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Macrophages respond to microbial ligands and various noxious
cues by initiating an inflammatory response aimed at eliminating
the original pathogenic insult. Transition of macrophages from a
proinflammatory state to a reparative state, however, is vital for
resolution of inflammation and return to homeostasis. The molec-
ular players governing this transition remain poorly defined. Here,
we find that the reparative macrophage transition is dictated by
B-cell adapter for PI3K (BCAP). Mice harboring a macrophage-
specific deletion of BCAP fail to recover from and succumb to dextran
sulfate sodium-induced colitis due to prolonged intestinal inflamma-
tion and impaired tissue repair. Following microbial stimulation, gene
expression in WT macrophages switches from an early inflamma-
tory signature to a late reparative signature, a process that is
hampered in BCAP-deficient macrophages. We find that absence
of BCAP hinders inactivation of FOXO1 and GSK3p, which con-
tributes to their enhanced inflammatory state. BCAP deficiency
also results in defective aerobic glycolysis and reduced lactate
production. This translates into reduced histone lactylation and
decreased expression of reparative macrophage genes. Thus, our
results reveal BCAP to be a critical cell-intrinsic switch that regu-
lates transition of inflammatory macrophages to reparative mac-
rophages by imprinting epigenetic changes.
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M acrophages are highly plastic cells of the innate immune
system that can perform a wide range of functions to ad-
vance and resolve inflammation (1, 2). During infection, classi-
cally activated or inflammatory macrophages are vital for the
initial sensing of pathogens, and mediate inflammation through
the secretion of proinflammatory cytokines like TNF and IL-12,
which are necessary for microbial killing (3-6). However, if left
unchecked, this inflammation can lead to widespread damage of
the surrounding tissues (3-6). Alternatively, activated or repar-
ative macrophages are responsible for dampening this inflam-
matory response and are involved in tissue repair by inducing
matrix deposition and fibrogenesis (4, 7-9). Reparative macro-
phages express molecules such as arginase-1 (ARGI1) and
Kriippel like factor-4 (KLF4), which aid in their function (7, 10,
11). ARG1 is an enzyme that can suppress the formation of nitric
oxide and is necessary for providing metabolites essential for
effective wound repair (10, 12). KLF4 is a transcription factor
that sustains the reparative gene signature in macrophages by
promoting the expression of ARG1 and other reparative genes,
like CD206 (11, 13).

In recent years, the importance of modulating macrophage
responses along the inflammatory-reparative spectrum has be-
come clear with regards to multiple inflammatory diseases, in-
cluding atherosclerosis, obesity, cancer, and colitis, where altered
macrophage states are hallmarks of disease (2, 14-22). During
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inflammatory diseases, macrophages modulate their behavior
based on the microenvironmental cues they sense, which can
often perpetuate the physiological problem due to persistent
inflammation (2, 14-22). However, during wound repair, mac-
rophages alter their function to limit inflammation and instead
focus on clearing debris and promoting effective wound healing
(23). While many studies have investigated the inflammatory and
reparative capacity of macrophages by using a forced polariza-
tion system (3, 10-13, 24), it is important to note that within a
normal inflammatory response, macrophages can respond to
different microenvironmental cues and modulate their behavior
along this inflammatory spectrum (25). This means that a cell
can participate sequentially in both the induction and the reso-
lution of inflammation (25). In short, the conventional M1-M2
denomination of macrophage states is only representative of
their behavioral extremes, and it is therefore important to discuss
macrophage behavior in terms of their broad inflammatory and
reparative states that reflect true biology (3, 5, 8, 24). Recent
work has shed light into a novel epigenetic modification that can
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modulate macrophage transition. It was shown that inflamma-
tory macrophages undergo a novel histone modification, referred
to as histone lactylation, which is dependent on aerobic glycolysis
following M1 polarizing conditions (26). This modification allowed
macrophages to up-regulate tissue repair signature following in-
flammatory stimulus. However, despite understanding the im-
portance of macrophage transition between different states, the
molecular events and players determining this response have yet
to be elucidated.

Macrophages express a diverse set of pattern recognition re-
ceptors (PRRs) that allow them to detect various infectious in-
sults and mount an appropriate inflammatory response (27).
Stimulation of these PRRs, such as Toll-like receptors (TLRs),
lead to macrophage activation and the production of proin-
flammatory, NF-kB- and AP1-dependent cytokines like TNF,
IL-6, and IL-12 (27, 28). These cytokines play a major role in
recruiting other innate cells to the site of infection and eventually
destroying the pathogenic insult. During TLR signaling, multiple
adapters and kinases coordinate the signaling cascade that cul-
minates in induction of inflammatory effectors. Numerous pro-
teins, such as A20, IL-1 receptor-associated kinase (IRAK)-M
and single immunoglobulin IL-1R-related molecule (SIGIRR)
have evolved to regulate TLR signaling by inhibiting interaction
of adapters and kinases, thereby offsetting potentially damaging
effects of prolonged cytokine production (29-32). Another im-
portant signaling event downstream of TLR engagement is the
tandem activation of the PI3K-AKT pathway (33-35). The PI3K-
AKT axis is known to be important in many cell types as its
engagement promotes cell survival, proliferation, and protein
synthesis (36). Following TLR ligation, PI3K phosphorylates and
activates AKT, which plays a role in subsequently negatively
regulating inflammatory responses by phosphorylating target
proteins like glycogen synthase kinase 3p (GSK3p) and forkhead
box protein O1 (FOXO1) (34, 35, 37, 38). GSK3p regulates the
inflammatory response by differentially affecting the nuclear
amounts of transcription factors NF-kB subunit p65 and CREB
interacting with the coactivator CBP (37). FOXOL1 is a tran-
scriptional regulator of the 7lr4 gene and helps promote NF-«xB
transcription of inflammatory effectors (38).

We previously identified a novel TLR signaling adapter called
B-cell adapter for PI3K (BCAP) that mediates the activation of
the PI3K-AKT pathway following TLR ligation (39-41). Im-
portantly, the absence of BCAP led to exaggerated inflammatory
responses after TLR activation, demonstrating that BCAP plays
a critical role in the negative regulation of inflammation (39-41).
The exaggerated inflammatory responses in BCAP-deficient
macrophages were not due to enhanced activation of either
NF-xB or MAP kinases, as these were unaltered. This suggested
that BCAP could be modulating other effectors that regulate
macrophage behavior following an inflammatory stimulus. As
BCAP plays a central role in linking TLR signaling to the PI3K-
AKT pathway, we hypothesized that BCAP might play an im-
portant role in modulating macrophage behavior that extends
beyond regulating inflammatory cytokine production. Using both
in vivo and in vitro approaches, we found that macrophage-
intrinsic BCAP is responsible for coordinating the transition of
macrophages from an inflammatory state to a reparative state,
henceforth referred to as reparative macrophage transition, by
dampening inflammation and up-regulating homeostatic/tissue
repair genes. We identified two distinct phases of this transition.
The first phase is defined by TLR engagement and NF-xB ac-
tivation, culminating in the production of inflammatory effec-
tors. During this phase, engagement of the PI3K-AKT pathway
leads to inactivation of both FOXO1 and GSK3p resulting in the
down-regulation of NF-kB targets (37, 38). In the second phase,
macrophages undergo metabolic reprogramming that results in
aerobic glycolysis, which is necessary for the production of lac-
tate (42—44). The accumulation of lactate is used by the cell to
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efficiently promote reparative macrophage transition via the
induction of histone lactylation (26). We find that in the absence
of BCAP, macrophages do not engage the PI3K-AKT-FOXO1-
GSK3p axis, which renders them hyperinflammatory. Abrogation
of the PI3K-AKT pathway reduced aerobic glycolysis in BCAP-
deficient macrophages, which resulted in decreased lactate pro-
duction and defective histone lactylation, ultimately leading to
impaired expression of tissue-repair genes. In mice that lack
BCAP specifically in macrophages, this translates into compro-
mised tissue repair following dextran sulfate sodium (DSS)-in-
duced inflammatory colitis. These results suggest that BCAP is a
central regulator of macrophage behavior and acts as a critical
cell-intrinsic switch for macrophages to transition from inflam-
matory state to reparative state, through metabolic reprograming
and epigenetic imprinting.

Results

Macrophage-Intrinsic BCAP Regulates Intestinal Inflammation and
Tissue Repair. We have previously shown that BCAP-deficient
mice are more susceptible to DSS-induced colitis, marked by
increased inflammation and tissue damage (39). Given the im-
portance of macrophages in resolving inflammation and repair-
ing tissue damage (7, 21), we hypothesized that macrophage-
intrinsic BCAP could be a driver in this heightened susceptibil-
ity to colitis. To test this, we generated mice that lacked BCAP
specifically in macrophages by breeding mice harboring the floxed
allele of BCAP (45) to mice carrying a LyzM Cre promoter-driven
transgene (46). This cross yielded littermates with macro-
phages sufficient (BCAP"™; BCAP™™) or deficient (BCAP"™ x
LyzM-Cre; BCAP*™?®) for BCAP. Bone marrow-derived macro-
phages (BMDM) from BCAP*™® mice showed efficient deletion
of BCAP whereas BMDM from BCAP™" showed normal ex-
pression (SI Appendix, Fig. S14). To investigate the role of
macrophage-intrinsic BCAP in regulating intestinal inflamma-
tion, BCAP*M® and BCAPWT littermates were treated with
2.5% DSS ad libitum. We found that BCAP*™® mice suffered
from more severe weight loss, colon shortening, and widespread
tissue pathology marked by crypt ablation and immune cell
infiltration (Fig. 1 A-C and SI Appendix, Fig. S1B). These re-
sults confirm that deletion of BCAP specifically in macrophages
led to similar DSS-induced colitis susceptibility, as was reported
in the full-body BCAP-deficient mice (39), suggesting that
macrophage-intrinsic BCAP is critical to reduce susceptibility
to colonic inflammation and disease. During colitis, inflam-
mation causes the recruitment of inflammatory monocytes and
neutrophils and leads to further epithelial damage (47). We
found that BCAP*M® mice displayed increased recruitment and
infiltration of inflammatory monocytes (CD11b* Ly6C*Ly6G™)
in the lamina propria (LP) (Fig. 1D). We also detected higher
transcripts of the chemokine Cxc/I and neutrophil surface marker
Ly6g (Fig. 1E) in the colonic tissues and higher neutrophilic
infiltration in the LP (SI Appendix, Fig. S1C), suggesting that
BCAP*M? mice exhibited increased colonic inflammation following
DSS treatment than their BCAPWT littermates.

Resolution of inflammation is a tightly coordinated process
with an important contribution from reparative macrophages
(21, 23, 47, 48). This process is characterized by sequential yet
overlapping stages of acute inflammation followed by tissue re-
pair that aims to restore tissue integrity and physiological func-
tion (21). To better understand the behavior of macrophages in
this widespread colonic inflammation, we profiled tissue resident
macrophages by flow cytometry. We found that the percentage
of reparative macrophages (CD11b*CD206™) and expression of
CD206 (Mrcl) were reduced in BCAP*M® LP compared to
BCAP™' (Fig. 1 F and G). These data suggest that absence of
BCAP negatively affected the presence of reparative macrophages
in the colonic tissue. Since reparative macrophages promote
proper tissue repair following inflammatory damage, we asked
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Fig. 1. Macrophage intrinsic BCAP regulates inflammation and repair response in vivo. (A) Weight loss of BCAP™fl and BCAP*M® mice during 2.5% DSS
treatment. (B) Mice from A were killed on day 9 and colons were measured from cecum to the rectum. (C) H&E stain of the colon from B. Arrowheads denote
area of cell immune infiltration and crypt ablation. (Scale bar, 100 um.) Data from A-C are representative of at least three independent experiments with n =
6 per genotype. (D) Flow cytometry of LPLs isolated after 9 d of DSS treatment showing inflammatory monocytes (CD11b* Ly6C™ Ly6G™). Representative plot
(Left) with quantification (Right). (E) Expression of Cxcl/1 and Ly6g was measured by qPCR from colonic tissue after DSS treatment, normalized to Hprt1. (F)
Flow cytometry of LPLs isolated after 9 d of DSS treatment showing reparative macrophages (CD11b* CD206"). Representative plot (Left) with quantification
(Right). (G) Expression of Mrc1 (CD206) measured by qPCR from colonic tissue isolated from F, normalized to Hprt1. (H) Diagram of DSS repair model including
7 d of 2.5% DSS treatment followed with 9 d of water (made using Biorender). (/) Weight loss of BCAP™ and BCAPAM® mice during DSS and water treatment
shown in H. (J) Survival curve of BCAP™ and BCAP*M® mice from 1. (K) BCAP™ and BCAPM® mice were killed before succumbing to disease and colons were
measured from cecum to the rectum. (L) gPCR of Mrc7 (CD206) from colonic tissue after DSS treatment, normalized to Hprt1 (n = 5 per genotype). (M) H&E
stain of the colon of BCAP™ and BCAP*M* mice from K. (Scale bar, 200 pm.) Data from A-C is n = 6 per genotype, D is BCAP"! (n = 6) and BCAPAM* (n = 8), Eis
n =3 per genotype, F is n = 6 per genotype, G is n = 3 per genotype, /I-J BCAP™ (n = 6) and BCAP*M? (n = 8), K is n = 5 per genotype. Error bars represent SEM
and Student t test were performed in all graphs except survival. Survival statistics were calculated with log-rank test. *P < 0.05, **P < 0.01, ***P < 0.001.
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if BCAP“M? were able to recover from this colonic inflamma-
tion after the removal of DSS. We used an established model of
intestinal tissue repair (49-51), where mice are treated with 2.5%
DSS for 7 d followed by a recovery phase of 9 additional days
(Fig. 1H). Using this model, we found that BCAP*™® mice lost
significantly more weight than their BCAP™" littermates by day 8
and were unable to recover from this weight loss by day 15
(Fig. 1I). Furthermore, 85% of BCAP*™® mice succumbed to
disease by day 16 (Fig. 1J), suggesting that they were unable to
resolve colonic inflammation. To further assess the resolution of
intestinal inflammation, a cohort of mice were killed following a
recovery phase of 4 d and colons were harvested. We found that
surviving BCAP*™® mice still exhibited colon shortening, whereas
their littermate controls were able to recover from the DSS-
induced damage when compared to a water treated control
(Fig. 1K). Additionally, we detected lower levels of CD206 mRNA
(Mrcl) in the colon of BCAP*™® mice following the recovery
phase (Fig. 1L). This was also true for other known repair genes,
such as Argl and Kif4 (SI Appendix, Fig. S1D). This was further
exemplified by the fact that BCAP*™® mice were not able to re-
pair their intestinal crypts during the recovery phase, as suggested
by histology (Fig. 1M and SI Appendix, Fig. SIE). Overall, these
data suggest that BCAP expression in macrophages is critical for
resolving tissue damage following DSS-induced colitis. There is
large body of evidence that inflammatory macrophages transition
to reparative state to aid in tissue repair and wound healing, and
these data suggest that macrophage-intrinsic BCAP might be
playing a critical role in this transition.

Absence of BCAP Leads to Defective Transition of Macrophages from
an Inflammatory to Reparative State. To gain mechanistic insight
into BCAP-regulated reparative transition, we next sought to
model this reparative macrophage transition process in vitro. We
hypothesized that a pulse of TLR stimuli triggering NF-xB ac-
tivation would lead to the up-regulation of inflammatory effec-
tors, but that this inflammation would be resolved following
removal or clearance of the ligand. We generated BMDMs from
WT mice and pulsed them with LPS for 3 h, washed off excess
ligand thoroughly, then assessed how gene transcription changed
over time (Fig. 24). Immediately following the LPS pulse, WT
BMDMSs up-regulated the inflammatory cytokine I112b, as
expected (Fig. 2B). However, following the removal of LPS,
production of /l12b waned over time (Fig. 2B). Mirroring this
down-regulation of inflammatory cytokine, WT BMDMs began
to up-regulate reparative genes, such as Argl, KiIf4, and Mmp9
(Fig. 2C and SI Appendix, Fig. S24). The transition of gene-
expression phenocopies in vivo macrophage behavior observed
in our DSS model (Fig. 1L), albeit on a longer time scale. Heat-
killed (HK) Escherichia coli was also used to assess this
inflammatory-to-reparative macrophage transition as it activates
a broad range of TLRs and PRRs, and does not require washing
to remove ligand as bacteria are naturally cleared by the mac-
rophages by phagocytosis (Fig. 24) (52, 53). Again, we found a
similar bimodal trend where BMDMs first up-regulate inflam-
matory genes, then switch to reparative genes (Fig. 2 D and E).

Given our previous finding that BCAP is necessary to limit
inflammation downstream of TLR signaling via the engagement
of the PI3K-AKT pathway (39-41), we then asked how BCAP™/~
BMDMs would respond to this in vitro inflammatory pulse.
Absence of BCAP does not affect the ability of bone marrow
precursors to differentiate into macrophages (SI Appendix, Fig.
S2B). However, consistent with our previous results, we found
that BCAP™~ BMDM s produced more IL-12 at both the tran-
script and protein level following the 3-h LPS pulse than WT
BMDMs (Fig. 2C and SI Appendix, Fig. S2C). Furthermore,
BCAP~~ BMDM s exhibited sustained production of inflam-
matory cytokines, as they were still producing I/12b transcript
following 24 h of LPS removal (Fig. 2B). While WT BMDMs
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were able to up-regulate reparative genes following removal of
LPS, we found that BCAP™~ BMDMs were deficient in this
reparative transition as they produced significantly less Argl,
KIf4, and Mmp9 after 24 and 48 h of LPS removal (Fig. 2C and SI
Appendix, Fig. S24). We again used HK E. coli to assess this
reparative transition in BCAP~~ BMDM:s and found a similar
trend as before, where BCAP™~ BMDM s had an enhanced and
sustained production of I/12b over time and failed to efficiently
up-regulate reparative genes Arg! and Kif4 (Fig. 2 D and E).
Taken together, these in vitro data suggest that macrophage-
intrinsic BCAP indeed plays a critical role in reparative macro-
phage transition following various inflammatory stimuli.

Lack of Inactivation of FOXO1 and GSK3$ Contributes to Higher
Inflammatory Responses of BCAP-Deficient Macrophages. To further
understand the molecular mechanisms regulating this reparative
macrophage transition, we decided to categorize the response of
macrophages into two phases. The first phase (3-h pulse) was
marked by BCAP”~ BMDMs having elevated inflammation as
compared to WT BMDMs. The second phase (12 to 48 h following
removal or clearance of ligand) was marked by the up-
regulation of reparative genes by WT BMDMs, which was
blunted in the BCAP™~ BMDMs. Immediately following TLR
ligation, the PI3K-AKT pathway gets engaged whereby AKT
phosphorylates and inactivates its targets GSK3p and FOXO1,
thereby negatively regulating the production of further in-
flammatory mediators (37, 38). Following LPS stimulation of
WT BMDMs, we indeed found induced phosphorylation of
AKT, GSK3p, and FOXO1, suggesting that the proper negative
regulators of TLR signaling were active in this system (Fig. 2F).
BCAP™~ BMDMs stimulated for the same time showed sig-
nificantly less phosphorylation of AKT, which translated into
reduced phosphorylation of both FOXO1 and GSK3p, implying
that these factors remain constitutively active (37, 38, 54, 55)
and perpetuate a hyperinflammatory response (Fig. 2F).

If sustained activation of GSK3p and FOXO1 in BCAP™/~
BMDMs are responsible for the hyperinflammation seen in the
inflammatory phase of the reparative transition, we hypothesized
that specific inhibition of GSK3p or FOXO1 might return the
inflammatory response of BCAP™~ BMDMs back to WT levels.
BCAP~~ BMDMs were pretreated with SB216763 (GSK3i) or
AS1842856 (FOXO1i) and pulsed with LPS as before (Fig. 24).
Acute inhibition of GSK3p and FOXO1 drastically reduced the
production of IL-12 and IL-6 by BCAP™~ BMDMs without
greatly affecting the WT BMDMs (Fig. 2G). This same trend was
observed when BCAP~'~ BMDMs were pretreated with lithium
chloride (LiCl), another GSK3p inhibitor (56) (SI Appendix, Fig.
S2D). Taken together, these data suggest that BCAP dampens
the inflammatory phase of macrophage response by engaging the
PI3K-AKT pathway and inactivating FOXO1 and GSK3p.

We next asked if by limiting the inflammatory phase of
BCAP~~ BMDM s, we had rescued their ability to undergo the
reparative macrophage transition described in Fig. 24. We again
pretreated BCAP™~ and WT BMDM s with the specific inhibi-
tors and pulsed them with LPS for 3 h, as before (Fig. 24). After
removal of LPS, we assessed the ability of these cells to up-
regulate reparative genes. Surprisingly, we found that while in-
hibition of GSK3p or FOXO1 prevented the elevated inflam-
mation found in BCAP™~ BMDM (Fig. 2G), it did not rescue
the failure of these BMDMs to sustain a reparative gene pro-
gram (Fig. 2H). Taken together, these data suggest that while
the heightened and sustained proinflammatory response found
in BCAP™/~ BMDMs is due to failure in engaging proper
negative regulatory pathways, their defect in undergoing re-
parative transition is potentially a result of an independent
mechanism.
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Fig. 2. BCAP modulates the transition of macrophages from an inflammatory to a reparative state. (A) Diagram of in vitro model of reparative macrophage
transition. Briefly, BMDM s are pulsed with LPS (100 ng/mL) for 3 h (inflammatory phase), washed extensively, then cultured with fresh media for up to 48 h
(reparative phase). BMDMs were also are stimulated with HK E. coli (MOI 100) up to 48 h (made using Biorender). (B and C) Expression of //12b or Arg1 and
KIf4 measured by qPCR from WT and BCAP~~ BMDM:s subjected to LPS stimulation detailed in A, normalized to Hprt1. (D and E) Expression of //12b or Arg1
and K/f4 measured by gPCR from WT and BCAP~~ BMDMs subjected to HK E. coli stimulation detailed in A, normalized to Hprt1. (F) Western blot of WT and
BCAP~~ macrophages stimulated with LPS for the indicated time points. Cells were serum starved for 3 h prior to stimulation. (G) IL-12 and IL-6 were
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***P < 0.001, ****P < 0.0001.
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BCAP Is Required for Optimal Glycolysis following Microbial Stimulation.
Following TLR activation, macrophages shift their metabolism
to meet energy requirements necessary to support the produc-
tion of inflammatory mediators (43, 44, 57). The switch from
oxidative phosphorylation to aerobic glycolysis (42-44) is a
hallmark of this metabolic shift following TLR ligation (43, 44).
Due to the essential role of BCAP in linking TLRs to the PI3K-
AKT pathway, we hypothesized that BCAP-deficient macro-
phages may have a defect in their metabolic reprograming,
thereby affecting the reparative macrophage transition. To test
this hypothesis, we pulsed WT and BCAP~'~ BMDMs with HK
E. coli or LPS for 3 h, as described previously (Fig. 24). We
then measured the extracellular acidification rate (ECAR) at
the indicated time points using glycolysis stress test on the
Seahorse platform. We found that following removal of LPS for
12 or 24 h, BCAP™~ BMDMs had significantly decreased
ECAR when compared to WT BMDMs, suggesting that they
underwent reduced glycolysis (Fig. 3 A and B). We further
found that BCAP~~ BMDM s also had significantly less glyco-
Iytic reserve as compared to WT BMDMs (Fig. 3C). BMDM
stimulation with HK E. coli led to similar results where
BCAP~~ BMDMs had consistently less ECAR and displayed
reduced glycolysis (SI Appendix, Fig. S3). Of note, BCAP™/~
BMDMs exhibited lower ECAR even when not actively stim-
ulated with TLR ligands, suggesting the possibility that there is
some tonic TLR signaling that contributes to BCAP-dependent
basal ECAR. To further assess the impairment in induced
glycolysis, we examined the expression of key glycolytic enzymes
following LPS pulse.

Consistent with ECAR data, BCAP™~ BMDMs exhibited
decreased expression of hexokinase-2 (Hk2) and lactate dehy-
drogenase A (Ldha), two key mediators of glycolysis (58-60)
(Fig. 3D). In correlation with reduced Ldha expression,
BCAP~~ BMDMs produced significantly less lactate than WT
BMDMs following 12 and 24 h of LPS removal (Fig. 3E). Taken
together, these data show that BCAP contributes to the meta-
bolic reprogramming of macrophages following TLR ligation,
specifically by enhancing glycolysis and lactate production.
Studies have shown that metabolic reprogramming toward aer-
obic glycolysis is necessary to support macrophage functions,
including secretion of inflammatory cytokines and phagocytosis
(43, 44, 57, 61). Perplexingly, BCAP-deficient macrophages se-
crete more inflammatory cytokines despite defective glycolysis,
suggesting a prominent role for GSK3p and FOXOL1 in their
contribution to the inflammatory phenotype. This prompted us
to further examine if defective glycolysis affected the transition
of BCAP deficient macrophages to a reparative state.

BCAP Promotes Reparative Macrophage Transition through Histone
Lactylation. In addition to providing fuel for the cell, glycolysis
leads to the production of metabolites that can also directly
participate in signaling and modify transcriptional responses of
cells (62-64). An example of this during glycolysis is the byproduct
lactate, which has been suggested to act as an essential component
of carbon metabolism. Recent studies have also suggested that
lactate can modulate macrophage behavior directly by partici-
pating in histone modifications (26). This novel epigenetic modi-
fication, referred to as histone lactylation, was shown to mediate
the transcriptional up-regulation of certain loci associated with
reparative macrophages (26). Inhibition of glycolysis using 2-DG
was shown to abrogate histone lacytlation, as it prevented the cell
from producing appropriate lactate (26). Since histone lactylation
is dependent on the ability of the cell to produce lactate, we hy-
pothesized that the defect in BCAP™~ BMDMs to undergo re-
parative macrophage transition could be due to their defect in
glycolytic capacity and the decreased lactate accumulation fol-
lowing inflammatory stimuli.

Irizarry-Caro et al.

To test this hypothesis, we again pulsed WT and BCAP™~
BMDM with HK E. coli or LPS for 3 h, as described above
(Fig. 24). After 12 to 24 h of LPS removal, we isolated histones
from WT and BCAP™~ BMDMs and measured histone lacty-
lation via Western blot. We found that BCAP was required for
macrophages to efficiently lactylate histones following LPS pulse
(Fig. 44 and SI Appendix, Fig. S4). This correlates with our
previous result that WT BMDMs were able to produce more
lactate than BCAP~~ BMDMs in response to TLR ligation
(Fig. 3E). Addition of exogenous sodium lactate (NaLa) pro-
motes histone lactylation (26), and we found that BCAP™~
BMDMs were indeed able to rescue histone lactylation following
culture with NaLa (Fig. 44). Finally, we asked if adding NaLa
and enhancing histone lactylation was able to rescue the defect
of BCAP™~ BMDMs to undergo reparative macrophage tran-
sition. We monitored reparative gene expression following 12 to
48 h of LPS removal in the presence of NalLa and found that
BCAP~~ BMDM were now able to up-regulate their expression
of Argl to a comparable level as WT BMDMs by 12 h, and KIf4
by 48 h (Fig. 4B). In response to stimulation with HK E. coli,
BCAP~~ BMDM s were similarly unable to efficiently lactylate
histones or up-regulate reparative macrophage genes (Fig. 4 C
and D), but this can be rescued by the addition of NaLa. These
data reveal that BCAP is the upstream adapter linking TLR
signaling to optimal aerobic glycolysis in macrophages and the
resulting lactate is necessary for proper histone lactylation that
promotes expression of reparative genes, and thus reparative
macrophage transition.

Discussion

The ability of macrophages to undergo a reparative transition is
essential for the resolution of inflammation and tissue repair
following damage (7, 25). Our study has revealed that this re-
parative macrophage transition can occur sequentially following
the removal of inflammatory stimuli, and without exogenous
signals. Importantly, we identified BCAP as a critical regulator of
this transition, as it activates a negative feedback arm of TLR
signaling, namely PI3K-AKT. In the absence of BCAP, macro-
phages respond to TLR ligands with a heightened and sustained
inflammatory response, and do not up-regulate genes associated
with reparative transition. This defect plays a major role during
colonic inflammation, as the inability to undergo reparative
transition leads to worsened inflammatory disease, inability to
repair tissue damage, and eventual mortality.

Macrophages rely on PRRs, like TLRs, to mount an appro-
priate innate immune response following pathogenic insult.
Many aspects of TLR signaling and how it affects macrophage
behavior have been studied throughout the years (3, 27). As the
overarching consequence of TLR ligation is the activation of NF-
kB and AP-1, many of these behavior modifications stem from
these transcription factors. Enhanced phagocytosis and produc-
tion of inflammatory cytokines and chemokines are among the
most well-studied features of macrophage activation downstream
of TLR signaling (27, 53, 65, 66). In addition to induction of
inflammatory effectors, TLR signaling also induces metabolic
changes within the cells. In macrophages and dendritic cells, a
switch from oxidative phosphorylation to glycolysis is thought to
be necessary in supporting the increased demand for physio-
logical processes like production and secretion of cytokines (43,
57,59, 61, 67). Interestingly, we have found that while BCAP™~
macrophages exhibit enhanced inflammatory responses, they
exhibit decreased glycolysis and glycolytic capacity following LPS
and HK E. coli stimulation. This reduction in glycolysis seen in
BCAP™~ macrophages is likely due to their intrinsic defect in
engaging the PI3K-AKT pathway, which is necessary for the
glycolytic switch following macrophage activation (43, 59). The
mechanism by which BCAP™'~ macrophages provide energy for
sustaining high inflammation remains unclear. Previous studies
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Fig. 3. BCAP modulates glycolytic reprograming of macrophages after LPS stimulation. (A) ECAR response from WT or BCAP~™~ BMDMs stimulated with LPS
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capacity and (C) glycolytic reserve from A. (D) Expression of Hk2 and Ldha measured by gPCR from WT or BCAP~~ BMDMs stimulated with LPS as described in
Fig. 2A. Normalized to Hprt1. (E) Lactate production from WT or BCAP~'~ BMDM:s stimulated with LPS as described in Fig. 2A. (A-C and E) n = 3 to 6 biological
replicates. (D) Data are representative of three independent experiments. Error bars represent SEM and Student t test was performed. *P < 0.05, **P < 0.01,

***p < 0.001.

have shown that in the absence of glycolysis, macrophages can
meet their energetic demand through fatty acid synthesis
(68-70). We expect that these BCAP™~ macrophages might
have similarly adopted the fatty acid synthesis method for sup-
porting their enhanced quantities of inflammatory cytokines.

It has now been well documented that metabolites are able to
modulate transcriptional responses at diverse levels including
epigenetic modifications (42, 63, 64). Previous research found
that macrophages undergo a novel epigenetic modification that
relies on metabolic reprogramming following inflammatory
stimulus (26). This modification relied on aerobic glycolysis
following canonical-M1 polarizing conditions (IFN-y+LPS),
which led to increased levels of lactate, thus promoting histone
lactylation and the selective up-regulation of reparative genes
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(26). In this study, we find that BCAP is required for efficient
histone lactylation during macrophage-intrinsic reparative tran-
sition. This is likely because BCAP™~ macrophages had de-
creased expression of key glycolytic enzymes like Hk2 and Ldha,
which is correlated with reduced production of lactate after TLR
ligation. Due to this decreased production of lactate, BCAP™/~
macrophages exhibited less histone lactylation than WT macro-
phages and were unable to effectively up-regulate reparative
genes. Interestingly, by providing exogenous lactate in the form
of NaLa, we were able to rescue both inducible histone lactyla-
tion and reparative transition of BCAP-deficient macrophages.
Our data therefore agree that metabolites, such as lactate, can
dampen macrophage inflammation specifically during reparative
macrophage transition. Of note, there appears to be a differential
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requirement for BCAP in steady-state versus inducible histone
lactylation. Inducible histone lactylation, however, is more involved
during reparative macrophage transition (26). Understanding
the precise relationship between lactate presence and histone
lactylation at steady state and its contribution to macrophage
biology will require further investigation.

Many mechanisms exist for dampening potentially tissue-
injuring inflammation, including posttranslational modifications
and inhibitory secreted factors (29-32). A major method by
which TLR signaling intrinsically limits itself is through its si-
multaneous activation of the PI3K-AKT pathway (34). Chemical
inhibition or genetic ablation of PI3K or AKT has been shown to
enhance the secretion of inflammatory cytokines (37, 71). Acti-
vated PI3K phosphorylates AKT, which further inhibits its
downstream targets GSK3p and FOXO1 (37, 38, 54, 55). As
GSK3p and FOXO1 enhance NF-kB nuclear function, their
phosphorylation and inhibition by AKT leads to a decrease in
NF-kB-dependent transcription of inflammatory effectors (37,
38). Here we shown that BCAP™'~ macrophages have sustained
activation of GSK3p and FOXO1, therefore continually produce
inflammatory cytokines. Chemical inhibition of GSK3f and
FOXO1 reduced this prolonged activation of NF-kB and de-
creased levels of secreted IL-6 and IL-12. This is consistent with
previous reports for the role of AKT signaling in macrophages,
where the genetic ablation of this protein leads to an increase in
the production of inflammatory effectors (71-73). Interestingly,
even though inhibition of GSK3p and FOXOI1 reduced pro-
duction of inflammatory cytokines by BCAP™~ macrophages, it
did not rescue their defect in undergoing the reparative macro-
phage transition. Our data verify that BCAP links TLR signaling
to the PI3K-AKT-GSK3B-FOXO1 pathway as a means to neg-
atively regulate inflammation, yet this is independent of its role
in promoting the reparative transition of macrophages (Fig. 5).
Our data unequivocally demonstrate that reparative transition is
mechanistically uncoupled from dampening of the inflammation
and that the metabolic product of aerobic glycolysis is critical for
causing epigenetic changes that promote expression of tissue-
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repair genes (Fig. 5). Dampening inflammation is therefore not
sufficient to initiate repair.

While we focus here on the intrinsic negative regulation that
exists downstream of TLR signaling and find that it is sufficient
for macrophages to undergo reparative transition, it is important
to note that “alternatively activated” or reparative macrophages
can also result from the presence of exogenous cytokines, like IL-
4 and TGF-p (3, 8, 74). These cytokines influence macrophages
to behave in an immune-suppressive manner, which is important
during wound repair (3). Some markers for these wound-repair
macrophages are Argl and Kif4, which we also found to be up-
regulated in our in vitro macrophages following reparative
transition. It is intriguing that TLR ligation, in a BCAP-
dependent manner, and canonical macrophage alternative acti-
vation share common downstream features, and underscores the
robustness of macrophage plasticity to respond to its environ-
ment. Taken together, the findings in this study helps to better
understand both the regulation of reparative macrophage
transition following TLR ligation and the modifications that
control macrophage behavior during pathogen sensing. The
ability for BCAP to be the upstream modulator of the TLR
induced the PI3K-AKT pathway poises BCAP as a possible
pharmacological target to modulate reparative macrophage
transition in circumstances where either an inflammatory or
antiinflammatory response is highly needed, such as in wound
repair and autoinflammatory diseases.

Materials and Methods

Mice. C57BL/6 mice were purchased from Jackson Laboratory or from the
University of Texas Southwestern Mouse Breeding Core Facility. BCAP™'~ mice
were previously generated (75) and were a gift from T. Kurosaki, Laboratory
for Lymphocyte Differentiation, RIKEN Center for Integrative Medical Sci-
ences (IMS-RCAI), Kanagawa, Japan, and Laboratory for Lymphocyte Dif-
ferentiation, WPl Immunology Frontier Research Center, Osaka University,
Osaka, Japan (39). BCAP™ mice were previously generated by the University
of Texas Southwestern Transgenic Core and published by Deason et.al. (45).
LyzM Cre transgenic mice (obtained from Jackson Laboratory) were crossed
to BCAP™ mice to generate mice that specifically lack BCAP in macrophages
(BCAP*M® mice). BCAP™ littermates were used as controls for all experiments
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Schematic representation of dual role of BCAP in regulating inflammatory responses and induction of tissue repair genes. (Left) In WT macrophages,

TLR ligation by LPS leads to activation of NF-xB which culminates in production of inflammatory cytokines. TLR ligation also activates PI3K-AKT in a BCAP-
dependent manner. Activated AKT phosphorylates its downstream targets FOXO1 and GSK3p to limit inflammation. AKT activation also enhances glycolysis,
which leads to accumulation of metabolic byproducts like lactate. This metabolite is used to promote histone lactylation, which is important for the up-
regulation of reparative genes and overall reparative transition of macrophages. (Right) In BCAP-deficient macrophages, TLR ligation does not lead to ac-
tivation of the PI3K-AKT pathway, which results in lack of inactivation of FOXO1 and GSK3p resulting in enhanced inflammatory phenotype. In addition, lack
of active AKT leads to decreased glycolysis and lower production of lactate. This translates into reduced histone lactylation and hampered expression of
reparative genes, thus diminishing reparative macrophage transition. Figure was created using Biorender.

with BCAP2M® mice. Mice used were between 6 and 12 wk of age and were
maintained in specific pathogen-free conditions. All mouse experiments
were done following approved protocols by the Institutional Animal Care
and Use Committee at the University of Texas Southwestern Medical
Center and Cincinnati Children’s Hospital Medical Center.

DSS Colitis Model. Cohoused and age-matched BCAP and BCAP*™® mice
were treated for 9 d with 2.5% 26 to 50 kDa DSS (MP Biomedicals) ad libitum
in their drinking water. Weight was monitored daily. After 9 d, mice were
killed and colons were carefully harvested from the cecum to the rectum.
These colons were later used for histology, isolation of LP lymphocytes
(LPLs), and gPCR. For the repair model, cohoused and age-matched BCAP™/f!
and BCAP*M® mice were treated for 7 d with 2.5% 26 to 50 kDa DSS (MP
Biomedicals) ad libitum in their drinking water. At day 7, DSS was removed
and replaced with regular water for 9 subsequent days. For the survival
study, the mice were checked each day for signs of morbidity, and their body
weights were recorded. Survival was assessed as an indication of repair. Mice
were killed when they exhibited the maximum loss of body weight. For
some experiments, mice were killed before death to assess their colon
length, gene expression, and to take sections for histology.

Histology. Mice were killed at indicated time points and colons were carefully
harvested. Colons were rolled into Swiss rolls and fixed in 10% neutral-
buffered formalin for 36 h, then submitted to the University of Texas
Southwestern Molecular Pathology Core for tissue embedding and H&E
staining. Slides were imaged at 10x or 20x using a DM2000 Compound
Research Photomicroscope (Leica). Colon tissues from DSS colitis experiments
were scored in a double-blinded fashion by the following parameters: Se-
verity of inflammation (0-3), depth of injury/inflammation (0-3), and crypt
damage (0-4). DSS histological scores were multiplied by a factor repre-
senting the percentage of tissue involvement: x1 (0-25%), x2 (26-50%), x3
(51-75%), and x4 (76-100%). Thus, the maximum colitis score in the DSS
model is 40 (76).

Isolation of LPLs. LPLs were isolated as previously described (77, 78). In brief,
intestines were carefully removed from mice and extensively washed using
ice-cold PBS. Intestinal tissue was cut longitudinally, and then into ~1-inch
pieces. Tissues were incubated in 1 mM EDTA with rotation for removal of
the epithelial cell layer. Tissues were further digested three times using
Collagenase Type IV (Sigma-Aldrich) and DNase1 (Sigma-Aldrich), passed
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through a 40-um filter, and subjected to a 40 to 70% Percoll gradient while
centrifuged at 800 x g at room temperature for 20 min with centrifuge
break at zero and using a slow acceleration. Neutrophils were isolated as
described above but subjected to a 40 to 72 to 86% Percoll gradient. Lym-
phocytes and neutrophils were collected from the Percoll gradient and used
for further analysis.

Flow Cytometry. FACS antibodies used for flow cytometry were Ly6C-BV711,
Ly6G-FITC, CD11b-BV785, CD206-AF700, all obtained from BioLegend. For
surface marker staining, cells were blocked with Fc Shield (anti-mouse CD16/
CD32, Tonbo) for 10 min then incubated with surface antibodies for 30 min.
Cells were extensively washed with FACS buffer (PBS, 2% FCS, and 2 mM
EDTA). Samples were analyzed using Novocyte 3001 (ACEA Biosciences).
Cells were gated on singlets, and dead cells were excluded using Zombie
yellow live/dead staining (BioLegend). Data were analyzed using FlowJo
software (BD).

Quantitative Real-Time PCR. Cells were collected and washed with PBS then
lysed with TRIzol Reagent (Invitrogen). RNA was isolated with chloroform
extraction and ¢cDNA was synthesized using M-MLV reverse transcription
(Invitrogen). gRT-PCR was performed using SYBR Green MasterMix (Applied
Biosystems) and measured using QuantStudio 7 Flex Real-Time PCR System.
Data were normalized to Hprt1 levels within each sample. Primers used in
this study are the following: //12b-F (5-GGTGTAACCAGAAAGGTGCG-3),
1112b-R (5'-TTGGGGGACTCTTCCATCCT-3'), Arg1-F (5-CTGACCTATGTGTCA-
TTTGG-3'), Arg1-R (5'-CATCTGGGAACTTTCCTTTC-3'), KIf4-F (5'-CCCCTCTCT-
CCATTATCAAG-3'), KIf4-R (5'-CTCTTGGTATAGGTTTTGCC-3'), Hk2-F (5'-GGG-
CTAGGAGCTACCACACA-3'), Hk2-R (5'-GGTCCAGAGCCAGGAACTC-3'), Ldha-
F (5-GAGTGGTGTGAATGTTGCCG-3'), Ldha-R (5'-CACCTCGTAGGCACTGTC-
CA-3), Ly6g-F (5'-GAGAGGAAGTTTTATCTGTGCAGCC-3'), Ly6g-R (5 TCAGGT-
GGGACCCCAATACA-3), Cxcl1-F (5'-CTGCACCCAAACCGAAGTCAT 3'), Cxcl1-R
(5-TTGTCAGAAGCCAGCGTTCAC-3), Mrcl-F (5-AAATGATGAGCTGTGGAT-
TG-3), Mrc1-R (5'-CCATCCTTGCCTTTCATAAC-3')Hprt1-F (5-CAGTCCCAGCGT-
CGTGATTA-3), Hprt1-R (5'-TGGCCTCCCATCTCCTTCAT-3’), Mmp9-F (5'-CAG-
CCGACTTTTGTGGTCTTC-3'), Mmp9-R (5'-GTACAAGTATGCCTCTGCCA-3).

BMDMs and Cell Culture. BMDMs were isolated and cultured using standard
techniques. Briefly, femur and tibia were harvested, and bone marrow cells
were isolated. Following RBC lysis, cells were cultured overnight in a tissue
culture treated plate to remove stomal cells. Nonadherent cells were
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collected and 4 x 10° cells/8 mL media were culture for 5 d in a nontreated
Petri dish. Complete RPMI media (RPMI1640, L-glutamine, penicillin-
streptomycin, sodium pyruvate, p-mercaptoethanol, 10% FCS) containing
30% L929 culture supernatant was used throughout. After differentiation,
BMDMs were collected following removal of media and a brief incubation
with ice cold PBS containing 2 mM EDTA, then plated for experiments.

For FOXO1 and GSK3p inhibition experiments, BMDMs were pretreated
for 1 h with 1 uM SB216763 (Selleckchem), 1 pM AS1842856 (Selleckchem), or
10 mM LiCl (Sigma-Aldrich). BMDMs were then pulsed with LPS for 3 h in the
presence of the inhibitors, then washed off and replaced with fresh media.

For exogenous lactate experiments BMDMs were pretreated with 25 mM
NaLa (Sigma-Aldrich) for 1 h. Following pretreatment, cells were pulsed with
LPS for 3 h. After pulse LPS was washed off and replaced with fresh sup-
plemented with 25 mM Nala.

HK E. coli. DH5a E. coli was grown to log-phase and measured at ODgoo
(ODggo 1.0 = 5 x 108 CFU). Bacteria were washed 3x with plain PBS and heat
killed by incubating at 65 °C for 30 min. Bacteria were plated on an
antibiotic-free plate overnight to confirm HK.

Western Blotting. Cells were washed twice with PBS and lysed with RIPA buffer
containing protease inhibitor. Protein concentrations were quantified using
the BCA Assay (Thermo Fisher Scientific), and equal amounts of protein were
resolved on 4 to 12% Bis-Tris Plus gels (Thermo Fisher Scientific), transferred
to PVDF membrane (EMD Millipore), and blocked with either 5% BSA for
phospho-antibodies or 5% nonfat milk for the rest of antibodies. Primary
antibodies used were obtained from Cell Signaling Technologies: pAKT
(S473; (#4060), pGSK3b (S9; #5558), pFOXO1 (S256; #9461), total AKT
(#4691), total GSK3p (12456), total FOXO1 (#2880), total H3 (#4499). PanKLa
(PTM-1401) antibody was obtained from PTM biolabs. Blots were then
probed with appropriate secondary antibodies conjugated to HRP (Bio-Rad)
and developed using West pico plus ECL substrate (Thermo Fisher Scientific).

ELISA. Briefly, IL-12p40 or IL-6 coating antibody was diluted and incubated in
a flat-bottom 96-well plate overnight at 4 °C, then blocked with PBS con-
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