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Abstract

Background: Activation of hematopoietic stem cells [HSCs, lineage(lin)~stem cell growth factor
receptor (c-kit)*stem cell antigen-1(Sca-1)*, or LKS cells in mice] is critical for initiating the
granulopoietic response. This study determined the effect of alcohol exposure on sonic hedgehog
(SHH) signaling in the regulation of HSC activation during bacteremia.

Methods: Acute alcohol intoxication was induced in mice by intraperitoneal (i.p.) injection of
20% alcohol (5 g alcohol/kg body weight). Control mice received i.p. saline. Thirty minutes later,
mice were intravenously (i.v.) injected with Escherichia coli (E. coli, 1 to 5 x 107 CFUs/mouse) or
saline.

Results: SHH expression by lineage-negative bone marrow cells (BMCs) was significantly
increased 24 hours after £. coliinfection. Extracellular signal-regulated kinase 1/2 (ERK1/2)-
specificity protein 1 (Spl) signaling promotes SHH expression. ERK1/2 was markedly activated in
BMCs 8 hours following £. coliinfection. Alcohol suppressed both the activation of ERK1/2 and
up-regulation of SHH expression following £. coliinfection. E. coli infection up-regulated GLI
family zinc finger 1 (Glil) gene expression by BMCs and increased Glil protein content in LKS
cells. The extent of Glil expression was correlated with the activity of proliferation in LKS cells.
Alcohol inhibited up-regulation of Glil expression and activation of LKS cells in response to £.
colf infection. Alcohol also interrupted the granulopoietic response to bacteremia.

Conclusion: These data show that alcohol disrupts SHH-GIi1l signaling and HSC activation in
the early stage of the granulopoietic response, which may serve as an important mechanism
underlying the impairment of immune defense against bacterial infection in host excessively
consuming alcohol.
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THE GRANULOPOIETIC RESPONSE is critically important in immune defense against
serious infections, particularly those caused by bacterial pathogens (Manz and Boettcher,
2014; Shi et al., 2019). In adult humans, granulocytes (neutrophilic granulocytes,
neutrophils, polymorphonuclear leukocyte, or PMNSs) are derived from hematopoietic stem
cells (HSCs) in the bone marrow (Yamamoto et al., 2018). Since mature granulocytes in the
circulation are terminally differentiated with a relatively short life span, bone marrow tightly
regulates its daily generation of these phagocytes in order to maintain the homeostasis of
granulocyte population in the body (Strydom and Rankin, 2013). During bacterial infection,
the host requirement of granulocytes increases. Concomitantly, the bone marrow initiates the
granulopoietic response to promote production of granulocytes through enhancing
granulocyte lineage development at the expense of generating cells from other lineages
(Ueda et al., 2005). Our recent investigations have demonstrated that the rapid activation of
HSC proliferation along with reprogramming their commitment to granulocyte lineage
differentiation is a critical step in the early stage of the granulopoietic response (Shi et al.,
2013, 2017, 2018; Zhang et al, 2008b, 2009). In the process of the granulopoietic response,
the bone marrow accelerates granulocyte differentiation, shortens their marrow retention,
and increases the release of these phagocytes into the systemic circulation (Sato et al., 1998;
Shahbazian et al., 2004; Terashima et al., 1996).

Alcohol is the most frequently abused substance (Merikangas and McClair, 2012). Excessive
consumption of alcohol injures the bone marrow and causes pathological changes in
hematopoietic precursor cells (Shi et al., 2019). Alcohol also inhibits the granulopoietic
response, particularly HSC activation during the early stage of host defense response to
serious infections (Melvan et al., 2011, 2012; Siggins et al., 2011; Zhang et al., 2009). In the
clinic, it has long been observed that alcohol abusers are susceptible to developing serious
bacterial infections, particularly septicemia (Zhang et al., 2002, 2008a). Septicemia in
alcohol abusers can develop from a broad profile of origins including bacterial translocation
of gut flora, peritonitis, pneumonia, urinary tract infection, biliary infection, wound
infection, and colonization of intravenous catheters (Cook, 1998; Macgregor and Loubia,
1997). Gram-negative bacilli are frequent pathogens (Macgregor and Loubia, 1997).
Alcoholic patients with septic infection often present with granulocytopenia, which is a
predictor for fatal consequences (Perlino and Rimland, 1985).

Signaling from the hedgehog (HH) pathway regulates stem cell activity during
embryogenesis (Dyer et al., 2001; Gering and Patient, 2005) and in adulthood (Bhardwaj et
al., 2001; Trowbridge et al., 2006). Our recent studies have also shown that the sonic
hedgehog (SHH)-GLI family zinc finger 1 (glioma-associated oncogene homolog 1 or Glil)
signal transduction system is involved in the regulation of HSC activation during the
granulopoietic response (Shi et al., 2018). We postulated that excessive alcohol exposure
might interrupt SHH-GIi1 signaling in the regulation of primitive hematopoietic precursor
cell activities. In the current study, we determined the effect of acute alcohol intoxication on
SHH-GIi1 signaling in mediating the early activation of hematopoietic stem/progenitor cells
in the bone marrow during the granulopoietic response to systemic Escherichia coli (E. coli)
infection.
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MATERIALS AND METHODS

Animals

Preparation

Male mice (BALB/c strain, 6 to 8 weeks old, Charles River Laboratories, Wilmington, MA)
were housed in specific pathogen-free facilities on the cycle of 12-hour light/dark schedule.
All procedures were approved by the Institutional Animal Care and Use Committees of
Northeast Ohio Medical University and Michigan State University in accordance with the
recommendations of the National Institutes of Health guidelines.

Animals were acutely intoxicated with alcohol through intraperitoneal (i.p.) injection of 20%
alcohol in normal saline at a dose of 5 g alcohol/kg. Alcohol levels in the blood are 106.3 to
132.8, 87.7 to 122.4, and 48.4 to 61.4 mM, respectively, at 90 minutes, 3, and 6 hours
postadministration of alcohol (Melvan et al., 2011; Zhang et al., 2009). Control mice were
i.p. injected with an equal volume of saline. Thirty minutes thereafter, systemic infection
was initiated by intravenous injection (i.v., via penile vein) of live Escherichia coli (E11775
from the American Type Culture Collection, Rockville, MD; 1 to 5 x 107 CFUs in 100 ul of
saline/mouse) under isoflurane anesthesia. Controls received i.v. saline. In a subgroup of
mice, an i.v. dose of 5-bromo-2-deoxyuridine [BrdU, BD Biosciences, San Diego, CA; 1 mg
in 100 pl of phosphate-buffered saline (PBS)/mouse] was administered simultaneously. Mice
were sacrificed at 24 hours thereafter. Upon sacrifice, a heparinized blood sample was
obtained by cardiac puncture. White blood cells were quantified under a light microscope
with a hemocytometer. Femurs and tibias were obtained to collect bone marrow cells
(BMCs) by flushing out bone marrow from the bones with PBS (Life Technologies, Grand
Island, NY) containing 1% bovine serum albumin (BSA, HyClone Laboratories, Logan,
UT). After filtering BMCs through a 70-um nylon mesh (Sefar America INC. Kansas City,
MO), lysis of erythrocytes in BMC samples was conducted using RBC lysis solution
(Qiagen Sciences, MD). Nucleated BMCs were washed with PBS containing 1 % BSA and
then quantified by counting cells under a light microscope with a hemocytometer.

of Bacteria

Live £. colisuspension in saline for i.v. injection in each experiment was freshly prepared as
described previously (Shi et al., 2013, 2017,2018).

Fluorochrome Conjugation of Antibody

The DyLight 405 Microscale Antibody Labeling Kit (Thermo Fisher Scientific, Waltham,
MA) was used to label anti-human/antimouse Glil antibody (Clone #388516, R&D
Systems, Minneapolis, MN) and the matched isotype control antibody (Clone # 54447, R&D
Systems) using the protocol provided by the manufacturer.

Flow Cytometric Analysis

Flow cytometric analysis of cell phenotype, expression of SHH and Glil, and incorporation
of BrdU were performed as previously described (Shi et al., 2013, 2017, 2018; Zhang et al.,
2008b). Reagents used for labeling cells included a panel of biotinylated antibodies against
mouse lineage markers [CD3e (clone 145-2C11), CD45R/B220 (clone RA3-6B2), CD11b
(Mac-1, clone M1/70), TER-119 (clone TER-119), with or without Grl (granulocyte
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differentiation antigen 1, Ly-6G/Ly-6C, clone RB6-8C5) (BD Biosciences)]; biotinylated
isotype control antibodies (clones A19-3, R35-95, and A95-1; BD Biosciences);
fluorochrome-conjugated streptavidin (BD Biosciences); fluorochrome-conjugated
antibodies against mouse c-kit (stem cell growth factor receptor or CD117, clone 2B8),
Sca-1 (stem cell antigen-1 or Ly-6A/E, clone D7), Grl (Ly-6G, clone 1A8), CD34 (clone
RAM34) (BD Biosciences), and F4/80 (clone BM8) (eBioscience, San Diego, CA); anti-
human/mouse SHH (Clone E1, Santa Cruz Biotechnology, Inc., Dallas, TX); fluorochrome-
conjugated polyclonal goat anti-mouse IgG (H + L; Life Technologies, Eugene, OR);
fluorochrome-conjugated anti-human/anti-mouse Glil (Clone #388516, R&D Systems) and
the isotype control antibody (Clone # 54447, R&D Systems); and BD BrdU Flow Kit (BD
Biosciences). Flow cytometry was conducted on a FACSAria Fusion flow cytometer with
FACSDiva software (Becton Dickinson, San Jose, CA). The number of cells acquired in
each sample was in the range of 5,000 to 300,000.

Western Blot Analysis

Phosphorylated extracellular signal-regulated kinase 1/2 (phospho-ERK1/2) and total
ERK1/2 in cells were assessed with Western blot analysis as reported previously (Shi et al.,
2017, 2018).

Real-Time RT-PCR Determination

Glil mRNA expression by cells was measured with real-time RT-PCR as previously
described (Shi et al., 2018).

Statistical Analysis

RESULTS

Data are reported as mean + SEM. The sample size is presented in each figure legend. One-
way ANOVA followed by Student-Newman-Keuls test was used for comparisons among
multiple groups. To examine the relationship between Glil expression and proliferative
activity in lin"c-kit*Sca-1* (LKS) cells, linear regression and correlation analysis was
performed. Statistical significance of difference is considered at p < 0.05.

Alcohol Intoxication Suppressed Up-regulation of SHH Expression

In comparison with mice receiving i.v. saline, intravenous challenge with E. colifor 24
hours caused a significant increase in SHH expression by marrow lineage™ (lin™) cells as
reflected by the increase in mean channel fluorescence (MCF) of SHH in this cell population
(p < 0.05, Fig. 1). Similarly, the lin—c-kit* subset of lin~ cells also showed a significant up-
regulation of SHH expression following systemic £. coliinfection (p < 0.05). The baseline
expression of SHH by all examined subpopulations of BMCs was not affected by acute
alcohol intoxication in animals receiving i.v. saline. However, alcohol intoxication
suppressed the increase in SHH expression by both lin~ and lin~c-kit* cell types in the bone
marrow in response to bacteremia (p < 0.05). SHH expression by bone marrow lineage-
positive (lin*) cells tended to increase following systemic £. coliinfection, but this tendency
did not reach statistical significance (o> 0.05). Mice with acute alcohol intoxication did not

Alcohol Clin Exp Res. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shietal. Page 5

show any elevation in SHH expression by lin* cells following £. cofiinfection as compared
to the baseline level of SHH expression by lin* cells in animals receiving i.v. saline.

Alcohol Intoxication Impaired Activation of the ERK1/2 Pathway

ERKZ1/2-specificity protein 1 (SP1) signaling plays an important role in promoting
expression of SHH (Shi et al., 2018). To understand the signaling mechanism underlying
alcohol-induced impairment of SHH up-regulation, we determined the effect of acute
alcohol intoxication on ERK1/2 activation in BMCs following systemic E. coli infection. As
shown in Fig. 2, at 8 hours post-£. coli challenge, the level of phospho-ERK1/2 in BMCs
was markedly increased in comparison with its baseline level in BMCs from mice receiving
i.v. saline (p < 0.05). Density quantification of phospho-ERK1/2 bands against the reference
loading bands of either total ERK1/2 (Fig. 2B) or B-actin (Fig. 2C) in BMCs on Western blot
images showed marked increases in the ratios of both phospho-ERK1/2 versus total ERK
and phospho-ERK1/2 versus p-actin 8 hours following systemic £. coli infection. Acute
alcohol intoxication did not change the baseline level of phospho-ERK1/2 in BMCs from
mice receiving i.v. saline. However, the elevation of ERK1/2 phosphorylation in BMCs in
response to systemic £. coli infection was profoundly inhibited by acute alcohol intoxication
(p<0.05).

Alcohol Intoxication Inhibited Increase in Glil Expression

SHH ligand engagement with its receptors patched (PTCH) 1 and 2 activates transcription of
the downstream target genes, particularly Glil (Irvine and Copland, 2012; Villavicencio et
al., 2000). Glil is a master transcriptional activator promoting expression of functional gene
products for cell survival, proliferation, and differentiation (Merchant et al., 2010;
Villavicencio et al., 2000). Accompanied by the increase in SHH expression, a significant
up-regulation of Glil mMRNA expression by BMCs was detected 24 hours after £. coli
infection (p < 0.05; Fig. 3A). Acute alcohol intoxication did not alter the baseline level of
Glil expression by BMCs in mice receiving i.v. saline, but inhibited the up-regulation of
Glil expression by BMCs in response to £. coli bacteremia (p < 0.05). Further, the level of
Glil protein expression in marrow LKS cell pool (with enrichment of HSCs) as reflected by
the integrated MCF (IMCF) of Glil was substantially increased 24 hours following E. coli
bacteremia (p < 0.05, Fig. 3B). Alcohol intoxication suppressed bacteremia-induced increase
in Glil expression by LKS cells. The baseline expression of Glil by LKS cells in mice
receiving i.v. saline was not affected by alcohol exposure. Figure 3C shows the
representative plots of changes in Glil expression by bone marrow LKS cells measured with
flow cytometry.

Change in LKS Cell Activity of Proliferation

Using the in vivo BrdU incorporation technique, we determined the proliferative activity of
LKS cells in relation to their expression of Glil. As shown in Fig. 4A, systemic £. coli
infection caused a substantial increase in the number of BrdU* (proliferating) Glil-
expressing LKS cells as compared with the baseline level of these cells in animals
administered with i.v. saline (p < 0.05). Interestingly, this bacteremia-induced enhancement
of proliferation was much weaker in Glil-negative LKS cells (Fig. 4B) than that in Glil-
positive LKS cells. Alcohol intoxication did not change the baseline extent of BrdU
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incorporation into LKS cells regardless of their status of Glil expression. However, the
bacteremia-induced enhancement of BrdU incorporation into LKS cells with or without
expression of Glil was suppressed by acute alcohol intoxication (p < 0.05). Since both Glil
expression and BrdU incorporation in marrow LKS cells were significantly elevated
following systemic £. coliinfection and acute alcohol intoxication suppressed both of these
increases, we further determined the relationship between changes in Glil expression and
BrdU incorporation in marrow LKS cells. As shown in Fig. 4C, linear regression and
correlation analysis showed that the extent of BrdU incorporation was positively correlated
with the level of Glil expression in LKS cells in the bone marrow (r= 0.987, p=0.000).

Change in Bone Marrow Pools of Glil-Expressing LKS Cells and Total LKS Cells

Enhanced proliferation of LKS cells contributes to increase in marrow LKS cell pool during
the granulopoietic response to serious infection (Shi et al., 2013; Zhang et al., 2008b, 2009).
Since expression of Glil was positively correlated with the proliferation of LKS cells in the
bone marrow, we determined the change in marrow pools of Glil-expressing LKS cells and
total LKS cells following systemic £. coli infection as well as how alcohol intoxication
would affect it. As shown in Fig. 5A, the marrow pool of Glil-expressing LKS cells
expanded substantially at 24 hours post-systemic £. coliinfection as compared to its
baseline size in mice receiving i.v. saline (p < 0.05). Acute alcohol intoxication inhibited this
increase in marrow pool of Glil-expressing LKS cells in response to systemic £E. coli
infection (p < 0.05). The substantial increase in Glil-expressing LKS cell subset apparently
linked to the change in the number of total LKS cells in the bone marrow. The marrow pool
of total LKS cells was also markedly expanded following £. coli infection in comparison
with its baseline level (p < 0.05. Fig. 5B). Similarly, this bacteremia-induced expansion of
marrow total LKS cell population was inhibited in mice with acute alcohol intoxication (o <
0.05). Alcohol intoxication did not show any effect on the baseline level of both Glil-
expressing LKS cell and total LKS cell populations in the bone marrow of mice receiving
i.v. saline (Fig. 5A,B). Figure 5C shows representative plots of flow cytometry for changes
in marrow total LKS cell population following systemic £. coliinfection in the absence and
presence of acute alcohol intoxication.

Alcohol Intoxication Diminished Marrow Reserve of Granulocytes Following E. coli

Infection

Bone marrow houses a giant compartment for storing the majority of granulocytes in the
body (Furze and Rankin, 2008; Strydom and Rankin, 2013; Summers et al., 2010). In
response to serious bacterial infection, granulocyte release from the marrow storage
compartment into the systemic circulation is substantially increased in order to reinforce
host defense against invading pathogens (Furze and Rankin, 2008; Strydom and Rankin,
2013). Activation of LKS cells and increase in the LKS cell population occur in concert with
programming and/or reprogramming of these primitive hematopoietic precursors to enhance
their commitment to granulocyte lineage development in the bone marrow (Shi et al., 2018;
Zhang et al., 2008b, 2009), which secures producing adequate amount of granulocytes for
defending the infected host. As shown in Fig. 6A, the total amount of granulocytes baring
Grl surface marker in the bone marrow remained stable 24 hours following systemic E. coli
infection. Acute alcohol intoxication did not affect the capacity of marrow storage of
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granulocytes in mice receiving i.v. saline. However, a marked decrease in the marrow
reserve of granulocytes occurred 24 hours following systemic £. coli infection in mice with
acute alcohol intoxication (p < 0.05).

Alcohol Intoxication Impaired Granulocyte Development in the Bone Marrow Following E.
coli Infection

In the adult bone marrow, granulocyte development from primitive hematopoietic precursors
passes through multiple steps of differentiation and maturation, during which cell surface
expression of Grl increases with a gradual loss of c-kit expression (Satake et al., 2012).
Based on these characteristic changes, a flow cytometric gating strategy has been developed
for analyzing cells at different stages along the granulocyte lineage development. BMC
subpopulations without the potential to give rise to granulocytes were removed from
consideration by serial dump-gating processes. The remaining cells along the granulocyte
lineage were plotted with their surface level of Grl against that of c-kit. Accordingly, the
cells were divided into 5 subsets (#1 to #5) as reported previously (Satake et al., 2012). In
Fig. 6B, cells included in subsets #1, 2, and 5 were gated, respectively, with their surface
marker features of c-kit"9" Gr1-, c-kiti" Gr1-, and c-kit!®% Gr1high. The remaining cells
between #2 and #5 subsets were divided into #3 and #4 subsets depending on the level of
their expression of Grl.

Figure 7A contains representative plots of flow cytometry for changes in marrow
granulocyte lineage cell subsets (#1 to #5) following systemic E. coli infection in the
absence and presence of acute alcohol intoxication. Quantification analysis showed that the
number of cells in #1 subset did not alter among groups with different treatments(p > 0.05).
Systemic E. coli infection caused a significant increase in the number of cells belonging to
#2 subset compared to the baseline level in mice receiving i.v. saline (p < 0.05). Alcohol
intoxication did not affect the change in #2 subset following £. coliinfection (p> 0.05). The
number of cells in #3 subset increased markedly following systemic £. coli infection (p <
0.05). Alcohol intoxication further increased the quantity of #3 subset cells following £. coli
infection (p < 0.05). Systemic £. coli infection also caused a substantial increase in the
number of cells belonging to the #4 subset (p < 0.05). However, alcohol intoxication
inhibited the increase in the number of #4 subset cells following £. coliinfection (p < 0.05).
In contrast to changes in the quantity of cells belonging to #2 to #4 subsets, the number of
cells in #5 subset reduced significantly following systemic infection with £. coli (p < 0.05).
This reduction of #5 subset cells following £. coli infection was much more profound in
mice with acute alcohol intoxication (p < 0.05). Acute alcohol intoxication did not alter
baseline levels of cell quantity in #2 to #5 subsets in mice receiving i.v. saline (o> 0.05).
Figure 7G shows changes in blood Grl1* cell counts. Blood Grl* cell counts increased
significantly in mice with systemic £. coli infection in comparison with the baseline level in
mice receiving i.v. saline (p < 0.05). Alcohol intoxication impaired this increase in blood
Gr1* cell counts in response to £. coli infection.
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DISCUSSION

In the HH signaling system, 3 ligand proteins, including Sonic (SHH), Indian (IHH), and
Desert (DHH) HH encoded by their genes (shh, ihh, and ahh, respectively), have been
identified in mammals (Hammerschmidt et al., 1997; Perrimon, 1995). Cell expression of
HH ligand is a multiple-step process. Initially, a 45-kDa precursor polypeptide is
synthesized, from which, the active HH ligand composed of the 19-Kda N-terminal fragment
is generated through the cholesterol-dependent autocatalytic cleavage (Beachy et al., 1997;
Lee et al., 1994, Porter et al., 1995; Ryan and Chiang, 2012). This 19-Kda N-terminal
fragment is then further modified by the addition of cholesterol and palmitoyl groups at its
C- and N-termini, respectively (Lee et al., 2016; Murone et al., 1999; Ramsbottom and
Pownall, 2016). Among 3 types of HH ligands, the best studied one is SHH (VChoy and
Cheng, 2012). HH ligands are membrane-tethered before being released from HH-producing
cells, as monomers and multimers or even in association with lipoproteins as well as
exosomes, into the extracellular space (Lee et al., 2016; Ortmann et al., 2015; Ramsbottom
and Pownall, 2016; Ryan and Chiang, 2012). SHH ligand binds to its receptor expressed on
target cells to incite SHH signaling. Two vertebrate PTCH homologues, PTCH1 and
PTCHZ2, have been identified (Lee et al., 2016; Murone et al., 1999) Engagement of ligand
SHH to its receptor PTCH stops PTCH-exerted repression of Smoothened (SMO; Irvine and
Copland, 2012; Murone et al., 1999; Ryan and Chiang, 2012). Activation of SMO promotes
transcription of SHH target genes through the Gli transcription factor family. In the Gli
family, Gli2 exists in both a full-length active form and a truncated repressor form (Hui and
Angers, 2011; Sasaki et al., 1999). Activated SMO obstructs the truncating process of full-
length Gli2, which empowers nuclear translocation of Gli2 to activate the transcription of
downstream genes, particularly the transcription of Glil (Hui and Angers, 2011; Pan et al.,
2009; Wang et al., 2010). Glil is a master transcriptional activator for expression of genes
required for survival and proliferation of cells. Further, Glil can activate expression of Glil
and PTCH (1 and 2) genes to provide both positive and negative feedbacks to SHH
signaling, respectively (Irvine and Copland, 2012; Ryan and Chiang, 2012). Previous studies
have revealed that SHH signaling is involved in the regulation of primitive hematopoietic
precursor cell activity, such as promoting HSC proliferation and their myeloid differentiation
(Bhardwaj et al., 2001; Merchant et al., 2010). Investigations from our group have shown
that SHH signaling participates in the regulation of hematopoietic stem/progenitor cell
activation during the granulopoietic response to systemic bacterial infection (Shi et al.,
2018).

In this study, we observed early activation of SHH signaling in marrow hematopoietic cells
during systemic infection with £. coli. This observation is in agreement with our previous
investigations (Shi et al., 2018). Acute alcohol intoxication impaired the early increase in
SHH expression. SP1 has been shown as a key transcription factor activating s#/ gene
transcription (Shi et al., 2018). Activation of the Toll-like receptor 4 (TLR4)-ERK1/2 signal
transduction pathway mediates expression of SP1 (Chanteux et al., 2007).
Lipopolysaccharide (LPS) derived from gram-negative bacteria is the natural ligand to TLR4
for the activation of TLR4 signaling. LPS is a potent stimulator for up-regulation of SHH
expression by BMCs (Shi et al., 2018). Results of our current study showed that systemic
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bacterial infection caused a rapid activation of ERK1/2 in BMCs. Acute alcohol intoxication
exerted a profound inhibition of this rapid increase in the level of phospho-ERK1/2 in BMCs
following the systemic bacterial infection. In previous studies, we have observed that
excessive alcohol exposure impairs the activation of ERK1/2 signaling in marrow
hematopoietic cells in murine models of bacterial infection (Melvan et al., 2012; Shi et al.,
2017). Investigations conducted by other researchers have also demonstrated that acute
alcohol intoxication impairs activation of ERK1/2 signaling in cells in response to injurious
challenges (Li et al., 2009; Mandrekar et al., 2009). These data suggest that impaired
activation of ERK1/2 signaling may serve as a mechanism underlying the inhibited up-
regulation of SHH expression by marrow hematopoietic cells during systemic £. coli
infection in mice acutely intoxicated with alcohol. In addition to SP1, studies have shown
that other transcription factors including nF-ke and STAT6 may participate in the regulation
of SHH expression (Duan et al., 2015; Wang et al., 2020). During infection and
inflammation, cytokines and other endogenous mediators can signal through these
transcription factors. Likewise, cytokines such as interleukin (IL)-4/IL-13, IL-1b, and IFN-y
have been reported being involved in the regulation of SHH expression in different
pathological circumstances (Sherman and Zavros, 2011; Wang et al., 2020). Further
investigations are warranted for clarifying the potential role of endogenous mediators in the
regulation of SHH expression during systemic bacterial infection.

Bacteremia-induced increase in the generation of SHH ligands in the bone marrow would
activate SHH signal transduction and Glil expression in SHH-responding cells. In the
current study, Glil mRNA expression by BMCs was significantly up-regulated 24 hours
following systemic £. coliinfection, indicating the activation of SHH signaling in these
cells. Acute alcohol intoxication suppressed the up-regulation of Glil mRNA expression by
BMCs following systemic £. coli infection, which was consistent with the negative effect of
alcohol on bacteremia-induced increase in the generation of SHH ligands in the bone
marrow. Studies have shown that SHH-GIi1 signaling is active in upstream hematopoietic
precursor cells (Bhardwaj et al., 2001; Shi et al., 2018). The activity of this signaling
pathway reduces with differentiation of cells into the mature stage. In this study, marrow
LKS cells (a cell subtype enriched with HSCs) substantially increased Glil expression
following i.v. challenge with £. coli. 1t implies that these primitive hematopoietic precursor
cells actively respond to the stimulation of increased SHH ligands in the marrow niche
environment following systemic bacterial infection. Acute alcohol intoxication inhibited the
increase in Glil protein expression by LKS cells following E. coli infection, indicating the
impaired activation of SHH-GIil signaling in these upstream precursor cells in the presence
of alcohol intoxication.

Activation of SHH-GIi1 signaling enhances HSC proliferation and promotes expansion of
primitive hematopoietic precursor cell pool in the bone marrow (Bhardwaj et al., 2001;
Trowbridge et al., 2006). One mechanism underlying the enhancement of hematopoietic
precursor cell proliferation may link to the role of SHH signaling in inducing expression of
D and E cyclins in SHH-responding cells (Duman-Scheel et al., 2002). D and E cyclins
promote S-phase entry and progression in cell cycles. In addition, studies have shown that
bone morphogenetic protein-4 (BMP-4) is involved in SHH signaling for the regulation of
primitive hematopoietic cell activities (Bhardwaj et al., 2001). BMP-4 stimulates primitive
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hematopoietic precursor cell proliferation. Noggin is a potent inhibitor of BMP-4. SHH
signaling represses cell expression of Noggin to facilitate BMP-4-mediated cell
proliferation. In this study, we analyzed activation of SHH-GIi1 signaling in relation to the
change in proliferative activity in primitive hematopoietic precursor cells. The number of
proliferating LKS cells, as reflected by their positive BrdU incorporation, markedly
increased in the bone marrow following systemic E. coli infection. The majority
proliferating LKS cells are those expressing Glil. Acute alcohol intoxication inhibited this
early activation of LKS cell proliferation. Linear regression and correlation analysis showed
that BrdU incorporation into LKS cells was positively correlated with the expression of Glil
in these primitive hematopoietic precursor cells. These data suggest that alcohol intoxication
inhibits the SHH-GIi1 signal transduction pathway in marrow LKS cells, which may serve
as a mechanism by which alcohol impairs early proliferative activation of these primitive
precursors in response to serious bacterial infection.

Enhancement of LKS cell proliferation contributes to rapid increase in the marrow pool of
primitive hematopoietic precursor cells during the granulopoietic response (Zhang et al.,
2008b, 2009). In our current study, sizes of both the Glil-expressing LKS cell subpopulation
and total LKS cell population in the bone marrow were substantially increased following
systemic £. coli infection. This rapid expansion of marrow primitive hematopoietic
precursor pool was significantly inhibited in animals with acute alcohol intoxication, which
reflects the adverse effect that alcohol exerted on the granulopoietic response at the initial
stage of HSC activation.

In response to bacterial infection, bone marrow increases its release of granulocytes into the
systemic circulation in order to reinforce host defense against invading pathogens (Shi et al.,
2019). During the process, proliferative activation of HSCs and transcriptional
reprogramming of these upstream precursors for enhancing their commitment to granulocyte
lineage development are critical for empowering the bone marrow to produce sufficient
granulocytes. It has been reported that SHH-GIil signaling not only mediates primitive
hematopoietic precursor proliferation, but regulates their myeloid differentiation as well
(Merchant et al., 2010). In this study, we observed that along with activation of SHH-Glil1
signaling and enhancement of LKS cell proliferation, the level of total granulocytes (Grl*
cells) in the bone marrow was able to maintain stable 24 hours following systemic £.coli
infection. However, the marrow pool of total granulocytes was markedly reduced following
bacteremia in mice with acute alcohol intoxication. These results suggest that alcohol-
induced disruption of SHH-GIi1 signaling and impairment of primitive hematopoietic
precursor cell activation impede host ability to produce adequate amount of granulocytes
through initiating a normal process of granulopoietic response.

We further measured alterations in committed cell subsets (#1 to #5 subsets) along the
granulocyte lineage in the bone marrow based on their surface expression of c-kit versus Grl
using flow cytometry as reported previously (Satake et al., 2012). Predominant cell
compositions in these 5 subsets are myeloblasts in #1, promyelocytes in #2, myelocytes in
#3, metamyelocytes in #4, and band-to-segmented granulocytes in #5, respectively, which
reflects the stepwise progression of granulopoiesis (Satake et al., 2012). In this study,
terminally differentiated granulocytes associated with #5 subset constituted the majority
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(87.2%) of total granulocyte lineage-committed cells in control mice receiving i.v. saline.
This observation supports the substantial capacity of marrow storage pool of mature
granulocytes in homeostatic condition (Furze and Rankin, 2008; Strydom and Rankin,
2013). Systemic £. coliinfection caused a significant reduction of cells belonging to #5
subset (45.9%) in the bone marrow, which could be resulted from the enhanced release of
terminally differentiated granulocytes from the bone marrow. Concomitantly, cells in #2, #3,
and #4 subsets increased markedly, indicating the activation of granulopoietic activity in the
bone marrow following E. coli infection. The number of myeloblasts associated with #1
subset was not altered following i.v. challenge with £.coli, which might represent a status of
dynamic equilibrium of precursor cell traveling through this typical stage of granulopoiesis
in this model of septic infection. The increase in commitment of primitive hematopoietic
precursors to #1 subset was apparently balanced by the acceleration for myeloblasts to exit
this subset and differentiate into cells belonging to the downstream subsets. In a recent study
on emergency granulopoiesis in response to Gram-positive bacterial infection, significant
increases in subpopulations #1, #3, and #4 with a decrease in subpopulation #5 in the bone
marrow of mice with Streptococcus pneumoniae pneumonia-derived sepsis have been
reported (Paudel et al., 2019). In our current study, acute alcohol intoxication did not affect
bacteremia-induced increase in cells in #2 subset. The number of cells in #3 subset was
further increased in mice with alcohol intoxication following systemic £. coli infection in
comparison with that in infected animals without alcohol exposure. This increase in cells of
#3 subset was seemingly due to an impediment of cell further differentiation, as evidenced
by the significant inhibition of increase in cells in the downstream #4 subset following
systemic £. coliinfection in alcohol-intoxicated mice. Bone marrow analysis of alcoholic
patients during their neutropenic stage has observed that nearly all of neutrophil precursors
are trapped at the early developmental stage without further maturation (Ballard, 1997). The
mechanism underlying this alcohol-induced accumulation of granulopoietic cells at the #3
subset (myelocyte) stage remains to be elucidated. Further investigations following this path
may clarify if the accumulation of #3 subset cells has any relationship to the defective SHH-
Glil signaling in alcohol-intoxicated animals. Along with the impaired SHH-GIi1 signaling
in HSCs and disrupted process of granulocyte development during the granulopoietic
response, the number of terminally differentiated granulocytes in #5 subset was diminished
in alcohol-intoxicated mice following system E. coli infection. Similar to no disruption of
baseline SHH-GIi1 signaling activity in primitive hematopoietic precursor cells following
alcohol exposure, acute alcohol intoxication did not affect cell distribution in all subsets of
granulocyte lineage-committed hematopoietic cells in control mice receiving i.v. saline.
Supported by enhancement of granulopoiesis and release of mature granulocytes from the
bone marrow into circulation, blood granulocyte (Gr1*) counts were increased significantly
following systemic £. coliinfection. Alcohol intoxication impaired this granulopoietic
response, which would compromise host immune defense. Previous studies from our group
have shown that alcohol intoxication increases mortality in mice with systemic £. coli
infection (Zhang et al., 2009).
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Acute alcohol intoxication suppressed up-regulation of SHH expression by bone marrow
cells 24 hours following i.v. challenge with £. coli. Control: i.p. saline; alcohol: i.p. alcohol;
saline: i.v. saline; E. colf. i.v. E. coli. Values are mean = SEM. N=4to 5 in each group.

Barswith different lettersin each panel are statistically different (p < 0.05).
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Fig. 2.
Acute alcohol intoxication suppressed ERK1/2 activation in nucleated bone marrow cells 8

hours following i.v. challenge with E. coli. (A) Representative Western blot image. C/S: i.p.
saline plus i.v. saline; A/S: i.p. alcohol plus i.v. saline; C/E: i.p. saline plus i.v. £. coli; AIE:
i.p. alcohol plus i.v. £. coli. (B and C) Quantitative analysis of Western blot images. Control:
i.p. saline; alcohol: i.p. alcohol; saline: i.v. saline; £. coli. i.v. E. coli. Values are mean +
SEM. N =4 in each group. Barswith different lettersin each panel of (B) and (C) are
statistically different (p < 0.05).
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(A) Changes in Glil mRNA expression by bone marrow cells; (B) changes in integrated
mean channel fluorescence (IMCF) of Glil protein expression by bone marrow LKS cells 24
hours following i.v. challenge with £. coli. Control: i.p. saline; alcohol: i.p. alcohol; saline:
i.v. saline; E. coli. i.v. E. coli. Values are mean £ SEM. V=410 5 in each group. Barswith
different lettersin each panel of (A) and (B) are statistically different (p < 0.05). (C)
Representative histograms of flow cytometry about changes in Glil protein expression by
bone marrow LKS cells 24 hours following i.v. challenges. C/S: i.p. saline plus i.v. saline;
AJS: i.p. alcohol plus i.v. saline; C/E: i.p. saline plus i.v. £. coli; AIE: i.p. alcohol plus i.v. £
colr.
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between BrdU incorporation and Glil expression in LKS cell population 24 hours following
i.v. challenge with E. colior saline in the absence and presence of acute alcohol intoxication.
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Acute alcohol intoxication suppressed increase in the number of Glil* LKS cells (A N=4
in each group) and total LKS cells (B /=10 in each group) in the bone marrow 24 hours
following i.v. challenge with £. coli. Control: i.p. saline; alcohol: i.p. alcohal; saline: i.v.
saline; E. colf. i.v. E. coli. Values are mean + SEM. Barswith different lettersin each
panel of (A) and (B) are statistically different (p < 0.05). (C) Representative plots of flow
cytometry about changes in bone marrow LKS cells.
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(A) Acute alcohol intoxication decreased the number of total Gr1* cells in the bone marrow
24 hours following i.v. challenge with E. coli. Control: i.p. saline; alcohol: i.p. alcohol;
saline: i.v. saline; E. colii i.v. E. coli. Values are mean = SEM. NV= 6 in each group. Bars
with different lettersin the panel are statistically different (o < 0.05). (B) Gating strategy of
flow cytometry for analyzing cell subsets along granulocyte lineage development.
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Fig. 7.

A.g Representative plots of flow cytometry about change in cell subsets along granulocyte
lineage development in the bone marrow 24 hours following i.v. challenge with E. coliin the
absence and presence of acute alcohol intoxication. Control: i.p. saline; alcohol: i.p. alcohol;
saline: i.v. saline; E. colr. i.v. E. coli. B-F Changes in cell subsets along granulocyte lineage
development in the bone marrow 24 hours following i.v. challenge with £. coliin the
absence and presence of acute alcohol intoxication. Control: i.p. saline; alcohol: i.p. alcohol;
saline: i.v. saline; E. colii.v. E. coli. N= 6 in each group. Values are mean + SEM. Bars
with different lettersin each panel are statistically different (o< 0.05). (G) Changes in
blood Gr1* cell counts 24 hours following i.v. challenge with £. coliin the absence and
presence of acute alcohol intoxication. Values are mean £ SEM. Control: i.p. saline; alcohol:
i.p. alcohol; saline: i.v. saline; £. coli. i.v. E. coli. N= 6 to 8 in each group. Barswith
different letter sare statistically different (0 < 0.05).
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