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Background: Because survival and death after sepsis are partly due to a proper immune
adaptation and immune dysregulation, respectively, survivors and moribund mice after cecal
ligation and puncture (CLP) sepsis surgery and in vitro macrophage experiments were
explored.

Methods: Characteristics of mice at 1-day and 7-days post-CLP, the representative of
moribund mice (an innate immune hyper-responsiveness) and survivors (a successful control
on innate immunity), respectively. In parallel, soluble heat aggregated immunoglobulin
(sHA-Ig), a representative of immune complex, was tested in lipopolysaccharide (LPS)-
activated macrophages together with a test of intravenous immunoglobulin (IVIG),
a molecule of adaptive immunity, on CLP sepsis mice.

Results: Except for a slight increase in alanine transaminase (liver injury), IL-10, endotox-
emia, and gut leakage (FITC-dextran assay), most of the parameters in survivors (7-days
post-CLP) were normalized, with enhanced adaptive immunity, including serum immuno-
globulin (using serum protein electrophoresis) and activated immune cells in spleens (flow
cytometry analysis). The addition of sHA-Ig in LPS-activated macrophages reduced super-
natant cytokines, cell energy (extracellular flux analysis), reactive oxygen species (ROS),
several cell activities (proteomic analysis), and Fc gamma receptors (FcgRs) expression. The
loss of anti-inflammatory effect of sHA-Ig in LPS-activated macrophages from mice with
a deficiency on Fc gamma receptor IIb (FcgRIIb-/-), the only inhibitory signaling of FcgRs
family, when compared with wild-type macrophages, implying the FcgRIIb-dependent
mechanism. Moreover, IVIG attenuated sepsis severity in CLP mice as evaluated by serum
creatinine, liver enzyme (alanine transaminase), serum cytokines, spleen apoptosis, and
abundance of dendritic cells in the spleen (24-h post-CLP) and survival analysis.
Conclusion: Immunoglobulin attenuated LPS-activated macrophages, partly, through the
reduced cell energy of macrophages and might play a role in sepsis immune hyper-
responsiveness. Despite the debate over IVIG’s use in sepsis, IVIG might be beneficial in
sepsis with certain conditions.
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Introduction

Sepsis, a syndrome of organ failure caused by a disruption in the host’s response to
a systemic infection, is a leading cause of death in individuals with clinically serious
conditions and has been identified as a major global healthcare issue.' Anti-inflammation
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is an attractive supplementary treatment for sepsis, especially
during the pro-inflammatory state.' As such, the imbalance of
pro- and anti-inflammatory immune responses leads to multi-
organ failure, which is one of the major causes of death in
sepsis.>* Additionally, substantial data suggests that sepsis
pathophysiology is primarily caused by vigorous innate
immune responses, particularly macrophages.” Accordingly,
macrophages are heterogeneous immune cells with pleiotropic
functions, including pro- and anti-inflammatory properties®’
and the harness of macrophage functions into a proper direc-
tion (immunoadjuvant or immunosuppression alleviation) for
the specific individual condition might be beneficial.®
Although macrophage pro-inflammatory responses during
sepsis hyper-inflammatory state are too profound, the well-
controlled responses during sepsis recovery in patients who
have survived sepsis might be due to a proper immune
adjustment.” In sepsis, innate immunity causes hyper-
inflammation for initial organism control, but adaptive immu-
nity slows down the overwhelming innate immune responses
with
eradication,'® implying that adaptive immunity plays a role in

more  effective  antibody-mediated  microbial
controlling the sepsis-induced over-responsiveness of innate
immunity.'' Because adaptive immune responses develop later
than innate responses in sepsis, exploration of adaptive and
innate immunity in sepsis has to be performed in moribund
mice and sepsis survivors, respectively. Indeed, one of the
responsible factors to determine the outcomes of sepsis, survi-
vors versus deceased mice, might be a function of adaptive
immunity to control sepsis-induced innate hyper-immune
responses in an appropriate immune adaptation versus an
inappropriate (or less effective) immune adjustment,
respectively.

Hence, an exploration of immune responses of the
sepsis survivors or the late phase of sepsis might provide
an effective pattern of the control of innate immune
responses by adaptive immunity. We hypothesize that
induction of adaptive immune responses in a proper direc-
tion might be one of the interesting strategies to control
sepsis hyper-inflammatory responses. Subsequently, cecal
ligation and puncture (CLP) sepsis mice at 1-day and
7-days post-surgery were explored as the representatives
of sepsis with predominant innate immune responses and
adaptive immune activation, respectively, followed by
in vitro experiments on the activated macrophages, includ-
ing cell energy (extracellular flux determination) and pro-
teomic analysis. Furthermore, the control of sepsis innate
immunity by induction of adaptive immunity using intra-
venous immunoglobulin (IVIG) administration in CLP

mice was also performed as a proof-of-concept

experiment.

Materials and Methods

Animals and Animal Model

The Institutional Animal Care and Use Committee of the
Faculty of Medicine, Chulalongkorn University, Bangkok,
Thailand, certified the animal care and use procedure
(SST 012/2563) in accordance with the US National
Institutes of Health guidelines. The 8-week-old male
C57BL/6 mice (purchased from the National Laboratory
Animal Center, Nakhon Pathom, Thailand) had free
access to water and chow before and after surgery.
Additionally, Fc  gamma receptor IIb-deficient
(FcgRIIb-/-) mice on a C57BL/6 background were pro-
vided by Dr Silvia Bolland (NIAID, NIH, Maryland,
USA) for the preparation of FcgRIIb-/- macrophages.
For sepsis induction, cecal ligation and puncture (CLP)
was performed according to the previous publications.'*”
!> Briefly, the cecum was ligated at 12 mm from the cecal
tip, punctured twice with a 21-gauge needle, and gently
pressed to express a small amount of fecal material before
being placed into the abdominal cavity. In sham mice, the
cecum was only identified through abdominal incision
before suturing layer by layer with 6-0 nylon sutures.
Then, 1 mL of prewarmed normal saline solution (NSS)
was given intraperitoneally and antibiotics (imipenem/
cilastatin) 14 mg/kg in 0.5 mL NSS was subcutaneously
administered at 6 h and 18 h post-CLP for 1-day CLP
mice and administered once daily for survival analysis
and 7 days CLP mice. Antibiotics were not administered
in sham mice. Blood was collected through tail vein
nicking at 4 days before surgery for the baseline value
of the parameters (0 time-point). At 1 day after surgery
during survival observation, the moribund CLP mice, as
indicated by labored respiration and non (or less) moving
after touch stimulation, were counted as death and eutha-
nized by cardiac puncture under isoflurane anesthesia with
sample collection (organs and blood) (Figure 1A). In
parallel, 1 day post sham mice from another set of experi-
ments were used for avoiding an impact on the survival
analysis. At 7 days of surgery, all mice were sacrificed
through cardiac puncture under isoflurane anesthesia with
sample collection. Another set of mice were used for the
1-day post-surgery time-point for fluorescein isothiocya-
nate dextran (FITC-dextran) assay (detail later). For intra-
venous immunoglobulin (IVIG) experiments, IVIG at 2.5
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Figure | Schematic experiment and sepsis parameters of CLP mice at | and 7 days after surgery. Schema of the experiments (A) demonstrates mice with sham or CLP
surgery (n = 20 in each group). Then, survival analysis (B), peripheral WBC, neutrophils, and lymphocytes (C-E) and organ injury parameters, including kidney (blood urea
nitrogen and serum creatinine) (F and G), liver (alanine transaminase) (H), and spleen (activated caspase 3 apoptosis cells) with the representative caspase 3
immunohistochemistry pictures (I and J) are demonstrated. The picture from mice at 7-days post-sham is not shown due to the similarity to the presented |-day post-
sham. Notably, the number of analyzed samples in each time-point is 10 per group (n = 10/group) at baseline (4 days before surgery), n = 7 for moribund mice at |-day post-
CLP, n = 6 for survived CLP mice at 7 days and n = |10/group for the post-sham surgery (| day and 7 days). Columns represent mean values + SEM (*p < 0.05).

Abbreviations: CLP, cecal ligation and puncture; WBC, white blood cells.

g/kg, using 10% IVIG (Thai Red Cross Society,
Chulalongkorn University, Thailand) or NSS control,
were intraperitoneally administered at 30 min after CLP
surgery under isoflurane anesthesia before sacrifice at
1 day post surgery. In the survival analysis, IVIG (Thai
Red Cross Society) at 2.5 g/kg or NSS was administered
once daily started at 30 min after CLP until euthanized at
96 h post-CLP.

Mouse Blood Sample Analysis

Kidney injury was determined by blood urea nitrogen
(BUN) and serum creatinine using QuantiChrom (DIUR-
500 and DICT-500; BioAssay, Hayward, CA, USA).
Liver damage and serum cytokines were determined by
EnzyChrom Alanine Trans-aminase assay (EALT-100,
BioAssay, Hayward, CA, USA) and enzyme-linked
immunosorbent assays (ELISA) for mouse cytokines
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(Invitrogen, Carlsbad, CA, USA), respectively. In addi-
tion, blood leukocyte determination was performed® by
mixed blood with 3% acetic acid, a hemolytic solution,
with a ratio of blood:acetic acid at 6:100 by volume
before counting with a hemocytometer. In parallel,
a Wright-stained blood smear was examined for the per-
centage of polymorphonuclear cells (PMNs), and lym-
phocytes and the total cell numbers were calculated by
the total count from the hemocytometer multiplied by the
percentage of cells from the Wright-stained slide. Serum
endotoxin (LPS) was measured by HEK-Blue LPS
Detection (InvivoGen, San Diego, CA, USA), and the
data were recorded as 0 when LPS values were less than
0.01 EU/mL because of the limited lower range of the
standard curve. For the evaluation of antibody responses,
mouse serum was analyzed for total immunoglobulin by
capillary protein electrophoresis (MINICAP-2 Sebia,
Evry Cedex, France) as previously published.'® The per-
centage of protein in the gamma zone of protein electro-
total
immunoglobulin level by multiplying the ratio of

phoresis was recorded and converted into
gamma zone protein by serum total protein that was

measured by Bradford protein assay.

Gut Leakage Measurement and Spleen

Immunohistochemistry
determined by FITC-dextran
using an oral administration of FITC-

Gut permeability was
assaylz’”"s
dextran, a nonabsorbable molecule with 4.4 kDa molecular
mass (Sigma-Aldrich, St. Louis, MO, USA), at 12.5 mg at
3 h before the detection in serum by Fluorospectrometer
(NanoDrop 3300; ThermoFisher Scientific, Wilmington,
DE, USA). On the other hand, immunohistochemical
staining of 4-um paraffin sections was performed with an
anti-active caspase-3 antibody (Cell Signaling Technology,
Beverly, MA), a marker of apoptosis, and examined in 10
randomly selected 200x magnified fields as previously
described.” The score was expressed as positive cells

per high-power field.

Flow Cytometry Analysis Analyses of
Spleen

For the comparison between 1 and 7 days after CLP
surgery, all mice were operated for 2 times at day 0
and day 6 and sacrificed at day 7 of the experiments. For
1 day post CLP, sham and CLP surgery were performed
at day 0 and day 6, respectively. In parallel, CLP and sham

operations were conducted at day 0 and day 6, respec-
tively. The sham control mice were performed by sham at
both time points. Then, mouse spleens in these groups
were analyzed by flow cytometry analysis following
a previous standard protocol'® using separated splenocytes
in supplemented RPMI-1640 (Roswell Park Memorial
Institute media) and were resuspended in staining buffer
(0.5% BSA and 10% FBS in PBS). Red blood cells were
removed by lysis buffer (ACK buffer: NH4Cl, KHCO;,
and EDTA). After that, splenocytes (1 x 10° cells) were
stained with fluorochrome-conjugated antibodies against
different mouse immune cells including anti-CD4 (clone:
GK1), CD8 (clone: 53-6.7), CD62L (clone: MEL-14),
CD44 (clone: IM7), CD3e (clone: 145-2C11), CDI19
(clone: 6DS5), CDl1l1c (clone: N418), B220 (clone: RA3-
6B2), CDI11b (clone: M1/70), I-Ab (clone: AF6-120.1),
CDS80 (clone: 16-10A1), GL7 (clone: GL7), CDI138
(clone: 281-2), Ly-6G (clone: AS8), Ly-6C (clone:
HK1.4), F4/80 (clone: BMS8) and apoptosis markers
using APC Annexin V and propidium iodide (PI)
(Bioegend), the cells were resuspended in the binding
buffer at a concentration of 1x10° cells/100 uL for 15
min at room temperature in the dark before analysis with
BD LSR-II (BD Biosciences) using FlowJo software (ver-
sion 10).

Macrophage Cytokines, Phagocytosis

Activity, and Polymerase Chain Reaction

To determine the influence of immunoglobulin (Ig) on
macrophage function, soluble heat-aggregated immuno-
globulin (sHA-Ig) was used as the representative immu-
noglobulin (Ig) on macrophages (RAW264.7 cells,
ATCC®™, Manassas, VA, USA). For the preparation of
soluble heat aggregated gamma globulin (sHA-Ig),
mouse IgG (Sigma-Aldrich) was diluted to 1 mg/mL in
phosphate buffer solution (PBS) and heat-aggregated at
63°C for 60 min before centrifugation at 13,000 x g for
10 min. The supernatant was taken to measure the con-
centration using Cytation 5 (Biotek, Winooski, VT,
USA). Then, RAW264.7 cells (5x10° cells) were main-
tained in Dulbecco’s Modified Eagle Medium (DMEM)
(Hyclone, Logan, UT, USA) supplemented with 10%
Fetal Bovine Serum (FBS) (Gibco, Waltham, MA, USA)
and grown for 24 h in a humidified incubator at 37°C with
5% CO2. RAW264.7 cells were stimulated with either
100 ng/mL lipopolysaccharide (LPS) (Escherichia
coli 026: B6; Sigma-Aldrich) or LPS plus 100 pg/mL
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sHA-Ig for 24 h treatment before measurement of super-
natant cytokines (TNF-o, IL-6, and IL-10) by ELISA
(Invitrogen).

For phagocytosis, macrophages at 1x10° cells were
stimulated from 24 h as previously described and opso-
nized by 30 min incubation with 2.5% mouse serum in
DMEM before the 1 h incubation with zymosan conju-
gated with 40 kDa FITC-dextran (Sigma-Aldrich) at 200
ug/mL in 37 °C with 5% CO,. Then, the cells were fixed
by 1% paraformaldehyde in 2% fetal bovine serum (FBS)
in PBS for 15 min and detached by a cell scraper. The
number of cells with phagocytosis (fluorescent FITC-
positive cells) was measured with a FACS LSRII (BD
Biosciences, San Jose, CA, USA) flow cytometer using
FlowJo software (Tree Star, Inc., Ashland, OR, USA).

Additionally, Fc gamma receptors (FcgRs), both acti-
vating and inhibitory receptors, in macrophages were eval-
uated using real-time polymerase chain reaction (PCR).
After 24 h of the stimulation, an RNA easy mini kit
(Qiagen, Hilden, Germany) and a high-capacity reverse
transcription assay (Applied Biosystems, Warrington,
UK) were used to prepare total RNA and reverse transcrip-
tion, respectively. The comparative threshold (delta-delta

Ct) approach (27 44¢

) was used to establish relative quan-
tification using an Applied Biosystems 7500 Real-Time
PCR System with SYBR® Green PCR Master Mix
(Applied Biosystems) as normalized by Beta-2 microglo-
bulin (B2M, an endogenous housekeeping gene). A list of
primers for PCR is including FcgRI forward 5'-
CACAAATGCCCTTAGACCAC-3' reverse 5-ACCCTA
GAGTTCCAGGGATG-3'; FcgRIIb forward 5-TTCTCA
AGCATCCCGAAGCC-3" reverse 5-TTCCCAATGCC
AAGGGAGAC-3'; FegRIII forward 5-AGGGCCTCCAT
CTGGACTG-3" reverse 5'-GTGGTTCTGGTAATCATG
CTCTG-3"; FcgRIV forward 5-AACGGCAAAGGCAAG
AAGTA-3" reverse 5-CCGCACAGAGAAATACAGCA
-3 and B2 microglobulin (f2M) forward 5'-CCACT
GAAAAAGATGAGTATGCCT-3' reverse 5'-CCAATCC
AAATGCGGCATCTTCA-3".

Bone Marrow—Derived Macrophages
from Wild-Type and Fc Gamma Receptor
[Ib—Deficient (FcgRllb-/-) Mice

Because of the previous information on a better engage-
ment of sHA-Ig to inhibitory Fc gamma receptor IIb
(FcgRIIb), an only inhibitory receptor of Fc gamma recep-
tor (FcgR) family, over the other activating FcgRs,*

macrophages from FcgRIIb-deficient (FcgRIIb-/-) mice
were used.

As such, macrophages were derived from the bone
marrow of 8 wk-old mice (wild type and FcgRIIb-/-) as
previously described.'*'> Briefly, bone marrow from
femurs and tibias were collected by centrifugation at
6000 rpm for 4 °C and incubated for 7 days with
Dulbecco’s Modified Eagle Medium (DMEM) supplemen-
ted with 10% fetal bovine serum (FBS), 1% penicillin/
streptomycin, 4-(2-hydroxyethyl)-1-piperazineethanesulfo-
nic acid (HEPES) with sodium pyruvate in a humidified
5% CO2 incubator at 37 °C. Conditioned media of the
L929 cell line, containing macrophage-colony stimulating
factor, at 20% weight by volume (w/v) were used to
induce macrophages from the pluripotent stem cells.
After that, the bone marrow-derived macrophages were
stimulated with LPS with or without sHA-Ig before the
determination of supernatant cytokines in similar to
RAW264.7 cells as previously mentioned.

Extracellular Flux Analysis and
Intracellular Reactive Oxygen Species
(ROS)

Because cell energy status is important for LPS-induced
cytokine production®® and both inflammatory cytokines
and LPS are potent ROS inducers,”"** sHA-Ig might
affect cell energy and ROS. The energy metabolism pro-
files, using Seahorse XF Analyzers (Agilent, Santa Clara,
CA, USA), are estimated by glycolysis and mitochondrial
oxidative phosphorylation based on extracellular acidifica-
tion rate (ECAR) and oxygen consumption rate (OCR),
respectively, as previously published.”> As such, macro-
phages (RAW264.7) at 1x10° cells/well were stimulated,
as described above, in a Seahorse cell culture plate before
replacing by Seahorse media (DMEM complemented with
glucose, pyruvate, and L-glutamine) (Agilent, 103575—
100) in pH 7.4 at 37°C for 1 h prior to the challenge
with different metabolic interference compounds of mito-
chondrial and glycolysis stress test. Briefly, for the mito-
chondrial stress test, the samples in Seahorse media
(Agilent, 103575-100) were sequentially incubated by
oligomycin, carbonyl cyanide 4-(trifluoromethoxy) phe-
nylhydrazone (FCCP), and rotenone/antimycin A. In par-
allel, glycolysis stress tests were performed in samples
with Seahorse XF DMEM medium supplemented with 2
mM Seahorse XF L glutamine. Then, several agents,
including glucose, oligomycin, and 2-deoxy-D-glucose
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(2-DG) were sequentially added. The results in the
Seahorse analysis were normalized by applying the total
protein abundance in the Wave program before measuring
all parameters. On the other hand, the intracellular reactive
oxygen species (ROS) was determined by DHE (dihy-
droethidium) assay (ab236206; Abcam, Cambridge, MA,
USA), according to the manufacturer’s instructions as
previously described.*

Quantitative Proteomic Analysis

Stimulated RAW246.7 cells after 24 h of LPS or LPS +
sHA-Ig incubation were washed 3 times with ice-cold
PBS, lysed in 8 M urea in 100 mM triethylammonium
bicarbonate (TEAB, Sigma) containing 1X protease inhi-
bitor cocktail (ThermoFisher), and sonicated at 40%
amplitude for 1 min. Cell debris was pelleted by centrifu-
gation at 12,000 x g at 4 °C for 10 min. Protein concen-
tration was measured by BCA assay (ThermoFisher).
Then, 100 pg of each sample were processed with 10
mM dithiothreitol (DTT) (Merck, Kenilworth, NJ, USA)
at 37°C for 30 min, followed by alkylation with 40 mM
iodoacetamide (GE Healthcare, Chicago, IL, USA) at
room temperature for 30 min in the dark. These samples
were further quenched with 40 mM DTT at least 15
minutes at room temperature and diluted with 100 mM
TEAB to lower urea concentration to <I M followed by
incubation with trypsin (Promega) at a ratio of 1:50 (w/w)
at 37 °C overnight. The tryptic peptides were labeled with
TMTsixplex ™ Label
(ThermoFisher) following the manufacturer’s protocols.
Peptides derived from cells stimulated with LPS plus sHA-
Ig or LPS were labeled with 128 and 130 TMT reagent,
respectively. After labeling, the samples were incubated

Isobaric Reagent Set

for 1 h at room temperature and quenched with 5% hydro-
xylamine (Sigma-Aldrich) for 15 minutes. Each labeled
sample was combined and dried in a vacuum centrifuga-
tion. Then, the pooled labeled peptides were separated into
20 fractions and concatenated into 10 fractions using the
Pierce High pH Reversed-Phase Peptide Fractionation Kit
(ThermoFisher) with minor modified instruction. Then, all
fractions were dried in vacuo and dissolved in 0.1% formic
acid (Sigma) before MS analysis.

After that, liquid chromatography—mass spectrometry
(LC-MS/MS) analysis of samples was performed on an
EASY-nLC1000 system coupled to a Q-Exactive Orbitrap
Plus mass spectrometer equipped with a nano-electrospray
ion source (ThermoFisher). The peptides were eluted with
the following acetonitrile gradients in 0.1% FA: 5-8% for

3 min 8-15% for 60 min, 15-40% for 23 min, 40-95% for
2 min, and 95% for 5 min at a flow rate of 300 nL/min.
The MS methods included a full MS scan at a resolution of
70,000 followed by 10 data-dependent MS2 scans at
a resolution of 35,000. The normalized collision energy
of HCD fragmentation was set at 32%. An MS scan range
of 200 to 2000 m/z was selected and precursor ions with
unassigned charge states, a charge state of +1, or a charge
state of greater than +8 were excluded. A dynamic exclu-
sion of 30 s was used. Peaklist-generating software of
3.0.63 (August 27, 2013) with
Discoverer™ 2.1.1.21

(ThermoFisher) was used. The MS raw data files were

Thermo Xcalibur
Proteome Software
searched against a composite database containing the for-
ward and reversed peptide sequences of the Mouse Swiss-
Prot Database (17,051 proteins, December 2020) with
a list of common protein contaminants (www.thegpm.
org/crap/). The search parameters were set for the follow-
ing fixed modifications: carbamidomethylation of cysteine
(+57.02146 Da), as well as TMT 6 plex of N-termini and
lysine (+229.162932 Da). For variable modifications, the
search parameters were set as follows: oxidation of
methionine (+15.99491 Da) with a maximum of four mod-
ifications and two missed cleavages allowed per peptide.
Parent and fragment monoisotopic mass errors were set at
10 ppm and 0.02 Da, respectively. A target—decoy
approach was used to limit a false discovery rate of the
identified peptides to less than 1%. The reporter ion inten-
sity ratios of R+IC/R were transformed to log2 (LPS
+sHA-Ig/LPS). P-values were calculated with Student’s
t-test based on the triplicate log2 (LPS+sHA-Ig/LPS)
against 0. The proteins with p-value < 0.05 were consid-
ered as significantly altered proteins and these proteins
to the online resource PANTHER
Classification System (V. 16.0) to investigate the enriched

were subjected

biological process.

Statistical Analysis

Mean =+ standard error (SE) was used for data presentation.
The differences between groups were examined for statis-
tical significance by one-way analysis of variance
(ANOVA) followed by Tukey’s analysis of multiple
groups comparison. The time-point experiments were ana-
lyzed by the repeated measures ANOVA. Survival analysis
was determined by a Log rank test. All statistical analyses
were performed with SPSS 11.5 software (SPSS, IL, USA)
and GraphPad Prism version 7.0 software (La Jolla, CA,
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USA). A p-value of <0.05 was considered statistically
significant.

Data Availability

The mass spectrometry proteomics data, including anno-
tated spectra for all modified peptides and proteins identi-
fied on the basis of a single peptide, have been deposited
to the ProteomeXchange Consortium via the PRoteomics
IDEntifications (PRIDE) partner repository with the data
set identifier PXD027471.

Results
The Characteristics of Survived Mice

After Cecal Ligation and Puncture

A comparison of two different groups of mice, a moribund
group studied in the acute phase of sepsis (1-day post-
CLP) and a selected group of survivors (survived mice at
7-days post-CLP), studied in the prolonged/recovery phase
of sepsis, was demonstrated. As such, several parameters
at 1-day post-CLP from moribund mice, which were
counted as death, in the survival analysis (n = 7), and the
survived mice at 7 days after CLP (n = 6) are presented
(Figure 1A). Sepsis severity in our CLP model was
demonstrated at 1-day post-CLP by several parameters,
including mortality rate (Figure 1B) with leukopenia (neu-
tropenia and lymphopenia) (Figure 1C-E), renal injury
(Figure 1F and G), liver enzyme (alanine transaminase)
(Figure 1H), spleen apoptosis (Figure 11 and J), serum
cytokines (Figure 2A-C), gut leakage (Figure 2D) and
endotoxemia (Figure 2E and F). Despite leukopenia, neu-
tropenia, and lymphopenia at 1-day post-CLP, leukocyte
count (neutrophils and lymphocytes) in peripheral blood of
the survived mice at 7 days after CLP was increased
(Figure 1C-E). In parallel, there was a normalization of
nearly all sepsis parameters, except for a slight elevation in
liver enzyme, IL-10, gut leakage, and endotoxemia
(Figure 1B-J and Figure 2A—F). On the other hand, sepsis-
induced adaptive immune responses were indicated
through antibody production (serum gamma globulin)
that was higher in mice at 7-days post-CLP compared
with at 1-day CLP (Figure 2G) supporting the time-
dependent characteristics of adaptive immunity. Notably,
the increased serum gamma globulin at 1-day post-CLP
compared with the sham control mice supported an impact
of the natural antibody

against systemic bacterial

infection.”®

To explore sepsis immune responses between 1-day
and 7-days post-CLP, an experimental design with 2
times operation in all mice was conducted to control the
duration of surgery among groups (Figure 3A, as described
in the Animals and Animal Model section). The profound
activity of immune responses in sepsis was crudely
demonstrated by increased spleen weight and total spleno-
cytes in both 1-day and 7-days post-CLP (more prominent
at 7-days post-CLP), implying an active adaptive immu-
nity in survived CLP mice (Figure 3B and C). Although
several B cell populations (B cells, activated B cells, and
germinal center B cells) initially increased at 1-day post-
CLP, these B cells, plasma cells, and effector memory
T cells were more prominent at 7-days post-CLP
(Figure 3D-I). On the other hand, total dendritic cells
(myeloid and plasmacytoid dendritic cells), but not total
myeloid cells, macrophages, and neutrophils, were
increased at 1-day post-CLP when compared with the
sham group (Figure 4A-G). At 7-days post-CLP, all of
these cells, except for plasmacytoid dendritic cells, were
higher than 1-day post-CLP (Figure 4A—G). These find-
ings suggested that adaptive immunity began 1 day after

CLP and rapidly increased five days later.

The Immune Complex Attenuated
Lipopolysaccharide-Activated
Macrophage Responses Through Several

Mechanisms

Due to the possible influence of adaptive immunity, espe-
cially immune complex, on macrophages, several experi-
ments on lipopolysaccharide (LPS)-activated macrophages
(RAW246.7 cells) with or without administration of immune
complex, using soluble heat aggregated immunoglobulin
(sHA-Ig), were conducted. Accordingly, sHA-Ig alone
induced a slight increase in macrophage supernatant cyto-
kines but lower than LPS activation (Figure SA-C), imply-
ing an impact of immunoglobulin-activated Fc gamma
receptors (FcgRs) on cytokine production.?® The reduction
in supernatant cytokines of LPS+sHA-Ig macrophages when
compared with LPS activation alone (Figure SA—C) sup-
ported the anti-inflammation property of immunoglobulin.
Likewise, both sHA-Ig and LPS alone similarly induced
phagocytosis while LPS+sHA-Ig decreased phagocytosis
activity (Figure 5SD). Due to the influence of FcgRs on sHA-

Ig activation,®

the expression of several FcgRs was
explored. As such, both sHA-Ig and LPS stimulation alone

up-regulated FcgRIIb, FcgRIIl, and FcgRIV, but not FcgRI
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Abbreviation: CLP, cecal ligation and puncture.

(Figure SE-H) (higher expression with LPS than sHA-Ig).
However, LPS+sHA-Ig activation did not alter FcgRs
expression in macrophages when compared with LPS sti-
mulation alone (Figure SE—H), despite the lower cytokine
production than LPS activation alone (Figure 5A-C).
Because of the preferential engagement of sHA-Ig?® with

the higher affinity binding to inhibitory FcgRIIb*’* than
toward activating FcgRs (FcgRIII and FcgRIV), FcgRIIb-/-
were further tested. Indeed,
inflammatory effect of sHA-Ig could be demonstrated only
in wild-type bone marrow-derived macrophages but not in

macrophages the anti-

FcgRIIb-/- macrophages as indicated by supernatant
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cytokines (Figure 5I-K). Notably, macrophage cytokine
responses against LPS and sHA-Ig were more prominent
in FcgRIIb-/- macrophages than the wild-type cells
(Figure 5I-K) possibly due to the loss of the inhibitory
receptor as previously described.”

Due to the possible association between cytokine-
producing activity and several cell characteristics, including
cell energy status and reactive oxygen species (ROS)
generation,”*  these evaluated.

parameters ~ were

Accordingly, 24 h of LPS stimulation reduced mitochondrial
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Figure 5 Analysis of cytokine production, phagocytosis activity, and FcgRs expression in macrophages (RAW264.7 cells) treated with different conditions. Characteristic of
macrophages after activation by media control, sHA-Ig, LPS and LPS with sHA-Ig (LPS+sHA-Ig) as indicated by supernatant cytokines (TNF-a, IL-6, and IL-10) (A-C),
phagocytic activity (D) and gene expression of several FcgRs, including FcgRI, FegRIIb, FegRIll and FegRIV (E=H), are demonstrated. To determine an influence of inhibitory Fc
gamma receptor lIb (FcgRIIb) on IVIG, bone marrow—derived macrophages (BMDM) from wild-type (FcgRIlb+/+) and FcgRllb-deficient (FcgRIIb-/-) mice after stimulation by
these activators as indicated by supernatant cytokine responses (TNF-q, IL-6, and IL-10) (I-K) are also demonstrated. Triplicated independent experiments were performed
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Abbreviations: sHA-Ig, soluble heat aggregated immunoglobulins; LPS, lipopolysaccharide; FcgR, Fc gamma receptor; TNF, tumor necrosis factor; IL, interleukin; BMDM,
bone marrow-derived macrophages.

activity in macrophages as indicated by a decrease in basal ~However, basal respiration and maximal respiratory capacity
respiration and maximal respiratory capacity, while the mito-  in LPS+sHA-Ig macrophages were lower than LPS activa-
chondrial functions of sHA-Ig activation alone were not tion alone (Figure 6A-D), perhaps due to the use of some
different from the control group (Figure 6A, C and D). energy for FcgRs activation. In parallel, LPS or sHA-Ig alone
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Figure 6 Analysis of cellular energy metabolism and ROS production in macrophages (RAW264.7 cells) treated with different conditions. Characteristic of macrophages
after 24 h activation by media control, sHA-Ig, LPS and LPS with sHA-Ig (LPS+sHA-Ig) as indicated by the pattern of extracellular flux analysis on mitochondrial stress test
using OCR (A) and glycolysis stress test by ECAR (B) with the graph presentation of several cell-energy parameters (C-H) and the intracellular ROS using DHE fluorescent
dye (neutralized by Hoechst nuclear staining dye) with the representative flow cytometry patterns (H) are demonstrated (three independent experiments were performed).
Columns represent mean values + SEM. # p < 0.05 compared to the control group. * p < 0.05 compared to the indicated group. ¢ p < 0.05 compared to others.
Abbreviations: OCR, oxygen consumption rate; ECAR, extracellular acidification rate; ROS, reactive oxygen species; DHE, dihydroethidium.

increased glycolysis, glycolysis capacity, and glycolysis
reserve when compared with control (Figure 6B and E-G)
and the activation by sHA-Ig alone induced the most promi-
nent glycolysis parameters among all groups (Figure 6E-G).
The enhanced glycolysis activity by sHA-Ig without an
increase in cytokine production (Figure SA—C) implies an
energy utilization after FcgRs activation for the non-cytokine
producing proposes. With sHA-Ig+LPS, glycolysis activities
were decreased similarly to the levels of the control group
(Figure 6E-G) that possibly be responsible for the reduced
cytokine production (Figure SA—C) supporting the associa-
tion between glycolysis and cytokine production.”
Additionally, the excessive cytokine production and the
increased energy utilization after LPS activation enhance
oxygen species (ROS) that
injury.?®**° Indeed, LPS induced higher cytokines than

reactive worsen cell

sHA-Ig activation (Figure SA—C) and only LPS, but not
sHA-Ig, increased ROS production (Figure 6H). Hence,
the anti-inflammatory effect of sHA-Ig against LPS-
activated macrophages was demonstrated by the reduction
in several cell processes, including cytokine production,
phagocytosis, and cell energy status (Figures SA-D and
6A—G), that might be associated with a decrease in intra-
cellular oxidative stress (Figure 6H). With proteomic ana-
lysis, the reduced activities of LPS+sHA-Ig macrophages
compared with LPS activation alone were demonstrated by
prominent down-regulation of the proteins in several bio-
logical processes with a higher number of the down-
regulated proteins than the up-regulated groups (Volcano
plot and heat-map analysis), especially the proteins in
“macrophage metabolism” and “glycolysis (with antigen
presentation process)” (Figure 7A—C). As such, there were
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several down-regulated proteins (green color in Figure 8A)
in several energy-producing pathways, such as i) glycoly-
sis; hexokinase 3 (Hk3) and glucose 6 phosphate dehydro-
genase (G6pdx), ii) fatty acid synthesis; lipoprotein lipase
(Lpl) and Acylglycerol kinase (Agk), iii) fatty acid oxida-
tion; acyl-COA dehydrogenase long chain (Acadl) and
acetyl-CoA acyltransferase 2 (Acaa2), and iv) tricar-
boxylic acid (TCA) cycle; citrate synthase (Cs) and mito-
chondrial malate dehydrogenase (Mdh2). Likewise, the
presence of sHA-Ig in LPS-activated macrophages also
down-regulated several proteins of phagocytosis activity
(Figure 8B), including proteins in actin modeling (Fnbp1l
and Actal), MHC class II processing (Ctsb, Ctsd, Ctsz,
V-ATPase genes, and NADPH oxidase complex genes)
and MHC class I utilization (Tap2, Erapl, Calr, H2-K1
and proteasome genes). These data supported control of
LPS
through several pathways. The information of identified

activation in macrophages by immunoglobulin

proteins, significantly altered proteins, and biological pro-
cess analysis are presented in Supplement Table S1-S3.

Intravenous Immunoglobulin Attenuated
Severity of Cecal Ligation and Puncture
Mice, An Adaptive Immunity Control

Because of 1) the prominent adaptive immunity in sur-
vived CLP mice, 2) the anti-inflammatory property of
sHA-Ig on LPS-activated macrophages and 3) the debate
on clinical utilization of intravenous immunoglobulin
(IVIG) in sepsis”‘32 with limited rodent studies,®***
human-derived IVIG was used as an adaptive immunity
activation in CLP mice following several reports on the
cross-species immune responses.*>>° Accordingly, IVIG
attenuated CLP sepsis severity as indicated by several
parameters at 1-day post-CLP, including survival analysis,
renal injury, liver enzyme, serum TNF-q, IL-6, and spleen-
activated caspase 3, but not serum IL-10 and endotoxemia
(Figure 9A-I). With flow cytometry analysis of spleen,
IVIG decreased total dendritic cells, myeloid and plasma-
cytoid dendritic cells but did not change adaptive immune
cells (B cells, plasma cells, and T cells), macrophages, and
neutrophils in mice at 1-day post-CLP (Figure 10A-J),
implying a less prominent activation on dendritic cells
with IVIG treatment.®*¢’

Discussion
The physiologic exploration on CLP survivors (7-days
post-CLP) demonstrated a recovery of most sepsis

parameters and innate immunity deceleration along with
an adaptive immune acceleration, especially plasma cells
and immunoglobulin, supported the use of IVIG in sepsis
hyper-inflammatory responses.

The Innate and Adaptive Immunity in
Mice with Cecal Ligation and Puncture
Sepsis

Innate immune hyper-activation at 1-day post-CLP was
indicated by a cytokine storm in responses against endo-
toxemia, from bacteremia and gut translocation (gut per-
4041 ot

splenocyte cell deaths,*” possibly due to sepsis-induced

meability defect), induced leukopenia and

immune cells’ apoptosis.*> With spleen analysis, an
increase in plasmacytoid dendritic cells (the antigen-
presenting cells of innate immunity) and adaptive immu-
nity (activated B cells) at the germinal center (an area with
prominent antibody production)** at 1-day post-CLP
facilitated the proliferation of plasma cells and effector
memory T cells at 7-days post-CLP that enhanced poly-
clonal antibody (Ab) production. These data support col-
laboration between innate and adaptive immune responses
in sepsis.'' Additionally, a more effective Ab-mediated
microbial control was also indicated by a re-population
of neutrophils and macrophages at 7-days post-CLP, which
was possibly associated with the reduced sepsis severity in
the 7-days survivors. Despite a lack of clinical signs in
7-days post-CLP mice compared with the sham group,
mild gut permeability defect and low level of injury (endo-
toxemia, liver injury, and serum IL-10) were still detect-
able, possibly because of the intra-abdominal necrotic
tissue, implying a post-sepsis low-grade inflammation.’
Further exploration of sepsis recovery is interesting.

The Control of Innate Immunity by
Adaptive Immune Responses in
Macrophages

Due to the impact of macrophages and endotoxin in sep-

inflammation,*> %

sis-induced immunoglobulin,
a representative adaptive immunity, was tested on LPS-
activated macrophages, an in vitro innate immune stimula-
tion. As such, soluble heat aggregated immunoglobulin (a
representative of the immune complex*’) mildly activated
macrophage cytokine production, when compared with
LPS activation, through all Fc gamma receptors (FcgRs),
except for FcgRI.?® In parallel, LPS induced supernatant

cytokines and up-regulated both inhibitory FcgRIIb and
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activating FcgRs (FcgRIII and FcgRIV). Because the pre-
sence of sHA-Ig with LPS (LPS+sHA-Ig) did not alter
FcgRs expression in macrophages when compared with
LPS alone, the reduced macrophage functions in LPS
+sHA-Ig over LPS alone might be due to the higher
binding affinity of inhibitory FcgRIIb compared with acti-
vating FcgRs.’*" Indeed, the anti-inflammatory effect of

sHA-Ig could not be demonstrated in LPS-activated
FcgRIIb-/- macrophages, implying an influence of inhibi-
tory FcgRIIb signaling on the mechanism of sHA-Ig-
mediated anti-inflammation.

On the other hand, the lower glycolysis activity of LPS
+sHA-Ig macrophages than LPS-activated macrophages
might directly reduce supernatant cytokines due to the
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glycolysis-dependent cytokine production of
macrophages.” * Although sHA-Ig induced more promi-
nent glycolysis activity than LPS, cytokine production
after sHA-Ig activation was lower than LPS stimulation,
suggesting the energy utilization for other macrophage
activities (such as phagocytosis) during FcgRs stimulation.
The excessive cytokine production induces reactive oxy-
(ROS), the

promoting pathogen degradation

pro-inflammatory NFxB
53,54

species
51,52

gen
stimulators
through the sustained activity of kinase enzymes,” that
cause the unnecessary hyper-inflammation during sepsis.>®
Hence, the reduced metabolism in LPS+sHA-Ig macro-
phages might also attenuate sepsis hyper-inflammation
through a decrease in ROS production.’’>* Indeed, the
proteomic analysis on LPS+sHA-Ig-activated macro-
phages compared with LPS stimulation alone supported
the reduced macrophage functions in several pathways,
including cell energy production (glycolysis, mitochon-
drial tricarboxylic acid cycle, and fatty acid synthesis)
and phagocytosis activity. Additionally, the reduced ROS
production in LPS+sHA-Ig macrophages was demon-
strated by the up-regulation of metallothionein 1 (Mtl)
and Mt2 (ROS neutralizers®®) and the down-regulation of
1) three from five subunits of phagocytic NADPH oxidase
(Cybb, Ncfl, and Ncf4) (a ROS producer) and 2) tyrosine-
protein kinase with Gardner-Rasheed feline sarcoma viral
(v-fgr) oncogene homolog (Fgr)*® (a regulator of complex
I and complex II electron transport chain®’). Then, the
presence of adaptive immunity decreased the hyper-
responsiveness of sepsis through several mechanisms,
including cell energy reduction and decreased ROS pro-
duction. Hence, taking advantage of innate immunity con-
trol by adaptive immunity using IVIG administration is
interesting for

attenuation of sepsis hyper-immune

responses.

Intravenous Immunoglobulin as an
Adjuvant Sepsis Treatment — An Ongoing
Debate

Human-derived intravenous immunoglobulin (IVIG) was
employed in CLP mice as a proof of concept for innate
immunity control by adaptive immune responses, taking
advantage of the cross-species immunological responses of
IVIG between humans and rodents.*>° Similar to sHA-Ig
impacts on macrophages, IVIG attenuated sepsis severity
(survival rate, serum cytokines, and organ injuries) and
reduced dendritic cells in the spleen supporting IVIG-

attenuated rodent sepsis as previously published.**-**
Although our findings suggested that adaptive immunity
can be used to counteract hyper-responsive innate immu-
nity in sepsis, several limitations should be mentioned.
First, only male mice were used in our experiments and
the effect of sepsis due to the gender difference is also
possible. Second, IVIG was tested by the human-derived
immunoglobulin that might be partly affected by the cross-
species reactions, different from the real clinical situation.
However, IVIG might be beneficial in sepsis with some
specific situations that might be identified by a proper set
of multiple biomarkers, despite a debate on IVIG clinical
utilization for sepsis.>'*? For example, patients with low
microbial burdens (antibiotics effect) and elevated IL-6
(innate immune hyper-responsiveness®®) without immune
exhaustion (HLA-DR and PD-1) might benefit from IVIG.
Because IVIG anti-inflammatory effect might be harmful

61-64 the transla-

in patients with sepsis immune paralysis,
tion to human should be done with caution. More impor-
tantly, other adaptive immune activation strategies, such as
CD4+ T

stimulation,

cell activation®® and dendritic cell

6667 might also be beneficial in controlling
sepsis hyper-immune responsiveness. More studies on

these topics are interesting.

Conclusion

The exploration on CLP survivor mice, immunoglobulin
on LPS-activated macrophages and IVIG test in CLP mice
supported an impact of immunoglobulin in attenuation of
sepsis immune hyper-responsiveness partly through the
reduced macrophage energy and the interference on sev-
eral cell processes. Despite the controversial opinions con-
cerning IVIG’s use in sepsis, IVIG might be beneficial in
sepsis with some specific situations. More studies are
warranted.
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