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Abstract

TLR4 signaling via endotoxemia in macrophages promotes
macrophage transition to the inflammatory phenotype through
NLRP3 inflammasome activation. This transition event has the
potential to trigger acute lung injury (ALI). However, relatively
little is known about the regulation of NLRP3 and its role in the
pathogenesis of ALI. Here we interrogated the signaling pathway
activated by CD38, an ectoenzyme expressed in macrophages, in
preventing ALI through suppressing NLRP3 activation. Wild-
type and Cd38-knockout (Cd38™'~) mice were used to assess
inflammatory lung injury, and isolated macrophages were used to
delineate underlying TLR4 signaling pathway. We showed that
CD38 suppressed TLR4 signaling in macrophages by inhibiting
Bruton’s tyrosine kinase (Btk) through the recruitment of Src
homology-2 domain containing protein tyrosine phosphatase-2
(SHP2) and resulting in the dephosphorylation of activated Btk.
Cd38~'~ mice show enhanced lung polymorphonuclear leukocyte

extravasation and severe lung injury. LPS- or polymicrobial
sepsis-induced mortality in

Cd38~'~ mice were markedly augmented compared with wild
types. CD38 in macrophages functioned by inhibiting Btk
activation through activation of SHP2 and resulting
dephosphorylation of Btk, and thereby preventing activation of
downstream targets NF-«kB and NLRP3. Cd38™/~ macrophages
displayed markedly increased activation of Btk, NF-kB, and
NLRP3, whereas in vivo administration of the Btk inhibitor
ibrutinib (a Food and Drug Administration-approved drug)
prevented augmented TLR4-induced inflammatory lung injury
seen in Cd38 '~ mice. Our findings together show upregulation
of CD38 activity and inhibition of Btk activation downstream of
TLR4 activation as potential strategies to prevent endotoxemic
ALL
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CD38 is a type II transmembrane
glycoprotein expressed in macrophages (1).
CD38 consists of a long carboxy-terminal
catalytic extracellular domain and a short
amino-terminal cytoplasmic domain (1).
CD38 can function both as a receptor and an
ectoenzyme (2, 3) with its catalytic activity
and signaling properties independent of each
other (2, 3). CD38 converts NAD ™ to cyclic-
ADP-ribose (cADPR) and hydrolyzes
cADPR to produce ADP-ribose (ADPR) (4).

CD38 regulates Ca* * influx in T and B cells
through cADPR production (5, 6). CD38-
mediated cADPR production also regulates
intracellular Ca® " release in neutrophils via
the ryanodine receptor (7). In
T-lymphocytes, CD38 signaling is mediated
through association of its short cytosolic
domain and Src homology-2 domain
containing signaling proteins such as Lyn, a
member of the Src family tyrosine kinases (3,
8). CD38 activation though cross linking in

B-lymphocytes with agonistic antibodies
induced Bruton’s tyrosine kinase (Btk)-
dependent B cell proliferation and
maturation through activation of NF-kB
signaling (3).

TLR4 signaling induced by LPS in lung
macrophages is causally linked to the
pathogenesis of ALI (9). However, little is
known about the role of CD38 activation of
TLR4 signaling of NF-kB in macrophages as
a determinant of ALIL Since lung
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macrophages upon shifting their phenotype
transition to inflammatory or
antiinflammatory cells that can either induce
or suppress inflammatory lung injury (10),
we addressed the question of whether CD38
regulates TLR4 signaling and contributes to
the pathogenesis of ALL. We demonstrate
that CD38 negatively regulated TLR4
signaling in macrophages and thus
modulated lung inflammation and ALI

and reduced mortality in mice. The
mechanism of CD38-mediated protection
involved preventing the activation of Btk, a
nonreceptor protein tyrosine kinase
containing an N-terminal Pleckstrin
homology domain, Tec homology domain,
Src homology (SH), SH3 and SH2 domains.
Upon TLR4 activation of CD38-knockout
(Cd38 /") macrophages, we observed
intensified activation of Btk, NF-kB, and
NLRP3 inflammasome. I vivo
administration of the Btk selective inhibitor
ibrutinib prevented TLR4-induced lung
injury similar to that seen in Cd38~/~ mice.
Expression of Src homology-2 domain
containing protein tyrosine phosphatase-2
(SHP2), which negatively regulates TLR4
signaling and NLRP3 inflammasome
activation, functioned by dephosphorylation
and inactivation of Btk. Thus, CD38
expressed in macrophages downregulates
TLR4 signaling and prevents ALI through
blockade of Btk activation, suggesting Btk as
a potential anti-ALI target.

Methods

Antibodies and Other Reagents
The antibodies and other reagents
used for experiments were listed in
Table 1.

Mice

All mice were housed at the University of
Illinois Animal Care Facility in accordance
with institutional guidelines and guidelines
of the National Institutes of Health.
Veterinary care of the mice and the related
animal experiments was approved by the
University of Illinois Animal Resources
Center. Cd38 '~ mice (11) originally
generated on a B6;139p2 background and
have been backcrossed to C57BL/6] for 12
generations, and Cd38™’* (wild-type [WT])
mice were obtained from Jackson
Laboratory.
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Lung Injury Assessment in Mice
Age-matched WT and Cd38 '~ mice of
either sex received indicated concentrations
of a single dose of LPS (E. coli 011:B4)
intraperitoneally (12). For histology, 5-ym
paraffin-embedded sections prepared from
the lungs were stained with hematoxylin and
eosin (13). For myeloperoxidase (MPO)
assays, lungs were perfused with PBS to
remove all blood and then used to measure
MPO activity (13). In vivo mouse lung
vascular leak (permeability) was assessed by
measuring the uptake of Evans blue dye
conjugated with albumin (EBA) as described
(14). Polymicrobial sepsis was induced by
cecal ligation and puncture (CLP) with an
18-gauge needle as described (15). For
survival studies, mice were monitored four
times daily.

BAL Fluid

BAL fluid from anesthetized mice was
collected (10) and used for measurement of
cytokines through ELISA kit (ebiosciences)
per manufacturer’s instructions.

Macrophages

Alveolar macrophages (AMs) and bone
marrow-derived macrophages (BMDMs)
were prepared as we described (10).

Bone Marrow Transplantation

Lethal irradiation was performed as
described previously (16). At 8 hours after
irradiation, bone marrow cells from Cd38 ™/~
female mice (1 X 107 bone marrow cells/
mouse) or Cd38"" (WT) female mice
injected retroorbitally into the recipient male
Cd38"" (WT) mice. After 3 weeks, the bone
marrow transplantation efficiency was
assessed using qualitative PCR for the male-
specific SRY gene in recipient mice blood
cells. Six weeks after reconstitution, mice
were used for the experiments.

ADPR and Ca*" Influx

Macrophages in culture with or without
H,0, stimulation were lysed, and the
lysates ADRP concentrations at picogram
levels were measured using HT PARP

in vivo pharmacodynamic ELISA kit II
from Trevigen, Inc. Ca®* influx in
macrophages was determined as we
described previously (12).

Transfection

HEK293 cells expressing TLR4 were
transfected with plasmid DNA (2 pg/ml)
using CalPhos mammalian transfection kit

from ClonTech laboratories. At 72 hours
after transfection, cells were used for
experiments.

Quantitative Real-Time PCR

Total RNA was isolated from lung tissue and
reverse-transcribed with oligo(dT) primers
and SuperScript reverse transcriptase
(Invitrogen). The cDNA obtained was mixed
with SYBR Green PCR mix (AB Applied
Biosystems). An ABI prism 7000 was used
for quantitative PCR. GAPDH expression
served as an internal control. The following
mouse primers were used: SHP2 forward,

5 -GGCAAAGTTTCTCACCAGCA-3',and
reverse, 3 -TCCAGGATCTCAAGCTGCAA-5 ;
GAPDH forward,

5 -ACCCAGAAGACTGTGGATGG-3, and
reverse, 5 -CACATTGGGGGTAGGAACAC-3 .

IB and IP
IB and IP experiments were performed as
described (17).

Statistics

Results were analyzed by an unpaired two-
tailed Student’s t-test and log-rank test.
Differences in mean values were considered
significant at a P value of less than 0.05.

Results

CD38 Deletion Enhances Mortality,
Inflammatory Lung Injury, Lung
Polymorphonuclear Leukocyte
Accumulation and Generation of
Proinflammatory Cytokines in
Response to Endotoxin

Western blot analysis showed that CD38
protein expression was absent in

Cd38~'~ mouse lungs (Figure 1A). To
determine whether CD38 plays a role in
sepsis, we injected a lethal dose of LPS

(20 mg/kg intraperitoneally) to WT and
Cd38~' mice and found that 438/~ mice
exhibited significantly greater mortality after
LPS challenge than WT mice (Figure 1B).
We also used another model of sepsis
involving CLP, in which Cd38™/~ mice
exhibited greater mortality to sepsis (Figure
1C) as well as increased bacteremia
compared with WT mice (Figure 1D),
indicating defective bacterial killing.
Histopathological examination of lungs from
WT and Cd38™"~ mice challenged with LPS
at indicated time-points up to 48 hours
(Figure 1E) showed that Cd38™/" mice
exhibited greater increase in MPO (reflecting
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Table 1. Antibodies and Other Reagents

Antibodies Vendors Catalog Numbers
CD38 Protein Tech 60006-1-Ig
GFP Protein Tech 50430-2AP
HA Protein Tech 51064-2-AP
Flag Protein Tech 66008-2-Ig
Phospho-IKKB Cell Signaling 2078S
IKKB Cell Signaling 2684S
Phospho-lkBa Cell Signaling 2859T
IkBa Cell Signaling 92428
phospho-Btk Cell Signaling D9T6H
Btk Santa Cruz 7F12H4 sc-81159
iNOS Santa Cruz sc-8310
NLRP3 Adipogen AG-20B-0014-C100
miL-13 RD Systems AF-401-NA
SHP2 Cell Signaling CS3752s
pan-anti-ubiquitin Cell Signaling 3933S
Other Reagents
LPS Sigma L3012
Src inhibitor PP1 Calbiochem CAS172889-26-8
Ibrutinib Cell Signaling 16483
C-terminal GFP-tagged Btk plasmid Addgene 51463
HA-tagged CD38 plasmid Addgene 542152
CalPhos transfection kit ClonTech 631312
ADPR ELISA Kit Trevigen, Inc 4520-096-K
PCR Primers Integrated DNA Tech Custom

Definition of abbreviation: SHP2 = Src homology-2 domain containing protein tyrosine phosphatase-2.

augmented lung polymorphonuclear
leukocyte [PMN] infiltration) (Figure 1F),
lung transvascular albumin permeability
(EBA) (Figure 1G), generation of
inflammatory cytokines, IFN-vy, TNF-q, and
IL-6 (Figures 1H-1]J), and decreased
generation of antiinflammatory cytokines,
IL-4 and IL-10 (Figures 1K and 1L) at 6 and
48 hours after LPS.

Myeloid Cell-expressed CD38
Negatively Regulates TLR4-mediated
Lung Inflammation

To study whether CD38 deficiency in myeloid
cells was responsible for the intensified lung
inflammatory response described above, we
lethally irradiated WT and Cd38/~ mice for
subsequent myeloid cell transplantation.
Cd38~"~ cells were transplanted into irradiated
WT mice. PCR results showed effective bone
marrow reconstitution of Cd38 /™ myeloid
cells (Figure 2A). WT mice reconstituted with
Cd38~"~ myeloid cells exhibited mortality rates
similar to non-Cd38 '~ reconstituted control
mice (Figure 2B vs. Figure 1B). Lung
neutrophil sequestration in myeloid

Cd38™"~ reconstituted mice was greater than
in control mice but similar to nonreconstituted
control Cd38 /™ mice (Figures 2C and 2D).
Thus, CD38 signaling in myeloid cells
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functions to suppress TLR4-induced mortality
and inflammatory lung injury.

CD38 Deficiency Has No Effect on
Macrophage ADPR Production and in
Thereby Amplifying Inflammatory
Lung Injury

CD38-mediated cADPR production gates
the redox-sensitive nonselective cation
channel, TRPM2, in macrophages (18,
19). TRPM2 activation in turn mediated
Ca® " influx in macrophages and protected
lungs from endotoxin-induced injury in
mice (19). Thus, we determined whether
differences in CD38-catalyzed ADPR
generation in macrophages (BMDMs)
from control and Cd38/~ mice might
explain the augmented inflammatory lung
injury response seen in Cd38™'~ mice.
Since H,0O, generation downstream of
TLR4 induced ADPR production in
macrophages (19), we first measured basal
as well as H,O,-induced ADPR release in
BMDM:s obtained from WT and Cd38™/~
mice. We observed no significant
difference in basal and H,0,-induced
ADPR release in WT and Cd38™/~
macrophages (Figure 3A). Furthermore,
we showed no differences in ADPR release
in BMDMs from WT and Trpm2~'~ mice

(Figure 3B). In addition, TRPM2-
mediated Ca® * influx was essentially
similar in BMDMs of WT and Cd38™/~
mice (Figure 3C). Thus, any difference in
CD38-catalyzed products in macrophages
are not likely responsible for the
augmented TLR4-induced lung
inflammatory injury in

Cd38™'™ mice.

CD38 Deficiency in Macrophages
Augments TLR4-induced Btk Activa-
tion to Amplify Inflammatory

Lung Injury

Btk-deficient macrophages previously
showed impaired polarization into the
inflammatory phenotype while exhibiting
enhanced immunosuppression in response
to LPS (20). We thus determined whether
CD38 mitigates TLR4 activation through a
Btk-dependent mechanism in macrophages.
We observed that LPS challenge caused time-
dependent phosphorylation of Btk in
BMDMs from WT within 5 minutes of LPS
exposure whereas Btk phosphorylation was
increased further in Cd38™’~ BMDMs
(Figure 4A). Btk differs from Src-related
tyrosine kinases in its absence of a negative
regulatory phosphorylation site (21). Src-
mediated phosphorylation of Btk at Y551
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Figure 1. CD38 deletion in mice enhances mortality, inflammatory lung injury, lung polymorphonuclear leukocyte (PMN) accumulation, and
generation of proinflammatory cytokines in response to endotoxin. (A) IB showing expression of CD38 in lung tissue of wild-type (WT) and
Cd38~ mice. (B) Survival of age- and weight-matched Cd38"* (WT) and Cd38/~ mice challenged with a lethal dose of LPS
(intraperitoneally, 20 mg/kg). (C) Survival of age- and weight-matched Cd38"™* and Cd38™/~ mice challenged with cecal litigation and puncture
(CLP). (D) Blood collected 24 hours after CLP from WT and Cd38/~ mice was cultured on blood agar, and number of colonies were counted to
assess bacteremia. Bar graph represents the number of colonies forming unit per ml of blood in WT and Cd38™~ mice. n=6 per genotype.
**P<0.001 WT versus Cd38~/~ mice. (E) Hematoxylin and eosin staining of lung sections from WT and Cd38™/~ mice challenged with LPS

(5 mg/kg body weight, intraperitoneally) for O, 6, and 48 hours. Scale bars, 100 um. (F and G) WT and Cd38~~ mice challenged with LPS

(10 mg/kg, intraperitoneally); lungs harvested at indicated time points were used for myeloperoxidase (MPO) activity to assess PMN influx (F) or
lung transvascular albumin permeability (Evans blue dye conjugated with aloumin [EBA] uptake) (G). n=6 mice per treatment per group. (H-L)
Concentrations of proinflammatory cytokines (TNF-a, IL-6, and IFN-y) and antiinflammatory cytokines (IL-10 and IL-4) measured in BAL fluid of
mice challenged with LPS (10 mg/kg, intraperitoneally). n=8 mice per treatment per group. *P<0.05 and **P <0.01 versus WT mice.

Br = bronchus; CFU = colony forming unit; v = vessel.
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Figure 1. (Continued).

enhanced the catalytic activity of Btk through
autophosphorylation of Y223 (22). Thus, we
determined the effects of Src inhibition on
LPS-induced phosphorylation of Btk and
observed that it prevented Btk
phosphorylation in response to LPS
(Figure 4B), indicating that Src lies upstream
of Btk in the TLR4 signaling pathway in
macrophages.

In isolated alveolar macrophages from
WT and Cd38™/~ mice, we also observed
that LPS-induced phosphorylation of Btk
was augmented in macrophages from
Cd38~"~ mice as compared with WT mice
(Figure 4C). We next determined LPS-
induced NF-kB activation by measuring IkB
kinase-f3 (IKKp) phosphorylation and
observed that NF-kB activation was
augmented in BMDMs from Cd38™/~ mice
as compared with WT BMDMs (Figure 4D).
Additionally, we observed time-dependent
increased expression of the NF-«B target
genes, INOS and NLRP3, in BMDMs from
Cd38~'~ mice as compared with WT
BMDMs (Figure 4E). Next, we showed that
CD38 deficiency in macrophages interfered
with NLRP3 inflammasome-mediated
release of mature IL-1B. Furthermore,
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NLRP3-mediated IL-1f release in LPS-
challenged macrophages was markedly
increased in Cd38 '~ BMDM:s as compared
with controls (Figure 4F). These findings
together support the key role of CD38 in
augmenting Btk activation downstream of
TLR4 in macrophages.

To address whether the augmented Btk
signaling was responsible for the augmented
TLR4-induced ALI seen in Cd38/~ mice,
we determined the effects of Btk inhibition
on LPS-induced lung inflammatory response
in WT and Cd38™/~ mice. We observed that
the Food and Drug Administration-
approved Btk inhibitor, ibrutinib, blocked
LPS-induced Btk activation in BMDMs from
WT and Cd38/~ mice (Figure 4G).

Next, to address whether uncontrolled
Btk activation in vivo contributed to the
intensified lung inflammation in CA38/~
mice, we treated both WT and Cd38™/~
mice with the Btk inhibitor, ibrutinib (6 mg/
kg intraperitoneally), daily for 7 days (23).
Drug pretreatment prevented LPS-induced
inflammatory lung injury in WT mice
assessed by measuring PMN influx into
lungs and pulmonary transvascular albumin
permeability (EBA uptake) (Figures 4H and

41). Interestingly, in C438~/~ mice, LPS-
induced PMN influx and permeability were
substantially increased as compared with
untreated controls (Figures 4H and 4I).
These results together show the requirement
of CD38 in preventing TLR4-induced
inflammatory lung injury through
suppression of Btk activation in
macrophages.

CD38/SHP2 Complex Formation
Inhibits TLR4-induced Btk Activation
and Inflammatory Lung Injury

SHP2, encoded by PTPN11 gene (24),
negatively regulates inflammatory signaling
originating from TLR4 as well as NLRP3
inflammasome (25, 26). Since the cytosolic
region of CD38 binds to the SH2 domain
containing signaling molecules, which
regulate cellular signaling in myeloid cells
(8), we surmised that CD38 binding to the
SH2 domain of SHP2 negatively regulates
inflammatory responses in macrophages.
Here we expressed Btk in HEK293 cells
stably expressing TLR4 and measured LPS-
induced phosphorylation of Btk and IkB
kinase activation by measuring the
phosphorylation of IkBa.. We observed equal
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Figure 2. Myeloid cell-expressed CD38 negatively regulates TLR4-mediated lung inflammation. (A) At 3 weeks following bone marrow (BM)
cells transplantation (female Cd38/~ BM — male WT mice or female Cd38"/* BM — male WT mice). Recipient mouse blood collected by tail
nick was used for DNA isolation and PCR. Sry gene (male specific) and autosomal gene Nme1 were determined to assess the reconstitution of
BM cells. Left lane, DNA ladder markers; lanes 1-6, individual recipient samples used for PCR analysis. (B) Chimeric mice (6 weeks after
transplantation) were challenged with a lethal dose of LPS (20 mg/kg, intraperitoneally), and mortality was monitored. (n=10 mice per group).
(C and D) Cd38/~ and chimeric (Cd38"/* BM —WT and Cd38/~ BM —WT) mice were challenged with LPS (10 mg/kg, intraperitoneally),
and the lungs harvested were used to measure MPO activity and EBA uptake (n=6 mice per group). **P<0.001 versus WT mice.

SHP2 expression in HEK293 cells expressing
TLR4 in all groups (Figure 5A). However,
LPS stimulation resulted in phosphorylation
of Btk (Figure 5A) and IkBa (Figure 5B),
whereas coexpression of CD38 with Btk
abolished LPS-induced phosphorylation of
Btk (Figure 5A) and IkBo (Figure 5B).
Next, we challenged with LPS control
HEK293/TLR4 cells, HEK293/TLR4 cells
expressing Btk, or HEK293/TLR4 cells
expressing Btk plus CD38, and cell lysates
were immunoprecipitated with Btk and
blotted with SHP2 antibody to assess
endogenous SHP2 binding to the Btk
signaling complex. We observed LPS-
induced minimal binding of SHP2 to Btk
complex in HEK293/TLR4 expressing Btk
(Figure 5C), whereas in HEK293/TLR4
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expressing Btk plus CD38, the LPS-induced
binding of SHP2 with Btk signaling complex
was substantially increased (Figure 5C),
indicating that CD38 promoted SHP2
binding to the Btk signaling complex and
thus was crucial for SHP2-mediated
dephosphorylation that inactivated Btk.

To address the functional significance of
CD38/SHP2 signaling complex, we
measured SHP2 expression in BMDMs and
lung tissue from WT and Cd38~/~ mice. We
observed SHP2 protein expression was
markedly reduced in Cd38 '~ mice (Figure
5D), whereas SHP2 mRNA expression was
similar in both genotypes (Figure 5E). To
gain insights into the mechanism of CD38
stabilization of SHP2, we determined
whether CD38 binding to SHP2 prevented

SHP2 degradation via the proteasomal
pathway. We thus measured ubiquitylation
of SHP2 using BMDMs from WT and
Cd38~'~ mice and observed augmented
ubiquitylation and degradation of SHP2 in
BMDMs from Cd38/~ mice (Figure 5F).
Thus, CD38 interacted with SHP2 to prevent
ubiquitylation-mediated degradation of
SHP2. Based on these findings, we propose a
model (Figure 5G) showing a pivotal role of
macrophage-expressed CD38 signaling in
modulating inflammatory lung injury.

Discussion

Here we determined the role of the
ectozyme, CD38, expressed in the
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Figure 3. (A and B) CD38 deficiency has no effect on ADP-ribose production in macrophages and in amplifying inflammatory lung injury.
BM-derived macrophages (BMDMs) from WT and Cd38~/~ mice (A) or BMDMs from WT and Trom2~/~ mice (B) were used for H,O, (300 pM)-
induced ADP-ribose generation. (C) BMDMs from WT and Cd38 ™/~ mice were used to measure H,O, (300 uM)-induced Ca?* entry. Results
shown are representative of three separate experiments. ADPR = ADP ribose; FLIPR = fluorescent image plate reader; ns =not significant.

macrophage plasmalemma in regulating the
inflammatory function of macrophages and
in thereby influencing the pathogenesis of
inflammatory lung injury induced by
endotoxemia. The results based on using
both Cd38™/~ macrophages obtained from
Cd38~'~ mice and mouse model of LPS-
induced inflammatory lung injury
demonstrated strikingly that CD38
functioned as a negative regulator of TLR4
signaling.

In these studies, TLR4 was activated by
its natural ligand, LPS, known to induce
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inflammatory lung injury (9, 13). We used
the knockout macrophages and mice to
identify the novel role of CD38 in
macrophages in regulating the inflammatory
lung injury response to LPS. We observed
surprisingly markedly augmented LPS-
induced inflammatory lung injury in
Cd38~/~ mice as defined by multiple indices:
increased neutrophil sequestration in lungs,
increased leakiness of lung microvessels
(indicating vascular endothelial injury),
release of macrophage-generated
proinflammatory cytokines (while

simultaneously reduced generation of
antiinflammatory cytokines), and markedly
increased LPS-induced mortality in CD38-
deleted mice.

We demonstrated that the significantly
augmented proinflammatory response in
CD38-deleted macrophages was the result of
increased TLR4-induced Btk
phosphorylation in macrophages.
Phosphorylation of Btk in WT macrophages
was evident within 5 minutes of LPS
exposure and persisted over hours, whereas
Btk phosphorylation was increased to an
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Figure 4. CD38 deficiency augments TLR4-induced Bruton’s tyrosine kinase (Btk) activation in macrophages as well as inflammatory lung injury.
(A) IB analysis of LPS (1 wg/ml)-induced tyrosine phosphorylation of Btk (p-Btk) in BMDMs from WT and Cd38™/~ mice. Below, quantification of
results above, presented as the ratio of phosphorylated Btk to total Btk. (B) BMDMs from Cd38~/~ mice were pretreated with Src inhibitor PP1
(10 wM) for 30 minutes and then LPS-induced tyrosine p-Btk as above. (C) IB analysis showing LPS-induced phosphorylation of Btk in alveolar
macrophages from WT and Cd38™/~ mice. (D) IB showing LPS-induced NF-kB activation measured by IkB kinase B (IKKB) phosphorylation in
BMDMs from WT and Cd38/~ mice. Below, quantification of results above, presented as the ratio of phosphorylated IKKB to total IKKB. (E) IB
analysis of NF-«kB target gene iNOS expression in BMDMs from WT and Cd38~/~ mice in response to LPS. Below, quantification of results,
presented as the ratio of INOS to B-actin. (F) IB showing LPS-induced expression of NLRP3 and mature IL-1B in BMDMs of WT and Cd38™/~
mice. Below, quantification of results, presented as the ratio of NLRP3 to B-actin or IL-1B to B-actin. (A-F) Data are means + SEM of three
independent experiments. (G) IB showing Btk inhibitor (ibrutinib; 1 wM, 30 min before treatment) prevents LPS-induced Btk phosphorylation in
BMDMs. (H and /) Ibrutinib (6 mg/kg intraperitoneally) or dimethylsulfoxide (vehicle) was given daily for 7 days. Mice were challenged with LPS
(10 mg/kg intraperitoneally) on the 8th day, and lungs harvested were used for MPO activity and EBA uptake. n=6 mice per treatment per
group. *P<0.01 versus WT mice and **P<0.001 versus Cd38™/~ mice at LPS 6 hours A.U. = arbitrary unit; Ibru = ibrutinib; INOS = inducible
nitric oxide synthase.
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Figure 4. (Continued).

even greater degree in Cd38™/~
macrophages. The magnitude of Btk
activation appeared to be a crucial
determinant of augmented inflammatory
lung injury following deletion of CD38.
Inhibition of Btk with ibrutinib (23)

Farahany, Tsukasaki, Mukhopadhyay, et al.. CD38 Modulates Inflammatory Lung Injury

Basal

Basal

LPS (6h) Ibru + LPS (6h)

prevented the amplification of the
inflammatory response in both CD38-
deleted macrophages and mice, indicating
the involvement of Btk in modulating or
negatively regulating the response. These
results are consistent with findings that Btk-

LPS (6h)

Ibru + LPS (6h)

deficient macrophages show impaired
polarization into the inflammatory
phenotype while exhibiting enhanced
immunosuppression in response to
LPS (20). Thus, our results showed that
CD38 mitigated TLR4 activation
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Figure 5. Formation of CD38 SHP2 signaling complex inhibits TLR4-induced Btk activation and inflammatory lung injury. (A and B) HEK293/
TLR4 cells were transfected with Btk alone or Btk plus CD38. After 72 hours, cells were challenged with LPS for indicated time periods and
used for IB analysis to determine phosphorylation of Btk (A) and IkBa (B). B-actin was used for loading control. Bar graph represents the
quantified results. Data are means = SEM of three independent experiments. P<0.001, Btk versus Btk plus CD38 transfected. (C) HEK293/TLR4
cells were transfected with Btk alone or cotransfected with Btk plus CD38. After 72 hours of transfection, cells were lysed and IPed with GFP
antibody (Btk C-terminal GFP-tagged). IPed samples were |1Bed for the expression of SHP2 and Btk (upper panel 2). The lower panels show
CD38 and B-actin in total cell lysate. Below, quantified results, means = SEM from three independent experiments showing SHP2 binding to Btk
in the presence of CD38. **P< 0.001. (D) BMDMs and lung tissue (LT) from WT or Cd38~/~ mice were used for IB analysis to determine SHP2
expression. LT, n=4 mice per genotype; n=4 mice per genotype used for the isolation of bone marrow cells. Data are means = SEM.
P<0.001, WT versus Cd38~/~ mice. (E) SHP2 mRNA expression in lungs of WT and Cd38~/~ mice under basal condition. n=8 mice per
genotype. (F) BMDMs pretreated with or without MG-132 (10 pM) for 2 hours, and lysates were |Ped using SHP2 antibody. The IPed samples
were |1Bed with pan-antiubiquitin antibody. Data are representative of three independent experiments. (G) Role of macrophage-expressed CD38
in regulating TLR4-induced acute lung injury. In myeloid cells, LPS ligation of TLR4 activates Btk (27) through Src-mediated phosphorylation of
Btk on Y551, which triggers IKK activation to promote expression of NF-«kB target genes including inflammatory cytokines and NLRP3 protein
(left). Furthermore, activated Btk physically associates with NLRP3 and phosphorylates NLRP3 and ASC (not shown) to promote caspase-1-
mediated release of mature IL-1B (right). Production of proinflammatory cytokines and release of mature IL-1B contribute to the pathogenesis of
acute lung injury. Under basal conditions, SHP2 interacts with plasma membrane localized CD38 in macrophages. However, TLR4 signaling
induces translocation of SHP2/CD38 complex to Btk signalosome, where SHP2 dephosphorylates Btk to inactivate Btk and prevent uncontrolled
release of inflammatory cytokines, NLRP3 activation, and inflammatory lung injury. ASC = apoptosis-associated speck-like protein containing a
CARD; IKK =1«B kinase; NLRP3 =nod-like receptor family, pyrin domain containing 3; SHP2 = Src homology-2 domain containing protein tyrosine
phosphatase 2; Ub = ubiquitin.

through Btk phosphorylation in (22). Src-mediated phosphorylation of Btk phosphorylation in response to LPS,
macrophages. at Y551 enhanced the catalytic activity of suggesting that Src activation occurring

A key question is what the Btk through autophosphorylation of Y223 downstream of TLR4 signaling regulated
mechanism of Btk phosphorylation is. Our ~ (22). On determining the effects of Src Btk phosphorylation and thereby the
results shed light on the important inhibition on LPS-induced phosphorylation  activation state of macrophages.
relationship between Src kinase and Btk of Btk, we observed inhibition of Btk Furthermore, we observed that deletion of
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CD38 in macrophages had the opposite
effect; that is, Btk phosphorylation was
enhanced as compared with WT
macrophages, indicating that CD38
regulation of Btk activation was responsible
for the altered macrophage polarity and
augmented inflammatory lung injury in
mice.

It is known that TLR4/LPS-mediated
inflammatory lung injury is dependent on
NF-kB activation (28). Thus, we also
addressed whether phospho-Btk modulated
NF-kB activation in macrophages.
Consistent with our hypothesized model, we
observed that CD38 activation negatively
regulated NF-kB activation. This was evident
from the augmented activation of NF-«kB in
macrophages from Cd38/~ mice as
compared with WT as well as time-
dependent augmented increases in the
expression of NF-kB target genes, INOS and
of NLRP3, in Cd38 /" macrophages as
compared with WT. Importantly, CD38
deficiency in macrophages also enhanced the
NLRP3-generated release of mature IL-1f3,
which is essential in the pathogenesis of
inflammatory lung injury as recently shown
by us (13). As lung inflammatory and
macrophage responses were augmented with
deletion of CD38, these findings support the
key role of CD38 in suppressing Btk and
NE-kB activation downstream of TLR4
signaling in macrophages. They also
support the usefulness of blocking
activated Btk in patients with acute
respiratory distress syndrome as a
potentially fructuous therapeutic
approach.

CD38 was originally identified as an
ectoenzyme that synthesized cADPR from
NAD" and hydrolyzed cADPR into
ADPR (4). Both cADPR and ADPR are
known to mobilize intracellular Ca** (5,
18, 19). However, the augmentation effect
of CD38 deletion shown in the present
studies could not be ascribed to this
totemic catalytic function of CD38 in
generating ADPR and cADPR (4) and the
activation of the cation channel TRPM2 in
macrophages (18, 19). We previously
showed that TRPM2 activation by this
mechanism mediated Ca® * influx in
macrophages and protected lungs from
LPS-induced injury in mice (19). In the

present study, we demonstrated that
TRPM2-mediated Ca** influx was
essentially the same in macrophages from
WT and Cd38™/~ mice. Thus, any
differences in generation of the CD38-
catalyzed products in macrophage cADPR
and ADPR and enhanced Ca” * signaling
via the TRPM2 channel cannot explain the
severe augmentation of TLR4-induced
inflammatory lung injury seen in Cd38/~
mice. Since we observed that ADPR
production was not different between
these two genotypes, it is possible that in
macrophages activation of poly-ADPR
polymerases consumes NAD ™ to produce
poly-ADPR and thus ADPR is released
from poly-ADPR hydrolysis by the poly-
ADPR glycohydrolase (29).

Btk physically interacts with the
NLRP3 inflammasome activation
complex and is thereby believed to
mediate caspase 1-dependent release of
mature IL-B and cause inflammation
(30, 31). Importantly, suppression of Btk
expression by siRNA or inhibition of
Btk rescued rodents from ALI induced
by polymicrobial sepsis (32),
hemorrhagic shock (33), and lethal
influenza virus infection (34).
Furthermore, it has been shown that
treatment with Btk inhibitors attenuated
inflammatory responses and improved
lung function in hospitalized SARS-
CoV2-infected patients (35). Therefore,
to ascertain whether unchecked Btk
activation in vivo was responsible for
the intensified inflammatory lung
injury seen in Cd38™/~ mice, we
treatedCd38~'~ mice with the Btk
inhibitor ibrutinib (6 mg/kg
intraperitoneally) daily for 7 days (23).
This regimen prevented LPS-induced
inflammatory lung injury in WT mice
assessed by measuring PMN influx and
pulmonary transvascular albumin
permeability (EBA uptake). Interestingly,
LPS-induced PMN influx and
permeability were substantially
reduced in Cd38™’~ mice treated with
ibrutinib compared with untreated
control (only LPS-challenged) Cd38™/~
mice. These results further support our
contention of the crucial requirement of
CD38 in preventing TLR4-induced

inflammatory lung injury through
suppression of Btk activation in
macrophages.

An important question arises regarding
how CD38 negatively regulates Btk to
suppress the activation of macrophages and
inflammatory lung injury. Since CD38 may
regulate cellular signaling through its
cytosolic domain binding to SH2 domain-
containing proteins (8), we investigated the
possibility that CD38 in association with SH2
domain-containing signaling proteins
functioned to dampen Btk activation in
macrophages. The SH2 domain containing
cytosolic protein tyrosine phosphatase SHP2
was shown to negatively regulate TLR
signaling pathways (25, 26). Studies using
macrophage-specific conditional SHP2
knockout mouse also showed that SHP2 was
required to negatively regulate NLRP3-
mediated release of mature IL-1B in
macrophages (26). Thus, we investigated the
possibility that CD38 negatively regulated
Btk activation through binding to SHP2. We
showed that CD38 coexpression with Btk
prevented LPS-induced activation of Btk and
NEF-kB in cells stably expressing TLR4. We
also showed that SHP2 binding to the Btk
signaling complex upon ligation of TLR4
with LPS. When CD38 was coexpressed with
Btk, SHP2 binding to Btk signaling complex
was markedly increased upon TLR4
activation with LPS, indicating that CD38 is
required for optimal functioning of SHP2.
These findings are consistent with our
observation of intensified LPS-induced Btk
phosphorylation (activation) in macrophages
from Cd38~' mice.

Next, to address the functional
relevance of CD38/SHP2 signaling complex
in macrophages, we measured SHP2 protein
expression and observed that SHP2 protein
was nearly absent in Cd38™'~ mice. The
basis for this may be augmented
ubiquitylation and degradation of SHP2 in
macrophages from Cd38 '~ mice as
compared WT mice. These results together
support the model that CD38 interacts with
SHP2, which thereby prevents
ubiquitylation-mediated degradation of
SHP2 in macrophages. ll

Author disclosures are available with the
text of this article at www.atsjournals.org.
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