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Significance

Macrophages are innate immune 
cells that use pattern recognition 
receptors such as the toll-like 
receptors (TLRs) to sense danger. 
Individual TLRs detect danger in 
different contexts, for example, 
microbial products on the 
surface  of bacteria indicative of 
nearby or proximal threats, as 
well as soluble factors 
representing far away or distal 
threats. Through studies on 
uropathogenic E. coli, we identify 
a macrophage pathway that 
discriminates between proximal 
and distal danger to engage 
antimicrobial or inflammatory 
responses, respectively. The 
significance of this study lies in 
the identification of antiinflamma-
tory and antimicrobial activities of 
the metabolite D-ribulose-5-
phosphate, as well as avenues for 
selectively manipulating host 
defense versus inflammation. Our 
findings can be exploited for the 
design of host-directed therapies 
and/or antiinflammatory agents.
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The immune system must be able to respond to a myriad of different threats, each requiring 
a distinct type of response. Here, we demonstrate that the cytoplasmic lysine deacetylase 
HDAC7 in macrophages is a metabolic switch that triages danger signals to enable the 
most appropriate immune response. Lipopolysaccharide (LPS) and soluble signals indicat-
ing distal or far-away danger trigger HDAC7-dependent glycolysis and proinflammatory 
IL-1β production. In contrast, HDAC7 initiates the pentose phosphate pathway (PPP) 
for NADPH and reactive oxygen species (ROS) production in response to the more prox-
imal threat of nearby bacteria, as exemplified by studies on uropathogenic Escherichia coli 
(UPEC). HDAC7-mediated PPP engagement via 6-phosphogluconate dehydrogenase 
(6PGD) generates NADPH for antimicrobial ROS production, as well as D-ribulose-
5-phosphate (RL5P) that both synergizes with ROS for UPEC killing and suppresses 
selective inflammatory responses. This dual functionality of the HDAC7-6PGD-RL5P axis 
prioritizes responses to proximal threats. Our findings thus reveal that the PPP metabolite 
RL5P has both antimicrobial and immunomodulatory activities and that engagement of 
enzymes in catabolic versus anabolic metabolic pathways triages responses to different 
types of danger for generation of inflammatory versus antimicrobial responses, respectively.

uropathogenic Escherichia coli | macrophages | immunometabolism | inflammation |  
pentose phosphate pathway

All organisms must defend themselves against infection or injury to maintain host integrity. 
In vertebrates, innate immune cells such as macrophages need to detect and respond to 
both proximal dangers such as nearby pathogens that require destruction, as well as far 
or distal dangers that are associated with soluble factors and that require immune cell 
recruitment. Macrophages must be able to prioritize responses to such distinct threats. 
One mechanism of triage involves engaging different pattern recognition receptors (PRRs), 
enabling cells to interpret the type of danger and respond accordingly (1). For example, 
both transmembranal toll-like receptor 4 (TLR4) (2) and cytosolic inflammatory caspases 
(3, 4) detect Gram-negative bacterial lipopolysaccharide (LPS). Individual danger signals 
can also be sensed by a single PRR in different contexts. TLR4, for example, detects both 
soluble LPS and LPS on Gram-negative bacterial surfaces. The former requires initiation 
of inflammation for leukocyte recruitment, while the latter requires engagement of anti-
microbial responses for pathogen destruction. How such context-dependent recognition 
generates distinct biological outcomes is unknown. In this study, we used the globally 
significant bacterial pathogen uropathogenic Escherichia coli (UPEC), which causes 
approximately 80% of all urinary tract infections and is a common cause of sepsis (5), to 
investigate molecular mechanisms of context-dependent immune recognition.

Metabolic pathways influence how innate immune cells respond to danger. TLR sign-
aling activates proinflammatory transcription factors (6) for inducible gene expression 
(1). TLR signaling also increases glycolysis in macrophages (7), with this required for 
inflammatory gene expression. This partly reflects the need for an acetyl-CoA pool required 
for histone acetylation (8). Mechanistically, the glycolytic enzyme pyruvate kinase M2 
(PKM2) links glycolysis and inflammation. PKM2 catalyzes the last rate-limiting step in 
glycolysis and also has a moonlighting inflammatory function via interactions with the 
transcription factors HIF-1α (9, 10) and STAT3 (9). TLR-inducible glycolysis drives the 
expression of both the neutrophil-recruiting cytokine IL-1β (10) and the monocyte-
recruiting chemokine CCL2 (11), implicating this metabolic response in leukocyte recruit-
ment and inflammation. Metabolic reprogramming has mainly been investigated in the 
context of soluble danger signals, such as individual TLR ligands.D
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During infection, innate immune cells typically encounter danger 
signals that present as particulate matter. Microbial phagocytosis by 
macrophages and neutrophils is coupled to the rapid generation of 
reactive oxygen species (ROS) (12, 13), a response mediated by the 
multimeric NADPH oxidase that assembles on phagosomal mem-
branes (14). Genetic defects in NADPH oxidase components, such 
as CYBB that encodes NOX2, result in chronic granulomatous disease 
(CGD). CGD patients incur recurrent and life-threatening infections 
(15). In addition to its antimicrobial role, the phagocyte NADPH 
oxidase also limits inflammasome activation and secretion of mature 
IL-1β (16–18). There may be important clinical manifestations of 
this pathway since CGD patients are susceptible to a range of inflam-
matory conditions (19, 20). The pentose phosphate pathway (PPP) 
generates NADPH to fuel phagocyte oxidase-dependent oxidant 
production (21, 22), but how this pathway integrates innate immune 
responses to different types of danger is not well understood.

Regulated lysine acetylation on target proteins (23) controls cell 
metabolism (7, 24). Of the 18 histone deacetylase (HDAC) enzymes 
(HDAC1-11, SIRT1-7), many have key roles in immune cell devel-
opment and function (25). Class IIa HDACs (HDAC 4, 5, 7, 9) 
have multifaceted cellular functions. They can act as transcriptional 
derepressors for inducible gene expression upon nuclear-cytoplas-
mic shuttling, transcriptional activators through cytoplasmic to 
nuclear translocation, and scaffolds or modifiers of non-nuclear 
substrates (26, 27). These enzymes regulate glucose metabolism 
(28) and one family member, HDAC7, promotes both glycolysis 
and glycolysis-associated inflammatory mediators (IL-1β and 
CCL2) in macrophages responding to soluble LPS (11, 29). We 
considered that immunometabolic processes may influence how 
innate immune cells interpret proximal versus distal threats. Given 
its role in metabolic and inflammatory responses, HDAC7 was of 
particular interest. Here, we report that HDAC7 is a cytoplasmic 
metabolic switch in macrophages. In contrast to the glycoly-
sis-linked proinflammatory signal delivered by HDAC7 in mac-
rophages responding to distal danger, we show that this lysine 
deacetylase engages the PPP in response to proximal danger. Its 
activation of the PPP enzyme 6-phosphogluconate dehydrogenase 
(6PGD) generates NADPH for antimicrobial ROS, as well as 
D-ribulose-5-phosphate (RL5P) that serves dual roles in contrib-
uting to ROS-dependent UPEC killing and suppressing specific 
inflammatory responses. Our findings reveal a molecular mecha-
nism by which macrophages recognize the context of danger signals 
to shape appropriate immune responses, and also identify antimi-
crobial and immunomodulatory functions of RL5P.

Results

HDAC7 Discriminates between Distal and Proximal Threats 
during Macrophage Activation. To interrogate our model that 
immunometabolism controls context-dependent danger recognition 
(Fig. 1A), we employed soluble TLR agonists as surrogates of distal 
danger and either live bacteria or TLR agonists plus particles as 
mimics of proximal danger. To perturb macrophage metabolism, we 
antagonized HDAC7 function (11) and monitored IL-1β production 
as a read-out of glycolysis-associated inflammatory responses (10). 
Remarkably, HDAC7 inhibition with the class IIa HDAC inhibitor 
TMP195 (30) suppressed inflammasome-triggered IL-1β release 
from primary human macrophages primed with soluble LPS, whereas 
this response was significantly enhanced in HMDM responding to 
UPEC strain EC958 (Fig. 1B). The IL-1β response was also enhanced 
in macrophages responding to the combination of LPS plus latex 
beads as a mimic of proximal danger (Fig. 1B), confirming that the 
effect of UPEC was not due to pathogen subversion of macrophage 
functions. Glycolysis also promotes TNF production in human 

macrophages (31) and here we found that HDAC7 inhibition 
similarly reprogrammed the inducible TNF response in macrophages 
responding to stimuli indicative of either distal or proximal danger 
(Fig.  1C), albeit the consistent and pronounced inhibitory effect 
of TMP195 on LPS-induced TNF was not statistically significant 
for the sample size. These data suggest that HDAC7 has opposing 
roles in controlling inflammatory responses in human macrophages 
responding to distal versus proximal danger.

In primary mouse bone marrow-derived macrophages (BMM), 
the opposing effect of LPS versus UPEC on IL-1β release was apparent 
after genetic (Fig. 1 D and E) or pharmacological (SI Appendix, 
Fig. S1A) targeting of HDAC7. IL-1β release requires both TLR-
inducible expression of pro-IL1β, as well as inflammasome-mediated 
processing for IL-1β maturation (32). Since both pro-IL-1β produc-
tion (cell lysates) and processed IL-1β secretion (culture supernatants) 
were differentially affected by distal (LPS) versus proximal (EC958) 
danger signals (Fig. 1D), we conclude that HDAC7 exerts its effects 
through TLR signaling, rather than inflammasome activation. 
Consistent with this, HDAC7 did not affect inflammasome-triggered 
BMM cell death, irrespective of the priming signal (SI Appendix, 
Fig. S1B). In contrast to our observations in HDAC7-inhibited 
HMDM (Fig. 1C), Hdac7 deletion did not affect LPS- or Escherichia 
coli-inducible TNF release (SI Appendix, Fig. S1C). However, phar-
macological inhibition of HDAC7 in BMM did reduce LPS-induced 
TNF, without affecting the response to UPEC (SI Appendix, Fig. S1D). 
The reduction in LPS-induced TNF by HDAC7 inhibition in 
HMDM (Fig. 1C) and BMM (SI Appendix, Fig. S1D) may reflect 
targeting of multiple class IIa HDACs (11), given that Hdac7 deletion 
had no effect on this response (SI Appendix, Fig. S1C). However, this 
does not explain the distinct effects of HDAC7 inhibition on TNF 
responses in human versus mouse macrophages responding to UPEC 
(Fig. 1C and SI Appendix, Fig. S1D), with species-specific regulation 
of TLR responses potentially contributing to these differences (33). 
Analysis of gene expression confirmed the selective role of HDAC7 
in differentially regulating IL-1β in macrophages responding to distal 
versus proximal danger signals. In Hdac7-deficient BMM, LPS- and 
UPEC-induced Il1b mRNA levels were attenuated and amplified, 
respectively (SI Appendix, Fig. S1E). In contrast, inducible expressions 
of Tnf, Il6, and Cxcl12 were unaffected in the same samples  
(SI Appendix, Fig. S1 F–H). Moreover, pharmacological inhibition of 
HDAC7 did not affect LPS- or UPEC-induced IL-6 secretion in 
BMM (SI Appendix, Fig. S1I). These findings point to differential and 
selective control of pro-IL-1β production by HDAC7 in macrophages 
responding to distal versus proximal danger.

Next, we expanded our repertoire of surrogates of proximal versus 
distal danger and controls to further interrogate our model. Here, 
we found that the increase in UPEC-induced IL-1β upon Hdac7 
deletion was apparent over a multiplicity of infection (MOI) range 
(SI Appendix, Fig. S2A) and that HDAC7 differentially affected the 
production of IL-1β (Fig. 1F) but not TNF (SI Appendix, Fig. S2B) 
in BMM responding to LPS versus LPS-coated latex beads. 
Importantly, inducible IL-1β production was strictly TLR4-
dependent in BMM responding to mimics of either distal danger 
(LPS) or proximal danger (LPS plus beads) (SI Appendix, Fig. S2C). 
Distinct effects of HDAC7 on IL-1β (SI Appendix, Fig. S2D) but 
not TNF (SI Appendix, Fig. S2E) were also apparent when compar-
ing the TLR2 agonist Pam3CSK4 versus Pam3CSK4 plus latex 
beads, thus confirming the generality of the phenomenon. Thus, 
HDAC7 promotes or inhibits IL-1β in both human and mouse 
macrophages responding to signals of distal versus proximal danger, 
respectively.

Production of pro-IL-1β is controlled by glucose metabolism 
(10, 34). We previously demonstrated that HDAC7 instructs LPS-
inducible glycolysis in macrophages (11, 29), so we next focused D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 "

IN
R

A
E

, I
N

ST
IT

U
T

 N
A

T
IO

N
A

L
 D

E
 L

A
 R

E
C

H
E

R
C

H
E

 P
O

U
R

 L
'A

G
R

IC
U

L
T

U
R

E
, L

'A
L

IM
E

N
T

A
T

IO
N

 E
T

" 
on

 O
ct

ob
er

 2
5,

 2
02

3 
fr

om
 I

P 
ad

dr
es

s 
14

7.
10

0.
17

9.
23

3.

http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials


PNAS  2023  Vol. 120  No. 4  e2212813120� https://doi.org/10.1073/pnas.2212813120   3 of 12

on understanding the role of HDAC7 in regulating metabolic 
responses in macrophages responding to proximal danger. To do 
so, we compared central carbon metabolites in wild-type versus 
Hdac7-deficient macrophages infected with UPEC. Challenge 
with UPEC resulted in increased levels of both PPP and glycolytic 
metabolites (Fig 1G and SI Appendix, Fig. S2F and Table S1). 
Hdac7 deficiency attenuated the inducible production of several 
PPP intermediates including ribulose-5-phosphate, ribose-5-phos-
phate, xylulose-5-phosphate, and erythrose-4-phosphate (Fig. 1G 
and SI Appendix, Table S1), thus revealing that HDAC7 both 
promotes the PPP and inhibits specific inflammatory responses 
in macrophages responding to the proximal threat of nearby bac-
teria. Collectively, these data support a model in which HDAC7 
directs distinct metabolic and inflammatory responses, depending 
on the context of the stimulus.

HDAC7 Is Required for Macrophage-Mediated Escherichia coli 
Uptake and Clearance. Given its role in directing the PPP in 
macrophages responding to UPEC, as well as its opposing effects 

on inflammatory responses in macrophages responding to proximal 
versus distal danger, we next considered that HDAC7 functions may 
be redeployed toward antimicrobial defense when nearby threats are 
encountered. Indeed, HDAC7 was required for rapid clearance of 
UPEC in BMM, as assessed by both genetic targeting (Fig.  2A) 
and pharmacological inhibition with TMP195 (Fig. 2B). A similar 
phenotype was also observed in human macrophage-like PMA-
differentiated THP-1 cells (SI Appendix, Fig. S3A). TMP195 did not 
affect Escherichia coli-infected BMM or THP-1 viability (SI Appendix, 
Fig. S3 B and C) or bacterial growth (SI Appendix, Fig. S3D), thus 
indicating that the increased bacterial loads in TMP195-treated 
macrophages were a consequence of impaired host defense. The effect 
of HDAC7 inhibition was apparent when cells were preincubated 
with TMP195 prior to infection with Escherichia coli, but not when 
cells were treated 1 h after Escherichia coli challenge (Fig. 2C). This 
implies that HDAC7 engages rapid antimicrobial responses in 
macrophages responding to proximal danger.

Phagocytosis is coupled to the engagement of immediate anti-
microbial responses (35). The increased intracellular bacterial loads 

Fig. 1. HDAC7 discriminates between distal and proximal 
threats during macrophage activation. (A) Model of 
immunometabolic control of macrophage responses 
to distal versus proximal danger signals. (B and C) IL-1β 
and TNF release from HMDM pretreated with TMP195 
(10 μM) for 1 h followed by LPS (100 ng/mL), EC958 (MOI 
100), or LPS and latex beads for 4 h. Additional nigericin 
(5 μg/mL) treatment for 2 h followed, where indicated.  
(D) Immunoblots for pro- and cleaved-IL-1β in indicated 
BMM populations treated with either LPS (1 ng/mL) or 
infected with EC958 (MOI 10) for 4 h, followed by nigericin 
for 1 h (representative of four independent experiments). 
(E and F) IL-1β release from the indicated BMM populations 
treated with either LPS (0.5 ng/mL; Left, E and F), infected 
with EC958 (MOI 10; E, Right), or LPS-coated latex beads  
(F, Right) for 4 h, followed by nigericin for 1 h. (G) A heatmap 
showing the expression patterns of pentose phosphate 
pathway metabolites (highlighted in red) in lysates from 
wild-type (Hdac7+/+) and Hdac7−/− BMM infected with EC958 
(MOI 100, 30 min and 2 h). * and ** indicate statistical 
comparison between Hdac7+/+ and Hdac7−/−  BMM at 
30 min postinfection, and † indicates statistical comparison 
between Hdac7+/+ and Hdac7−/− BMM at 2 h postinfection. 
Graphical data (mean ± SEM, n = 3 to 7) are combined 
from three to seven independent experiments (or donors) 
performed in experimental duplicate. Data are normalized 
to the Hdac7+/+ LPS-treated, EC958-infected, or LPS-coated 
latex beads (E and F). Statistical significance was determined 
using repeated measure two-way ANOVA followed by 
Sidak’s multiple comparison test (ns, not significant;  
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; †P < 0.05).

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 "
IN

R
A

E
, I

N
ST

IT
U

T
 N

A
T

IO
N

A
L

 D
E

 L
A

 R
E

C
H

E
R

C
H

E
 P

O
U

R
 L

'A
G

R
IC

U
L

T
U

R
E

, L
'A

L
IM

E
N

T
A

T
IO

N
 E

T
" 

on
 O

ct
ob

er
 2

5,
 2

02
3 

fr
om

 I
P 

ad
dr

es
s 

14
7.

10
0.

17
9.

23
3.

http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212813120#supplementary-materials


4 of 12   https://doi.org/10.1073/pnas.2212813120� pnas.org

observed in macrophages after HDAC7 targeting might result 
from enhanced phagocytosis and/or impaired bacterial killing. To 
address this, we assessed fluorescently labeled heat-killed 
Escherichia coli (pHrodo Escherichia coli) uptake, finding that this 
was significantly impaired in Hdac7−/− versus Hdac7+/+ BMM 
(Fig. 2D) and in PMA-differentiated THP-1 cells after HDAC7 
silencing (SI Appendix, Fig. S4 A and B). Similarly, class IIa HDAC 
inhibition impaired phagocytosis (~50%) in both BMM (Fig. 2E) 
and PMA-differentiated THP-1 cells (SI Appendix, Fig. S4C). 
Given that HDAC7 is required for optimal bacterial uptake (Fig. 2 
D and E and SI Appendix, Fig. S4 B and C), the contribution of 
this enzyme to bacterial clearance is likely more pronounced than 
suggested by intracellular bacterial survival data (Fig. 2 A and B 
and SI Appendix, Fig. S3A). Indeed, when performing acute 
spin-infections to maximize bacterial uptake (20 min p.i.) and 
assessing bacterial loads at 2 h p.i. relative to those at uptake, 
HDAC7-inhibited macrophages were strikingly impaired for 
Escherichia coli killing (SI Appendix, Fig. S4D).

To further interrogate our model that HDAC7 engages antimi-
crobial responses upon encountering proximal danger, we used mye-
loid-specific HDAC7-overexpressing (Mac-Hdac7) mice (11) and 
RAW 264.7 cells stably overexpressing HDAC7 (36) in gain-of-func-
tion approaches. In both cases, HDAC7 overexpression enhanced 
intracellular Escherichia coli clearance (SI Appendix, Fig. S4 E and F) 
and increased Escherichia coli uptake (SI Appendix, Fig. S4 G and H). 
To further monitor the effect of HDAC7 on phagocytosis versus 
bacterial killing, we used confocal microscopy to visualize intracellular 

Escherichia coli within BMM expressing HDAC7-V5 or not within 
the same BMM population. At 15 min p.i., HDAC7-V5-
overexpressing macrophages accumulated more intracellular bacteria, 
but by 30 min p.i. bacterial loads per macrophage were significantly 
reduced (Fig. 2F). Collectively, these data establish a key role for 
HDAC7 in host defense, in addition to its function in suppressing 
IL-1β production in macrophages responding to proximal danger.

HDAC7 Is Required for Host Defence In  Vivo. HDAC7 has a 
proinflammatory function in vitro and in vivo in response to soluble 
LPS (11), so we next examined whether myeloid HDAC7 switches 
to an antimicrobial and antiinflammatory role in mice responding to 
bacterial infection. C57Bl/6 mice were administered with TMP195 or 
vehicle control and then infected (i.p.) with UPEC (Fig. 3A). Consistent 
with the heightened IL-1β response observed in vitro (Fig. 1B and 
SI Appendix, Fig.  S1A), TMP195 exacerbated infection-induced 
hypothermia (Fig. 3B), a physiological response mediated by systemic 
inflammation (37). At 8 h p.i., UPEC loads in peritoneal exudates, the 
liver and spleen were also substantially increased in TMP195-treated 
mice (Fig. 3 C–E). Similar effects on infection-induced hypothermia 
(Fig. 3F) and UPEC burdens (Fig. 3 G–I) were apparent in myeloid-
deficient Hdac7 knockout mice. End-point analysis of serum cytokines 
confirmed that UPEC-challenged Hdac7-deficient mice displayed 
significantly elevated levels of the inflammatory mediators TNF and 
CCL2, with a trend for increased levels of IFNγ and IL-6 (SI Appendix, 
Table S2). The differences in the specific inflammatory signature 
observed in these in vivo studies by comparison to the in vitro studies in 

A B C

E F 

D

Fig. 2. HDAC7 is required for macrophage-mediated Escherichia coli uptake and clearance. (A) Relative intramacrophage bacterial loads at 2 h p.i. in BMM infected 
with UPEC strain EC958. (B) Relative intramacrophage loads of EC958 at 2 h p.i. in BMM pretreated with the indicated concentrations of TMP195 for 1 h prior to 
infection. (C) Relative intramacrophage loads of EC958 at 2 h p.i. in BMM either pretreated with TMP195 for 1 h prior to infection or 1 h p.i. (D) Phagocytic uptake 
of pHrodo Escherichia coli in indicated BMM populations. (E) Phagocytic uptake of pHrodo Escherichia coli in BMM pretreated with the indicated concentrations 
of TMP195 for 30 min prior to treatment with pHrodo Escherichia coli. Representative flow cytometry plot for BMM (Left) as well as relative median fluorescence 
intensity (MFI) data (Right) are shown. (F) Mac-Hdac7 BMM were spin-infected with MG1655_mCherry for 5 min, after which cells were fixed at the indicated time 
points. Immunofluorescence was performed to detect cells harboring fluorescent bacteria. The indicated image (Left) is representative of three independent 
experiments. Manual quantification of bacterial numbers (Right) was performed across multiple images (minimum 26 cells per time point, per experiment) 
utilizing Image J. Graphical data (mean ± SEM, n = 3 to 7) are combined from three to seven independent experiments performed in experimental duplicates and 
are normalized to the Hdac7+/+ (A and D) or the no TMP195 control sample (B, C, and E). Statistical significance was determined using unpaired nonparametric 
Mann–Whitney test (A), Kruskal–Wallis test followed by Dunn’s multiple comparison test (B, C, and E) or repeated measure two-way ANOVA (D and F), followed 
by Sidak’s multiple comparison test or (ns, not significant; *P < 0.05; ****P < 0.0001).
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BMM (Fig. 1 and SI Appendix, Fig. S1) likely reflect the time of sampling 
and the complex nature of the cytokine network in vivo. Collectively, 
these data confirm that, in response to the proximal threat of a bacterial 
infection, myeloid HDAC7 both initiates rapid antimicrobial responses 
for effective host defense and limits inflammatory responses.

Antimicrobial Effects of HDAC7 Require Its Enzymatic Activity 
and Are Independent of Glycolysis-PKM2. We next addressed the 
mechanisms by which HDAC7 switches from its proinflammatory 
function when responding to distal danger to its antimicrobial 
function upon encountering nearby threats. Class IIa HDACs can 
act via both enzyme-dependent and -independent mechanisms 
(27, 38). We therefore examined class IIa HDAC enzymatic activity 
in macrophages responding to Escherichia coli, finding that infection 
of BMM with UPEC resulted in a rapid increase in this response, 
with this abrogated in Hdac7-deficient BMM (SI Appendix, Fig. S5 
A and B). Given this finding, we next assessed if HDAC7 enzymatic 
activity is required for macrophage antimicrobial responses by 
reconstituting a previously characterized enzyme-dead mutant 
of HDAC7, HDAC7ΔH649A (11), in Hdac7-deficient BMM  

(SI Appendix, Fig. S5C). Both phagocytosis of fluorescent Escherichia 
coli (SI Appendix, Fig. S5D) and Escherichia coli killing (SI Appendix, 
Fig. S5E) were significantly enhanced by wild-type but not enzyme-
dead HDAC7. Furthermore, TMP195 did not increase Escherichia 
coli survival in Hdac7-deficient BMM (SI Appendix, Fig. S5F), thus 
confirming target specificity.

Having established enzyme dependence for the antimicrobial func-
tions of HDAC7, we next investigated whether this function is linked 
to its role in immunometabolism, through inducible glycolysis (11) 
or the pentose phosphate pathway (Fig. 1G). Since glucose fuels both 
pathways, we investigated whether limiting glucose availability with 
2-deoxy-D-glucose (2-DG) (39) impairs the antimicrobial functions 
of HDAC7. Indeed, this regime enhanced intramacrophage UPEC 
survival and abrogated the antimicrobial phenotype of Mac-Hdac7 
BMM, such that intramacrophage bacterial survival was equivalent 
to MacBlue control BMM (SI Appendix, Fig. S5G). HDAC7 pro-
motes LPS-inducible inflammatory responses by deacetylating the 
glycolytic enzyme PKM2 on K433 (11). Here, we found that DASA, 
which antagonizes proinflammatory functions of PKM2 (10) and 
HDAC7 (11), did not affect the antimicrobial functions of HDAC7 

A

B C D E

IHGF

Fig. 3. HDAC7 is required for host defense in vivo. (A) Schematic representation of infection strategy. (B–E) Core body temperature (B) and cfu in peritoneal cavity 
(C), liver (D), and spleen (E) of C57BL/6J mice infected with EC958 in the presence or absence of TMP195. (F–I) Core body temperature (F) and cfu in peritoneal cavity 
(G), liver (H) and spleen (I) of Hdac7+/+ and Hdac7−/− mice infected with EC958. Data show median ± interquartile range of 10 mice per treatment group. Statistical 
significance was determined by two-way ANOVA (B and F) or unpaired nonparametric Mann–Whitney test (C–E and G–I) (*P < 0.05; **P < 0.01; ***P < 0.001).
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(SI Appendix, Fig. S5G). Using the same cells, we confirmed that both 
DASA and 2-DG blocked the capacity of HDAC7 to promote LPS-
inducible IL-1β (SI Appendix, Fig. S5H) and that neither compound 
affected the viability of UPEC-infected macrophages (SI Appendix, 
Fig. S5I). Thus, the HDAC7-PKM2 pathway (11) is not involved in 
HDAC7 antimicrobial functions. Indeed, retroviral overexpression 
of either wild-type PKM2 or its hyperactive deacetylated mimic 
(PKM2-K433R) did not reduce intramacrophage bacterial loads (SI 
Appendix, Fig. S5J), whereas inflammasome-triggered IL-1β release 
in LPS-primed cells was amplified (SI Appendix, Fig. S5K), as expected 
(11). In summary, HDAC7 enzymatic activity is required for its 
capacity to promote bacterial phagocytosis and killing by mac-
rophages, glucose uptake is required for the response, and the mech-
anism is distinct to the HDAC7-PKM2-IL-1β axis.

Antimicrobial Effects of HDAC7 Require PPP- and NADPH 
Oxidase-Dependent ROS. Professional phagocytes engage the 
respiratory burst to generate antimicrobial ROS (40). This rapid 
oxygen-consuming response (41) requires NADPH from the PPP 
(42). Since Escherichia coli triggered HDAC7-dependent PPP 
intermediate production in macrophages (Fig. 1G), we considered 
that HDAC7 may drive NADPH oxidase-dependent ROS for host 
defense. Consistent with this, the rapid Escherichia coli-mediated 
increase in the NADPH/NADP ratio in BMM required HDAC7 
(Fig.  4A). Metabolic flux analysis also confirmed that rapid 
Escherichia coli-inducible oxygen consumption was significantly 
reduced in Hdac7-deficient macrophages (Fig. 4B), consistent with 
a defect in NADPH oxidase activity and the respiratory burst. 
Furthermore, Escherichia coli-inducible oxidative stress, as assessed 
by H2DCFDA staining/flow cytometry, was significantly reduced 
in Hdac7-deficient BMM (Fig. 4C). Conversely, Escherichia coli-
induced oxidative stress was enhanced in HDAC7 overexpressing 
Mac-Hdac7 BMM (Fig.  4D) and RAW 264.7 cells (Fig.  4E). 

Thus, HDAC7-mediated engagement of the PPP enables NADPH 
oxidase-dependent ROS production upon sensing proximal threats.

We next investigated whether ROS has a causal role in HDAC7-
dependent antimicrobial effects. The NADPH oxidase inhibitor 
GSK2795039, which antagonized Escherichia coli-inducible oxidative 
stress (SI Appendix, Fig. S6A), blocked the antimicrobial phenotype of 
Mac-Hdac7 macrophages (Fig. 4F) without affecting cell viability (SI 
Appendix, Fig. S6B). In Escherichia coli, resistance to oxidative stress is 
conferred by a catalase-peroxidase (Hydroperoxidase I), a monofunc-
tional catalase (Hydroperoxidase II), and an alkyl hydroxyperoxidase, 
which are encoded by katG, katE, and ahpCF, respectively (43, 44). 
KatG is important for scavenging peroxide at high H2O2 concentrations 
(44). To further examine the link between HDAC7-mediated ROS 
production and its antimicrobial effects, we generated a ROS-sensitive 
katG UPEC mutant (EC958katG). We predicted that this mutant 
would be susceptible to killing by Mac-Hdac7 macrophages that are 
primed to respond to proximal threats via ROS. As expected, the survival 
of wild-type EC958 was significantly reduced in Mac-Hdac7 BMM by 
comparison to control MacBlue BMM (Fig. 4G). Furthermore, intra-
cellular survival of the EC958katG mutant was significantly reduced in 
Mac-Hdac7 macrophages in comparison to wild-type EC958, whereas 
there was only a modest reduction in its survival in control cells (Fig. 4G). 
Collectively, these data confirm that the PPP- and NADPH-dependent 
ROS production are required for HDAC7-mediated host defense in 
macrophages responding to proximal danger.

HDAC7 Interacts with and Activates 6PGD. We previously used 
a proteomics approach (45) to identify HDAC7-interacting 
partners in macrophages (11). Although that study focused on 
PKM2, the screen also identified the PPP enzyme 6PGD (peptide 
ELLPKIRDSAGQKGTGK: 6.52% protein coverage with 99% 
confidence). 6PGD, along with glucose-6-phosphate dehydrogenase 
(G6PD), generates NADPH for use by the phagocyte NADPH oxidase 

A B C

D E F G

Fig. 4. Antimicrobial effects of HDAC7 require PPP- and NADPH oxidase-dependent ROS. (A) NADPH/NADP+ ratio in the indicated BMM populations infected 
with EC958. (B) Measurement of real time OCR in the indicated BMM populations infected with MG1655 (Left). Area under the curve analysis until 15 min of 
OCR determinations was calculated with post-background correction (Right). (C–E) Measurement of total ROS in the indicated BMM populations (C and D) or 
RAW264.7 (E), pretreated with cM-H2DCFDA (10 μM) for 30 min before infecting them with MG1655 for 30 min. Representative flow cytometry plot (Left), as 
well as relative median fluorescence intensity (MFI) data (Right), are shown for (C and D). (F) Relative intramacrophage EC958 loads at 2 h p.i. in indicated BMM 
populations, pretreated with the NOX2 inhibitor GSK2795039 (GSK, 10 μM) for 1 h. (G) Relative intramacrophage bacterial loads of EC958 or EC958katG at 2 h p.i. 
in the indicated BMM populations. Graphical data (mean ± SEM, n = 3) are combined from three independent experiments and are normalized to the Hdac7+/+ 
uninfected control (C), uninfected MacBlue control (D), uninfected empty vector control (E), or MacBlue control infected with wild type EC958 (F and G). Statistical 
significance was determined using repeated measure two-way ANOVA followed by Sidak’s multiple comparison test [A and B (Left)–G] or unpaired t test with 
Welch’s correction [B (Right)] (ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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to generate antimicrobial ROS (46). We thus considered 6PGD as a 
potential candidate for selective engagement of the PPP in macrophages 
responding to proximal versus distal danger. Indeed, treatment with 
LPS plus latex beads or infection with UPEC as surrogates of proximal 
danger rapidly upregulated 6PGD enzyme activity in BMM, whereas 
LPS or latex beads alone had no effect (Fig. 5A). This implicated 
6PGD as a potential downstream target of HDAC7 in macrophages 
responding to proximal danger. Thus, we next investigated the 
HDAC7-6PGD interaction using coimmunoprecipitation assays. 
In HEK293T cells, 6PGD interacted with HDAC7, but not the 
class IIb HDAC, HDAC6 (Fig. 5B). Using a Leishmania tarentolae 
cell-free protein translation system (LTE) and AlphaLISA assays, we 
also confirmed that the interaction between HDAC7 and 6PGD is 
direct (Fig. 5C). Moreover, the nature of the interaction was distinct 
from that of HDAC7 with PKM2. 6PGD interacted with both the 
N-terminal and C-terminal domains of HDAC7, whereas PKM2 
only interacted with the latter. The HDAC7-6PGD interaction 
was also more pronounced than that of HDAC7-PKM2 in cells, 
as assessed by coimmunoprecipitation assays (Fig.  5D). We next 
assessed whether HDAC7 regulates proximal danger-inducible 6PGD 
activity (Fig. 5A). Here, we found that Hdac7 deletion (Fig. 5E) or 
pharmacological inhibition of HDAC7 with TMP195 attenuated 
UPEC-induced 6PGD activity in BMM (Fig.  5F) and primary 
human macrophages (Fig. 5G). Conversely, HDAC7 overexpression 
increased 6PGD enzymatic activity in transfected HEK293T cells 
(Fig. 5H), without affecting 6PGD protein levels (Fig. 5I). These 
data are consistent with HDAC7-mediated activation of 6PGD for 
antimicrobial ROS generation in macrophages responding to the 
proximal threat of a nearby bacterial pathogen.

HDAC7 Acts via the PPP Metabolite RL5P to Prioritize Responses 
to Proximal Danger Signals. Having established the role of HDAC7 
in 6PGD activation, NADPH production, flux through the PPP, 
and ROS-dependent bacterial killing, we returned to our initial 
observation that HDAC7 limits IL-1β production in macrophages 
responding to proximal danger (Fig. 1 B and D–F and SI Appendix, 
Figs. S1A  and S2 A and D). This inactivation of inflammatory 
responses might enable cells to focus resources on nearby threats. 
Given the preference for HDAC7 in interacting with 6PGD 
over PKM2 (Fig.  5D), we considered that bacterial challenge 
may trigger the HDAC7-6PGD antimicrobial response at the 
expense of the HDAC7-PKM2 inflammatory response. If so, 
HDAC7 overexpression should enhance IL-1β production even in 
cells responding to bacterial challenge. Indeed, this response was 
amplified in Mac-Hdac7 BMM responding to either LPS or UPEC 
(Fig.  6A), in stark contrast to our findings with the differential 
IL-1β response observed in Hdac7-deficient macrophages (Fig. 1 
D and E). Next, we investigated whether HDAC7-mediated 
IL-1β suppression is linked to PPP engagement in macrophages 
responding to proximal danger. Here, we found that PPP inhibition 
with 6-aminonicotinamide (6-AN) or polydatin (PD) increased 
IL-1β in macrophages responding to UPEC (Fig. 6B). IL-1β levels 
in PPP-inhibited BMM were similar to those in Hdac7−/− BMM, 
and PPP inhibition did not further increase this response in Hdac7-
deficient BMM. In contrast, UPEC-induced TNF was not affected 
by PPP inhibition or Hdac7 deficiency (SI Appendix, Fig. S6C). 
This implicates the PPP in HDAC7-mediated inhibition of IL-1β 
in macrophages responding to proximal threats.

NADPH oxidase-mediated ROS production requires the PPP. 
Although ROS is implicated in NLRP3 inflammasome activation 
(47, 48), CGD patient cells that are defective in NADPH oxidase 
activity (49, 50) display heightened inflammasome activation and 
IL-1β release (16, 18). However, our findings are consistent with 
HDAC7 controlling inflammasome priming, rather than activation 

(Fig. 1D and SI Appendix, Fig. S1 B and E). Consistent with this, 
the NADPH oxidase inhibitor GSK2795039, which abrogated 
Escherichia coli-inducible ROS (SI Appendix, Fig. S6A), did not alter 
IL-1β production in wild-type or Hdac7−/− macrophages responding 
to LPS or UPEC (SI Appendix, Fig. S6 D and E). Similarly, 
GSK2795039 did not affect IL-1β release in the HDAC7 overex-
pression system (SI Appendix, Fig. S6 F and G). This suggests that 
NADPH oxidase-dependent ROS does not regulate IL-1β in this 
setting. We therefore investigated whether 6PGD itself regulates 
IL-1β, given that this PPP enzyme is activated by HDAC7 (Fig. 5 
E–H). Indeed, Pgd silencing (SI Appendix, Fig. S6H) amplified 
inflammasome-triggered IL-1β release in LPS-primed BMM 
(Fig. 6C). As with earlier experiments examining HDAC7 functions 
in BMM (SI Appendix, Figs. S1C and S2B), inducible TNF pro-
duction was unaffected by Pgd knockdown (SI Appendix, Fig. S6I). 
Consistent with these Pgd silencing data, ectopic expression of 
6PGD in BMM attenuated inducible IL-1β (Fig. 6D). In this gain-
of-function approach, 6PGD overexpression also significantly 
reduced LPS-induced TNF (SI Appendix, Fig. S6J). However, the 
effect of 6PGD was selective, since LPS-induced IL-6 was unaffected 
(SI Appendix, Fig. S6K). These experiments reveal that 6PGD serves 
a dual role during innate immune responses to proximal threats, 
providing NADPH to fuel phagocyte oxidase-mediated ROS pro-
duction for bacterial killing and limiting inflammatory responses 
to enable cells to focus their resources on bacterial killing.

To further probe mechanisms by which 6PGD suppresses 
inflammatory responses, we examined RL5P, the enzymatic prod-
uct of 6PGD. Remarkably, RL5P treatment suppressed LPS-
inducible IL-1β in human and mouse macrophages (Fig. 6 E and 
F). In BMM, and to a lesser extent HMDM, this effect was much 
less pronounced in cells responding to UPEC. Thus, RL5P shows 
some selectively in attenuating inflammatory mediator production 
in macrophages responding to signals of distal versus proximal 
danger, likely because the PPP is already engaged in response to 
the latter. RL5P also reduced inducible TNF in macrophages 
(Fig. 6 G and H). In this case, RL5P dramatically reduced secreted 
TNF levels in HMDM, whereas the effect on BMM was modest 
and selective for responses to LPS versus Escherichia coli. These 
phenotypes are reminiscent of the more pronounced effects of 
HDAC7 inhibition on LPS-induced TNF in HMDM (Fig. 1C) 
by comparison to BMM (SI Appendix, Fig. S1D), as well as the 
effect of 6PGD overexpression on LPS-induced TNF in BMM 
(SI Appendix, Fig. S6J). However, antiinflammatory effects of 
RL5P in both HMDM and BMM were selective, since this metab-
olite did not affect inducible IL-6 in response to either distal or 
proximal threats (SI Appendix, Fig. S7 A and B). Thus, HDAC7-
dependent RL5P production suppresses specific inflammatory 
responses in macrophages responding to proximal threats.

The RL5P-producing enzyme 6PGD can physically interact 
with and regulate the phagocyte oxidase (51, 52), so it is conceiv-
able that bacteria in the phagosome being subjected to oxidative 
stress may also encounter RL5P. We thus considered that this 
metabolite may exert direct antimicrobial effects, particularly in 
the presence of ROS. Here, we found that when UPEC were grown 
in a concentration of hydrogen peroxide that minimally affected 
bacterial growth (0.8 mM H2O2), RL5P significantly attenuated 
UPEC growth in a dose-dependent manner (Fig. 6I and SI 
Appendix, Fig. S7C). This effect was also apparent for UPEC cul-
tured with 1 mM H2O2 that dramatically impaired bacterial 
growth (SI Appendix, Fig. S7D). Importantly, RL5P did not affect 
UPEC growth in the absence of oxidative stress (SI Appendix, 
Fig. S7E). Furthermore, in contrast to RL5P, the upstream PPP 
metabolite and 6PGD substrate, 6-phosphogluconate (6PG), did 
not affect UPEC growth in the presence of H2O2 (Fig. 6J and  D
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SI Appendix, Fig. S7F). These data thus implicate RL5P in oxida-
tive stress-mediated antimicrobial responses in macrophages. In 
summary, our study supports a model in which HDAC7 can coopt 
the glycolytic enzyme PKM2 to drive inflammatory responses upon 
sensing distal threats, as well as instruct both antimicrobial defense 
via 6PGD-NADPH-ROS/RL5P and inflammation suppression 
via 6PGD-RL5P upon encountering the threat of nearby bacteria 
(SI Appendix, Fig. S8).

Discussion
Here, we reveal that HDAC7 in macrophages triages incoming 
danger signals, functioning as an immunometabolic switch for 
context-dependent control of inflammatory and antimicrobial 
pathways (SI Appendix, Fig. S8). Upon encountering the proximal 
threat of UPEC, HDAC7 engages 6PGD in the anabolic PPP to 
switch on ROS-dependent bacterial killing and switch off proin-
flammatory IL-1β. Remarkably, two metabolites generated by 

A B C

D E

F G H I

Fig. 5. HDAC7 interacts with and activates 6PGD. (A) 6PGD activity assay on lysates from BMM that had been treated for 0.5 h or 2 h with either LPS (1 ng/mL), latex 
beads, or LPS plus latex beads or infected with EC958 (MOI 100). (B) Immunoblot of coimmunoprecipitation assay using HEK293T lysates to assess 6PGD interactions 
(representative of three independent experiments). (C) AlphaLISA assay to analyze the interaction between HDAC7 and 6PGD, PKM2, or FKBP (negative control) following 
cell-free expression of indicated proteins. (D) Immunoblot (representative of three independent experiments, Left) of coimmunoprecipitation assay using HEK293T 
lysates to assess strength of HDAC7 interaction with target proteins (6PGD versus PKM2). Interactions were quantified by densitometric analysis of FLAG-tagged proteins 
(Right). (E) 6PGD activity assay on lysates from the indicated BMM populations infected with EC958 for 2 h. (F and G) 6PGD activity assay on lysates from BMM (F) or 
HMDM (G) pretreated with TMP195 (10 μM) for 1 h followed by infection with EC958 for 2 h. (H and I) 6PGD activity assay on lysates from HEK293T cells cotransfected 
with the indicated constructs (H). Immunoblotting was performed on the lysates to confirm similar expression of the proteins (I, representative of three independent 
experiments). Graphical data (mean ± SEM, n = 3 to 4) are combined from at least three independent experiments and are normalized to untreated control (A), Hdac7+/+ 
uninfected control (E), uninfected control (F), or 6PGD alone (H). 6PGD enzyme activity was normalized to the total protein in the lysate (A, E–G). Statistical significance 
was determined using two-way ANOVA (A and C–E), repeated measure one-way ANOVA with Giesser Greenhouse correction (F and H), or nonparametric Kruskal–Wallis 
test (G) followed by Tukey’s, Dunn’s, Dunnett’s, or Sidak’s multiple comparison test (ns, not significant; *P < 0.05; **P < 0.01; ****P < 0.0001).
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6PGD appear to be deployed for this context-dependent response 
to nearby danger. NADPH fuels the phagocyte oxidase system for 
antimicrobial ROS while RL5P serves dual roles, enhancing ROS-
mediated antibacterial defense and selectively dampening 

inflammatory responses. The triggering of this pathway by HDAC7 
contrasts with its proinflammatory function in cells responding to 
soluble danger signals such as LPS, where it uses the glycolytic 
enzyme PKM2 to promote IL-1β production (11). This coopting 

A B C

E

G H

J

D F

I

Fig. 6. HDAC7 acts via the PPP metabolite RL5P to prioritize responses to proximal danger signals. (A) IL-1β release from the indicated BMM populations 
infected with either EC958 (MOI 10) or treated with LPS (100 ng/mL) for 4 h, followed by an additional treatment with nigericin for 1 h. (B) IL-1β release from the 
indicated BMM populations pretreated with the PPP inhibitors 6-aminonicotinamide (6-AN) (0.5 μM) or polydatin (PD) (0.5 μM) for 1 h, followed by infection with 
EC958 for 4 h. Additional nigericin treatment for 1 h followed. (C) IL-1β release from BMM knocked down for the indicated genes, treated with LPS (0.5 ng/mL) 
for 4 h followed by nigericin treatment for 1 h. (D) IL-1β release from BMM retrovirally transduced with indicated constructs, treated with LPS (0.5 ng/mL) for 4 h 
followed by an additional treatment with nigericin for 1 h. (E–H) IL-1β and TNF release from HMDM and BMM pretreated with the indicated concentrations of 
ribulose-5-phosphate for 16 h, followed by LPS (10 ng/mL) or infection with EC958 for 4 h. Additional treatment with nigericin for 1 h followed. (I and J) Growth 
curve analysis (A600) of EC958 cultured ± H2O2 (0.8 mM) in the presence of the indicated concentrations of RL5P (I) or 6-phosphogluconate (6PG) (J) for 12 h. All 
graphical data (mean ± SEM, n = 3 to 6) are combined from three to six independent experiments unless otherwise specified and are normalized to the MacBlue 
(A), Hdac7+/+ (B), LPS-treated no siRNA control (C), LPS-treated empty vector control (D), or LPS-treated BMMs (F, H). Statistical significance was determined using 
repeated measure two-way ANOVA followed by Sidak’s, or Dunnett’s multiple comparison test (A–H) (ns, not significant; *P < 0.05; **P < 0.01; ****P < 0.0001).
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of distinct metabolic enzymes by HDAC7 provides a means of 
rapidly directing resources toward proinflammatory versus anti-
bacterial responses. It also enables HDAC7 to prioritize danger 
signals, focusing efforts on bacterial killing when proximal threats 
are encountered. The biological significance of this is highlighted 
by our observations that targeting of HDAC7 dampens LPS-
induced inflammation in vivo (11) but exacerbates inflammatory 
responses during bacterial infection (Fig. 3). The interplay between 
glycolysis and the PPP in macrophages is reminiscent of a recent 
study showing that selective engagement of glycolysis dampened 
flux through the PPP, reducing NADPH oxidase-dependent out-
puts in neutrophils (53).

Our discovery of immunomodulatory and antimicrobial effects 
of the 6PGD product RL5P (Fig. 6 E–J and SI Appendix, Fig. S7) 
provides an avenue for exploiting the PPP to dampen inflamma-
tion without compromising host defense, for example, through 
RL5P or RL5P analogs in inflammatory conditions. How RL5P 
exerts its immunomodulatory effects, for example, through recep-
tor-mediated signaling and/or direct inhibition of inflammatory 
gene expression, remains an exciting question for the future. 
Interestingly, 6PGD is required for T regulatory cell functions 
(54), so it is possible that RL5P also contributes to the immuno-
suppressive functions of these cells and in controlling immune 
responses. Mechanisms by which RL5P limits bacterial growth is 
also an open question. This PPP metabolite only impaired bac-
terial growth in UPEC experiencing oxidative stress (Fig. 6 I and 
J and SI Appendix, Fig. S7E). The PPP, and ribulose-5-phosphate 
3-epimerase in particular, is susceptible to poisoning by H2O2 in 
Escherichia coli (55). One possibility, therefore, is that RL5P sen-
sitizes UPEC to ROS-mediated inactivation of the PPP. Another 
is that oxidative stress enables RL5P or a downstream metabolite 
to exert direct antimicrobial effects. Whatever the mechanisms, 
our data suggest that 6PGD and RL5P may be important players 
in ROS-mediated host defense. It will thus be of interest to char-
acterize the spectrum of bacterial species that are sensitive to 
RL5P.

The importance of PPP-derived NADPH in host defense is exem-
plified by its link to the phagocyte NADPH oxidase and CGD. The 
PPP is required for NADPH generation to fuel the enzymatic func-
tion of the phagocyte oxidase (21), with genetic deficiencies in this 
enzyme complex leading to recurrent life-threatening infections 
(15). More direct links between the PPP and host defense have long 
been appreciated. A patient with complete deficiency in the PPP 
enzyme G6PD succumbed to fatal sepsis, with impaired bactericidal 
activity being noted in their leukocytes (56). A similar CGD-like 
phenotype was observed in another individual with complete G6PD 
deficiency (57) and several others have more recently been reported 
(58). These rare, severe immunodeficiencies contrast with more 
common genetic defects in which G6PD function is not completely 
defective and that generally does not compromise innate immune 
defense, instead predisposing to haemolytic anaemia (59). As with 
G6PD, 6PGD also generates NADPH that fuels the phagocyte 
oxidase to generate ROS (60), but its role in host defense has been 
explored in only a limited way. 6PGD was identified as a component 
of the active phagocyte NADPH oxidase complex in neutrophils 
(61), promoting both NADPH binding to the phagocyte oxidase 
and its enzymatic activity (52). Our demonstration that bacterial 
infection increases 6PGD enzymatic activity via HDAC7 in mouse 
(Fig. 5 E and F) and human macrophages (Fig. 5G) suggests that 
this may be a key regulatory mechanism for switching on NADPH 
oxidase-dependent ROS in macrophages and, potentially, neutro-
phils. Certainly, several lines of evidence from our study link 
HDAC7 to NADPH oxidase-dependent ROS production in mac-
rophages. These include host genetic data revealing HDAC7 

involvement in Escherichia coli-inducible NADPH production 
(Fig. 4A), rapid oxygen consumption (Fig. 4B), and acute oxidative 
stress (Fig. 4 C–E); bacterial genetic data linking a ROS-sensitive 
UPEC mutant to HDAC7-mediated killing (Fig. 4G); and phar-
macological data demonstrating that NADPH oxidase is required 
for HDAC7-mediated bacterial killing (Fig. 4F).

HDAC7 and other members of the class IIa HDAC family are 
often considered as inactive enzymes (62). This view is challenged 
by recent demonstrations that LPS rapidly activates HDAC7 enzy-
matic activity in macrophages (29) and that this is necessary for 
driving production of specific proinflammatory mediators (11, 29). 
Here, we reveal that UPEC infection of murine macrophages also 
activated HDAC7 enzymatic activity (SI Appendix, Fig. S5B), with 
this promoting both phagocytosis (SI Appendix, Fig. S5D) and 
bacterial killing (SI Appendix, Fig. S5E). Given that HDAC7 also 
instructs inflammatory responses via deacetylation of PKM2 (11), 
this lysine deacetylase is emerging as a key player in macrophage 
metabolism, inflammation, and host defense. Our findings there-
fore challenge the widely held view that class IIa HDAC proteins 
lack enzymatic activity in cells. Whether HDAC7 enzymatic activ-
ity is required for PPP activation and ROS production in mac-
rophages responding to proximal threats is unknown. The enzymatic 
activities of both G6PD and 6PGD are regulated by lysine acetyl-
ation. For example, acetylation at K403 deactivates G6PD in 
HEK293T cells (63), whilst acetylation at K74 and K294 enhances 
6PGD activity in H1299 cells (64). Interestingly, a constitutively 
deacetylated form of 6PGD was associated with an enhanced ROS 
response (64). It is therefore possible that HDAC7-mediated 
deacetylation of 6PGD in macrophages is essential for generating 
ROS, consistent with our findings linking HDAC7 to inducible 
ROS and ROS-dependent bacterial killing (Fig. 4 B–G). This 
would fit with the observation that HDAC7 enzymatic activity is 
required for its antimicrobial functions (SI Appendix, Fig. S5E). 
However, it is also possible that HDAC7 regulates 6PGD via non-
enzymatic mechanisms, with the antimicrobial effects of HDAC7 
enzymatic activity being a consequence of phagocytosis-mediated 
host defense.

Although ROS is often considered a culprit in acute and 
chronic disease, NADPH oxidase-generated ROS can limit 
inflammation-mediated pathology in some circumstances. For 
example, superoxide inhibits caspase-1 function through cysteine 
oxidation (65), with mononuclear cells from CGD patients dis-
playing enhanced caspase-1 activation and IL-1β release (16). 
Dysregulated inflammasome responses are thought to contribute 
to inflammation-associated clinical manifestations, such as coli-
tis, in CGD patients (66). Initially, our characterization of the 
HDAC7-PPP-6PGD axis seemed to be consistent with this 
NADPH oxidase-dependent constraint of inflammasome 
responses via ROS. However, NADPH oxidase inhibition did 
not influence HDAC7-mediated control of IL-1β (SI Appendix, 
Fig. S6 D–G). Given that HDAC7 constrains Escherichia coli-in-
ducible IL-1β through the PPP (Fig. 6B), this suggests an addi-
tional ROS-independent mechanism of regulatory control by 
this pathway. Consistent with this, methionine and 
S-adenosylmethionine both enhance the PPP and inhibit inflam-
matory responses (67–69). Our studies support a common mech-
anism by which HDAC7-mediated PPP activation both promotes 
ROS production and constrains IL-1β, namely via 6PGD. Given 
that 6PGD interacts with and regulates the phagocyte NADPH 
oxidase (52, 61), it will be of interest to determine whether 
defective 6PGD localization and/or function contributes to the 
excessive IL-1β response and inflammation-associated pathology 
characteristic of CGD patients (70). Our findings may also have 
broader implications for understanding inflammation-driven D
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disease. Given the central role of IL-1β in driving pathology in 
many conditions (71), 6PGD agonists, RL5P analogs, and/or 
activators of the HDAC7-6PGD pathway may have potential in 
antiinflammatory drug development.

Our discovery of the HDAC7-6PGD axis also has implications 
for targeting HDAC7 in other disease contexts. 6PGD contrib-
utes to tumor growth and metastasis in many cancers (60, 72) 
and constrains anti-tumor responses of CD8 T cells (73). Thus, 
HDAC7 antagonists may offer an alternative approach to target 
6PGD for anticancer applications. Interestingly, inhibition of 
class IIa HDACs reduced tumor burden and metastasis in a 
mouse breast cancer model (74). This was attributed to the 
recruitment of anti-tumor macrophages, but it is possible that 
PPP inhibition also contributes to the anticancer effects of inhib-
itors of class IIa HDACs. In contrast to its potential role in 
limiting inflammatory disease pathology in CGD patients, 
NADPH oxidase-dependent ROS is implicated in tissue damage 
in other circumstances. For instance, Nox2-deficient mice were 
protected against TNF-induced lung inflammation (75), sep-
sis-induced lung microvascular injury (76), pulmonary fibrosis 
(77), and atherosclerotic lesions (78). Thus, targeting HDAC7 
in these contexts may limit pathology by attenuating proinflam-
matory ROS production.

In summary, we establish a unique, context-dependent role for 
HDAC7 in regulating macrophage functions upon encountering 
proximal threats, identifying 6PGD as a downstream target that 
both engages host defense through one of its enzymatic products 
(NADPH) and limits inflammatory responses through another 
(RL5P). We propose that this dual functionality of 6PGD in gen-
erating both NADPH to fuel phagocyte oxidase-mediated ROS 
and RL5P for inhibition of inflammatory mediators may enable 
host cells to focus their resources on direct microbial destruction 
rather than on energy-demanding immune cell recruitment during 
early responses to infection. Moreover, our characterization of the 
HDAC7-6PGD-RL5P axis identifies an upstream control point 
for directing inflammatory versus antimicrobial responses in 
innate immune cells, a finding that may be amenable to antiin-
fective and/or antiinflammatory strategies.

Materials and Methods

Ethics Statement. All animal studies were approved by the appropriate 
University of Queensland animal ethics committee (IMB/123/18, IMB/118/15, 
IMB/118/18, IMB/121/15, and IMB/327/17). Human peripheral blood was col-
lected from healthy donors following informed consent, after which mononuclear 
cells were isolated, as described in SI Appendix, Supplementary Materials and 
Methods. All experiments that involved the isolation and functional analyses of 
these cells were approved by The University of Queensland Institutional Human 
Research Ethics Committee.

Animals. Male and female C57BL/6J mice of 8 to 12 wk of age were obtained 
from an in-house breeding colony within the QBP animal house (The University of 
Queensland) or from the animal resources centre (Murdoch, WA). Mac-Hdac7 mice, 
which overexpress HDAC7 in myeloid cells, have previously been described (11). 
Littermate MacBlue mice expressing cyan fluorescent protein (CFP) in myeloid cells 
(79) were used as controls for studies using Mac-Hdac7 mice. Myeloid-deleted 
Hdac7 mice (Hdac7−/−) (11) were obtained by crossing Hdac7flox/flox/LysMCre 
mice with Hdac7flox/flox mice, with littermate Hdac7flox/flox (Hdac7+/+) mice used 
as controls (80). As an additional control to ensure that the LysMCre allele did not 
confound data interpretation, functional assays (IL-1β release by ELISA, Escherichia 
coli-induced ROS production, and intracellular UPEC loads in macrophages) were 
performed to compare the phenotypes of BMM from LysMCre, Hdac7+/+, and 
Hdac7−/− mice (SI Appendix, Fig. S9 A–D). Tlr4−/− mice (81) were maintained on 
a C57BL/6J background at the QBP animal house.

In Vivo Studies. C57BL/6J mice were administered with 50 mg/kg TMP195 
or vehicle (DMSO) for 1 h and then i.p. infected with EC958 (2  × 106 CFU 
in 100 µL). Alternatively, Hdac7flox/flox/LysMCre (Hdac7−/−) and Hdac7flox/flox 
littermate control mice (Hdac7+/+) were i.p. infected with UPEC strain EC958 
(2  × 106 CFU). At indicated time points, the core body temperature was 
recorded using a rectal thermometer (Warner Instruments, Cat – 64-1654). 
Mice were euthanized at 8 h post-challenge, after which peritoneal exudates, 
livers, and spleens were collected. Peritoneal exudates were centrifuged and 
lysed using PBS containing 0.01% Triton X-100. To determine bacterial loads 
in the spleen and liver, organs were homogenized in 1 mL PBS utilizing a T10 
Ultra Turrax homogenizer (spleen: speed 3, 15 s; liver: speed 4, 1 min). Triton 
X-100 was added to a final concentration of 0.1%, with homogenates plated 
overnight on ampicillin (100 mg/mL)-containing LB plates to determine CFU 
per organ.

Statistical Analysis. Where statistical analyses were performed, data were 
combined from three or more independent experiments, with each experiment 
designated by a different symbol. In the case of experiments on primary human 
macrophages, each experiment also used cells from a different donor. Statistical 
analyses were performed using Prism 8 software (Graph-Pad) with error bars 
indicating the SEM or interquartile range. Details of statistical tests are provided 
in SI Appendix, Supplementary Methods.

Detailed Methodologies. Details of all chemicals and reagents, along with 
detailed methodologies (bacterial and mammalian cell culture, gene expression 
analysis, cytokine analysis, biochemical assays, metabolomic analysis, infection 
assays, and analysis of ROS production and phagocytic uptake of bacteria), are 
provided in SI Appendix, Supplementary Methods.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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