. We observed that 2-DG significantly sup-
pressed circulating TNFα and IL-6 (Fig. 7 D and E). Indeed, IC:
LPS-challenged animals were surprisingly sensitive to 2-DG, con-
sistent with our observation that the hyperinflammatory phenotype
was macrophage intrinsic (Fig. 4) and dependent on glycolysis (Fig.
6). Consistent with our in vivo observation, 2-DG significantly at-
tenuated Tnf and Il6 induction in BMDMs challenged with IC:LPS
(Fig. 7 F and G). Spic induction was also attenuated with 2-DG
(Fig. 7H). Taken together, these studies demonstrate that in our
model of sHLH, macrophages develop a transcriptional repression
of genes involved in fatty acid metabolism and preference for gly-
colysis, and that glucose utilization by these macrophages is re-
quired for the hyperinflammatory response in vitro and in vivo.

Discussion
sHLH is a mortal complication associated with infections with
unknown etiology. In this study, we demonstrate that sequential
activation first with viral TLR agonists followed by TLR4 agonist
is sufficient to recapitulate most features of sHLH (Figs. 1–3).
We found that this phenotype was macrophage intrinsic (Fig. 4).
Transcriptional profiling of IC:LPS macrophages revealed a SpiC
signature, which is normally observed only in red-pulp macrophages
responsible for the phagocytosis of aged red blood cells, and we
found that SpiC transcription was also present in bone marrow as-
pirates from patients with sHLH, the site where hemophagocytosis
is most commonly observed (Fig. 5). The up-regulation of SpiC is
likely due to phagocytosis of RBCs. sHLH macrophages also
demonstrated a significant decrease in multiple genes involved in
fatty acid metabolism, and metabolic analyses revealed a preference
for glycolysis and a defect in mitochondrial respiration (Fig. 6). Fi-
nally, we found that these macrophages were dependent on glycol-
ysis for the hyperinflammatory response and that administration of
2-DG was sufficient to rescue animals from sHLH (Fig. 7).
sHLH secondary to infection, like all sepsis syndromes, is

likely a heterogeneous collection of diseases with many etiologies
that lead to a similar phenotype. Genetic predisposition, espe-
cially in genes involved in the pathogeneses of primary HLH,
likely plays a role in some cases (2). Repeated TLR9 stimulation
produces a more protracted less fulminant disease course which
is sometimes seen (9), and given our findings, it would be inter-
esting to ask whether commensal Gram-negative bacteria are re-
quired for this phenotype. It is also interesting that chronic TLR7
activation, as is seen in yaa murine strains and TLR7 transgenic
models (40–42), has not similarly been described to exhibit HLH-
like phenotypes. In humans, sHLH can be seen in a variety of

contexts, including in neoplasms, autoimmune diseases (primarily
adult-onset Still’s disease and systemic lupus erythematosus), and
infections. It remains to be seen if TLR pathways are the common
upstream mechanism for disease pathogenesis in these various
contexts and if the sHLH phenotypes that arise from these different
contexts are distinct from each other.
We previously reported that influenza could potentiate a listerial

infection (20) and promote L. pneumophila pneumonia (21), al-
though in both cases the potentiation was not due to increased
inflammation. Here we found that influenza infection could po-
tentiate a nonpathogenic strain of E. coli but that this sequence
caused a hyperinflammatory phenotype that closely resembles
sHLH. We found that we could further reduce our model to the
use of TLR agonists and showed that a variety of viral TLR ago-
nists could create a maladaptive hyperinflammatory LPS response,
consistent with the observation that type I IFN via IFNAR primes
macrophage LPS responses (43). Many factors may account for
these different outcomes in virally primed coinfection models, and
it is likely that each coinfection exposes specific vulnerabilities in
the host. Pathogen-specific immunity also likely plays an important
role. Unlike E. coli, Listeria and Legionella are both pathogens that
maintain a part of their lifecycle within host cells (44, 45) and have
been shown to activate intracellular pathogen sensing pathways in
addition to pathways activated by flagella and cell wall components
that are distinct to these pathogens (46, 47). The portal of infection
and sites of tissue injury also likely play an important role. What is
interesting is that in all cases, viral priming of bacterial infections
appears to be detrimental while the converse is not often observed
except in cases of severe immunosuppression and viral reac-
tivation, as is in the case of many human herpes viruses where its
impact on outcomes is unclear (48, 49). Thus, coinfection models,
although complex in their biology, may be a valuable tool to expose
a finite set of host vulnerabilities that can then be better un-
derstood and translated into therapies.
The exact mechanism by which viral TLR agonism primes a

hyperinflammatory TLR4 response remains to be elucidated.
Unlike tissue resident macrophages that often express tissue-
specific transcription factors (50, 51), it is possible that this
maladaptive macrophage state is not coordinated by a distinct set
of transcription factors. SpiC was a likely candidate since it was
highly up-regulated in IC:LPS-challenged macrophages, coordi-
nates the erythrophagocytic program in red-pulp macrophages
(27, 28), and its downstream target Treml4 was recently implicated
in feed-forward amplification of viral inflammation in myeloid
cells (29). However, neither SpiC nor Treml4 was required for the
IC:LPS phenotype (Fig. 5). At the same time, it may be a useful
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biomarker for diagnosis of sHLH, which is a difficult diagnosis to
make based on a clinical diagnosis that incorporates a combina-
tion of nonspecific biomarkers of inflammation. It is likely that
chromatin remodeling following viral TLR agonism plays a
prominent role in the hyperinflammatory LPS response (26, 52–
54), and more work remains to be done on dissecting the exact
molecular mechanisms underlying IC:LPS response in macro-
phages. Finally, how IC:LPS-activated macrophages are capable
of phagocytosing live cells remains an area of active investigation.
IC:LPS macrophages adopt a unique metabolic profile which

we were able to exploit to rescue animals from sHLH (Figs. 6
and 7). It is now clear that specific metabolic programs fuel
immune cell effector functions and that disruption of required
metabolic pathways disrupts the ability for cells to perform these
functions (30, 55, 56). We found that IC:LPS macrophages have
altered mitochondrial respiration and are dependent on glycol-
ysis. The administration of 2-DG was sufficient to rescue animals
from sHLH-induced mortality and to attenuate the hyper-
inflammatory transcriptional program in vitro, suggesting that
targeting glycolytic pathways may be a therapeutic approach to
sHLH. It is interesting that the inhibition of glycolysis using 2-
DG produces pleiotropic context-dependent outcomes. We have
previously shown that while administration of 2-DG to animals
challenged with Poly I:C or influenza resulted in driving the
unfolded protein response toward neuronal cell death leading to
enhanced mortality, administration of 2-DG to animals chal-
lenged with LPS or Listeria resulted in enhanced survival by
mechanisms which are yet to be fully identified but independent
of the magnitude of the inflammatory response (12). We have
also recently shown using mouse models of malaria that 2-DG
protected animals from cerebral malaria by affecting hemostasis
while others have shown that it potentiates mortality in malarial
models of fatal anemia (57, 58). It is likely that the composite

outcome of 2-DG depends on the given set of biological pro-
cesses that require glucose in any particular organismal state.
In summary, we report a murine model of sepsis, which highly

resembles the infection-associated form of sHLH.We found that this
phenotype was macrophage intrinsic and identified SpiC as a po-
tentially useful biomarker for marking sHLH macrophages. Char-
acterization of these macrophages revealed altered mitochondrial
respiration and a reliance on glycolysis. Although our study was not
designed to be a therapeutic study, our findings suggest that there
may be a therapeutic role for the inhibition of glycolysis in sHLH,
which remains a highly mortal infection-associated complication.

Methods
Animals. Mice 8–10 wk of age were used. C57BL/6J, BALB/c, TLR2/4 double
knockout and MyD88/TRIF double knockout mice, and IFNaR knockout mice
were purchased from The Jackson Laboratory and bred at Yale University.
SpiC knockout bone marrow cells were a kind gift from Malay Haldar,
University of Pennsylvania, Philadelphia, PA. Treml4 knockout bone marrow
cells were a kind gift from Terry Mean, Massachussets General Hospital,
Harvard Medical School, Boston, MA. All animal experiments were per-
formed according to institutional regulations upon review and approval of
Yale University’s Institutional Animal Care and Use Committee.

Infections. Influenza virus strain A/WSN/33was a kind gift from the laboratory
of Akiko Iwasaki, Yale University School of Medicine, New Haven, CT, and
propagated using Madin-Darby canine kidney (MDCK) cells and titrated to
determine concentration by plaque assay described below. For influenza in-
fection, mice were anesthetized with a ketamine/xylazine mixture and in-
dicated pfus of influenza in 30 μL PBS was administered intranasally dropwise.
E. coli (DH5α) was purchased from Life Technologies and introduced at the
indicated cfus intraperitoneally. For LCMV infections, mice were infected in-
traperitoneally with 2 × 105 pfu LCMV Armstrong.

Quantification of Influenza and DH5α. To determine influenza viral titers in the
lung, lung tissue was harvested, weighed, and disrupted by bead homogenization.
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For viral titers in the bronchoalveolar lavage (BAL) fluid, BAL was performed
in euthanized animals via cannulation of the trachea, and lungs were lavaged
with 1 mL of PBS. Virus titer was determined by infection of MDCK cells with
titrated amounts of lung homogenate and BAL followed by addition of an
agar overlay for 48 h after which cell monolayers were stained with crystal
violet and plaque numbers were determined. To determine DH5α in the
blood, peripheral blood was obtained by retroorbital collection and plated
by serial dilution on LB agar plates. DH5α in the peritoneal lavage was de-
termined by lavage with PBS and then serial dilution on LB agar plates.

Treatments. LPS derived from E. coli 055:B5 (Sigma-Aldrich) diluted in PBS
was injected intraperitoneally with the indicated doses. High molecular
weight Poly(I:C) (InvivoGen) diluted in PBS was injected retroorbitally at the
indicated doses. R837 (InvivoGen) was diluted in PBS and injected in-
traperitoneally at 10 mg/kg. CpG ODN 1826 (InvivoGen) was diluted in PBS
and injected intraperitoneally at 10 mg/kg. Two-DG (Sigma) was recon-
stituted in water and injected intraperitoneally at the indicated times
200 mg/kg per dose. Bortezomib (Selleck, LLC) diluted in PBS was injected at
0.1 mg/kg intraperitoneally at the indicated times. Anti-NK1.1 antibody
(PK136; Bio X Cell) diluted in PBS was injected at 100 μg per injection (100 μL)
retroorbitally concurrently with each challenge. Anti-IFNγ antibody
(XMG1.2, Bio X Cell) diluted in PBS was injected at 500 μg per injection
(100 μL) retroorbitally concurrently with each challenge. Anti-IL6R (15A7,
10 mg/kg; Bio X Cell), anti-TNFα (XT3.11, 500 μg per injection; Bio X Cell), anti-
IFNaR (MAR1-5A3, 10 mg/kg; Bio X Cell), anti-IL1β (B122, 500 μg per injection;
Bio X Cell), and isotype antibody were diluted in PBS and injected retroorbitally.

Quantification of Plasma Cytokines, Biomarkers, and Complete Blood Count.
Plasma TNFα and IL-6 concentrations were assayed by sandwich ELISA using
capture antibodies (eBioscience), biotin-conjugated detection antibodies
(eBioscience and BD Biosciences, respectively), HRP-conjugated streptavidin
(BD Biosciences), and TMB substrate reagent (BD Biosciences). Plasma IFNα
and IL-1β concentrations were measured using kits according to the manu-
facturer’s protocols (eBioscience). Plasma Tropinin-I concentration (Life Di-
agnostics) and alanine aminotransferase (ALT) activity (Cayman Chemical)
were assayed using kits according to manufacturers’ protocols. Plasma fer-
ritin concentrations (Abcam) were determined using the kit according to the
manufacturer’s protocols. sCD25 concentrations (MyBioSource) were de-
termined using the kit according to the manufacturer’s protocols. For
complete blood counts, 100 μL of whole blood was collected by the retro-
orbital route into EDTA (Gibco), and a Hemavet HV950FS (Drew Scientific)
was utilized to analyze peripheral blood composition.

Cell Culture. BMDMs were prepared from male animals 6–12 wk of age. An-
imals were killed by CO2 asphyxiation and femurs and tibias were isolated.
The bone marrow cells were isolated and grown in macrophage growth
medium [RPMI 1640 supplemented with 10% FBS (Gibco), 1% penicillin–
streptomycin (Gibco), 2 mM L-glutamine (Gibco), 1 mM sodium pyruvate
(Gibco), 0.01 M Hepes (AmericanBio), and 30% L929-conditioned media as a
source of CSF-1] and plated on Petri dishes. Macrophage growth medium was
supplemented on day 3. Cells were plated for use on day 6. For sequential
stimuli, cells were first stimulated with 100 ng/mL Poly I:C (InvivoGen), 5 ng/mL
LPS derived from E. coli 055:B5 (Sigma-Aldrich), or 100 units/mL recombinant
IFNβ (R&D Systems). Twenty-four hours or at the indicated time after initial
stimulation, the media were removed and cells were washed twice with warmed
macrophage growth media, and then the media was replaced with Poly I:C or
LPS. Two-DG was used at 2.5 mg/mL and added with the second stimulation.

For ex vivo cytokine analyses, peritoneal cells obtained from lavage, bone
marrow cells obtained from the flushing of femurs and tibia, or leukocyte-
enriched cells from liver from animals 2 h after animals received LPS or
control, were seeded in triplicate in complete RPMI in the presence of
GolgiPlug (BDBiosciences) and incubated for 2 h. Briefly, liversweremechanically
disrupted and digested for 30 min in 2 mg/mL Collagenase IV (Worthington)
and then centrifuged through 44%/66% Percoll gradient and cells at the
interface were collected. Cells were then stained for extracellular markers.
The following antibodies were utilized for FACS analyses: CD45 BUV395 (BD
Biosciences), EMA (Thermo Fisher Scientific), F4/80 APC (BD Biosciences), and
CD11b Pacific Blue (BD Biosciences). Intracellular staining was performed
using the BD Fix/Perm kit and TNF FITC (BD Biosciences), IL6 PE (BD Biosci-
ences). CD45+ cells within the singlet live gate, as defined by size, granu-
larity, pulse width, and EMA negative cells were acquired for analyses.
Samples were acquired on an LSRII flow cytometer (BD Biosciences) and
analyzed using FlowJo (Tree Star Technologies).

For feeding of live cells to BMDMs, bone marrow cells were flushed
from isogenic animals and cells were labeled with 3 μM CFSE and washed

thoroughly. Target (10:1) to BMDM cells was added 2 h after stimulation and
cells were imaged continuously using an AF6000 Modular System (Leica) in
combination with a stage-top incubator INUBTFP-WSKM-F1 (Tokai Hit). Image
acquisition, deconvolution, and maximum projection analysis were performed
with the program LAS AF (Leica).

Human Samples. Bone marrow aspirates from three patients with a diagnosis
of sHLH were obtained from the Hematology Biorepository at Yale Uni-
versity (Stephanie Halene). All human samples were obtained after informed
consent and procured according to institutional regulations upon review
and approval of Yale University’s Human Investigation Committee. Control
bone marrow cells were purchased from Lonza. Samples were stained with
CD14 APC and CD16 PE (BD Biosciences) and sorted by FACS for CD14+ CD16+

positive and negative cells. Cells were lysed with RLT and RNA was extracted
as described above.

RNA Extraction and RNA Sequencing and Analyses. For cell culture experi-
ments, at the indicated times after stimulation, media were removed from
the wells and cells were washed twice with PBS. RLT (Qiagen) was added to
lyse cells and RNA extractionwas performed using Qiagen RNAeasy kits as per
manufacturer’s instructions. For RNA sequencing library preparation, on-
column DNase digestion was performed as per manufacturer’s instructions.
Sequencing libraries were constructed following Illumina Tru-seq stranded
mRNA protocol. Paired-end sequencing performed with Next-seq 500 with
76-bp reads from each end. Illumina fastq files were downloaded from
Illumina Basespace and aligned with Tophat2, transcripts were then as-
sembled with Cufflinks, merged with Cuffmerge, quantified using Cuff-
quant, and normalized using Cuffnorm. The genes’ fragments per kilobase
per million (FPKM) table from Cuffnorm was analyzed with Microsoft Excel
to identify differentially expressed genes. All treatment conditions were
normalized to the average of PBS:PBS control values. Unique IC:LPS
expressed genes were determined by being greater than twofold different
from both PBS:LPS and IC:PBS. Pathway enrichment analyses were done with
MSigDB (software.broadinstitute.org/gsea/login.jsp), GO Enrichment Analy-
ses (www.geneontology.org/page/go-enrichment-analysis), and KEGG Path-
way Maps (https://www.genome.jp/kegg/kegg3a.html). The RNA sequencing
data set can be found at the Gene Expression Omnibus data repository (59).

qRT-PCR. RNA was purified from cells using QIAGEN RNeasy columns according
to the manufacturer’s instructions. cDNA was generated with MMLV reverse
transcriptase (Clontech) using oligo-dT6 primers (Sigma-Aldrich). qRT-PCR was
performed on a CFX96 real-time system (Bio-Rad) using PerfeCTa SYBR Green
SuperMix (Quanta Biosciences). Relative expression units were calculated as
transcript levels of target genes relative to Rpl13a. Primers used for qRT-PCR are
listed in SI Appendix, Table S1.

Western Blot. Cells were lysed in RIPA buffer containing HALT protease and
phosphatase inhibitor mixture (Thermo Fisher Scientific) according to the man-
ufacturer’s protocols. Equal amounts of protein were loaded per well of a 10%
Bis-Tris minigel (Invitrogen) and run in 1× Mops buffer (Invitrogen). Protein was
transferred onto activated PVDF membrane (Millipore), then blocked in 5%milk
in TBST (20 mM Tris, 150 mM NaCl, 0.05% Tween 20) for 30 min. Membranes
were incubated with primary antibodies, anti-SpiC antibody (Abcam), anti-
BACH1 antibody (R&D Systems), and anti–β-actin (Sigma Aldrich), overnight at
4 °C. Membranes were washed with TBST, then incubated with secondary anti-
bodies for 1 h at room temperature. After washing, protein was visualized using
enhanced chemiluminescence reagent (Thermo Fisher Scientific).

Metabolic Profiling. FCCP, oligomycin, and rotenonewere obtained fromSigma-
Aldrich. Analysis of the extracellular acidification rate (ECAR) and oxygen
consumption rate (OCR) was performed with a Seahorse XF96 Extracellular Flux
Analyzer instrument in BMDMs. BMDMs were seeded overnight in quadrupli-
cate at a density of 1 × 105 cells per well on a pretreated poly-D-lysine-coated
96-well polystyrene Seahorse plate in RPMI-1640 medium containing L-gluta-
mine, 10% FCS, and 20% L929 supernatant and stimulated as described above.
Before starting the assay, cells were washed and incubated in Seahorse assay
medium supplemented with 10 mM glucose and 1 mM sodium pyruvate in a
37 °C incubator without CO2 for 45 min. Oligomycin (ATPase inhibitor, 1 μM),
FCCP (0.2 μM), and rotenone (0.5 μM) were injected where indicated and the
ECAR (mpH/min) and OCR (pmoles O2/min) were measured in real time.

Blood Glucose, Plasma Ketone Bodies, and Plasma-Free Fatty Acids. Glycemia
was measured by whole blood collection via the retroorbital plexus and
assessed using a glucometer (OneTouch). Plasma was separated using lithium
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heparin-coated microcentrifuge tubes (BD Diagnostics). Plasma-free fatty acid
was measured using a kit according to manufacturer’s instructions (Wako
Diagnostics). Plasma beta-hydroxybutyrate was measured using a kit per
manufacturer’s instructions (Cayman Chemical). Plasma L-type triglycerides
were measured according to manufacturer’s instructions (Wako Diagnostics).

Histology. All mice were anesthetized utilizing CO2 asphyxiation. Cytospin
preparations were made according to the manufacturer’s instructions using
a Cytospin Cytocentrifuge (Thermo Fisher Scientific). Slides were stained
with hematocylin and eosin by standard methods and cells were visualized
using a Zeiss Axio Imager A1 microscope, an AxioCam MRc5 camera, and
AxioVision 4.8.3.0 imaging software (Carl Zeiss MicroImaging, Inc.) by a
veterinarian (C.J.B.) trained in veterinary pathology with extensive mouse
experience, who was blinded to experimental groups.

Quantification and Statistical Analyses. Statistical information is indicated in
the text or figure legends. Statistical analyses were performed using Prism
6.0 (GraphPad Software, Inc.). Where appropriate, Student’s t test or
analysis of variance (ANOVA) was used. The log-rank Mantel–Cox test
was used to compare Kaplan–Meier curves. A P value less than 0.05 was
considered statistically significant.
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