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Immune Response Resetting in Ongoing Sepsis
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Cure of severe infections, sepsis, and septic shock with antimicrobial drugs is a challenge because morbidity and mortality in these
conditions are essentially caused by improper immune response. We have tested the hypothesis that repeated reactivation of estab-
lished memory to pathogens may reset unfavorable immune responses. We have chosen for this purpose a highly stringent mouse
model of polymicrobial sepsis by cecum ligation and puncture. Five weeks after priming with a diverse Ag pool, high-grade sepsis
was induced in C57BL/6j mice that was lethal in 24 h if left untreated. Antimicrobial drug (imipenem) alone rescued 9.7% of the
animals from death, but >5-fold higher cure rate could be achieved by combining imipenem and two rechallenges with the Ag pool
(p < 0.0001). Antigenic stimulation fine-tuned the immune response in sepsis by contracting the total CD3"* T cell compartment in
the spleen and disengaging the hyperactivation state in the memory T subsets, most notably CD8" T cells, while preserving the
recovery of naive subsets. Quantitative proteomics/lipidomics analyses revealed that the combined treatment reverted the mo-
lecular signature of sepsis for cytokine storm, and deregulated inflammatory reaction and proapoptotic environment, as well as
the lysophosphatidylcholine/phosphatidylcholine ratio. Our results showed the feasibility of resetting uncontrolled hyperinflam-
matory reactions into ordered hypoinflammatory responses by memory reactivation, thereby reducing morbidity and mortality in
antibiotic-treated sepsis. This beneficial effect was not dependent on the generation of a pathogen-driven immune response itself

but rather on the reactivation of memory to a diverse Ag pool that modulates the ongoing response.
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ne of the most enduring paradigms in medicine is that

cure of infectious diseases is essentially achieved by

antimicrobial drugs, which act as toxic selective agents
capable of destroying and/or blocking pathogens in minimal
concentrations and with limited damage to the host. As a class of
drugs, they are employed monotherapeutically with the intent
to resolve the disease because they are considered potentially
curative (1-5). In severe cases of infections, sepsis, and septic
shock, antimicrobials tend to have broad spectrum and are
used early, in higher doses, and often as a combination of
different kinds of antibiotics, avoiding microbial resistance.
This universal approach is complemented by life support
measures and eventually helped by preventive vaccines (6-14).
Current research in this field is focused on the discovery of
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new antimicrobial agents, prevention of microbial resistance,
modulation of proinflammatory and immune suppressive mi-
croenvironments, and development of prophylactic vaccines
(7, 8, 14-24). Little else beyond these boundaries has been
contemplated.

We propose in this article a new interpretation as to how an-
timicrobial drugs work in vivo. In our view, antimicrobials act
as equilibrium shifters of the host—pathogen interaction, by
impairing the pathogen viability/proliferation/action, and ulti-
mately favoring its clearance by the host’s immune system.
Accordingly, the use of any drug in vivo that possesses intrinsic
antimicrobial effect would facilitate the work of the immune
system in pathogen clearance in the context of a proper immune
response, shifting the balance toward cure.
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Paradoxically, morbidity and mortality associated with infec-
tious disease are often caused by improper immune response (6-8,
13, 17-19, 21-23). In the case of sepsis, an antimicrobial drug
acting as an equilibrium shifter is likely to have reduced chances
to work fully because it may allow an ineffective/pathologic
immune response to proceed without substantially changing its
nature. For this reason, the challenge to cure extreme cases of
infection might be successfully met only by the replacement of the
faulty immune response in real time. We have attempted to
achieve the latter goal by using as a rationale the following three
observations, resulting from the earlier work of several other in-
vestigators: 1) the innate primary immune response is capable of
localizing the pathogen in a given restricted anatomic territory but
is ineffective to deal with a large systemic burden of microor-
ganisms because of its natural proinflammatory profile (6-8, 13,
17, 18, 22, 23, 25, 26); 2) the secondary adaptive immune re-
sponse is better equipped to systemically handle large numbers of
invader pathogens because of its low inflammatory bias and en-
hanced pathogen clearance potency. The most convincing evi-
dence to date that secondary immunity deals effectively with large
numbers of pathogens was provided by Edward Jenner’s classical
work and the more recent eradication of smallpox (27—42); and 3)
the secondary adaptive immune response is the dominant one
when it occurs simultaneously to primary adaptive responses,
because memory lymphocytes can reset innate and adaptive cells
to be more effective, and could induce the primary immune re-
sponse to shift to a dominantly low inflammatory pattern (43-50).

We propose to change the ongoing pathological immune re-
sponse by altering the way the immune system perceives the
pathogen and the associated stress and danger signals. The path-
ogen “image” at the molecular level results from the engagement
of the composite repertoire of adaptive and innate immune
receptors, including pattern recognition receptors, expressed
in lymphocytes and innate immune cells with memory and naive
phenotypes (25, 26, 32, 51-67). We hypothesized that a new
molecular image could be created by overlapping the one induced
by primary pathogen activation with that generated by a diverse
pool of newly reactivated secondary memory Ags derived from
multiple pathogens—from now on referred to as Immune Re-
sponse Shifter (IRSh). In this scenario, instead of only one or a
few pathogens, the immune system would perceive multiple and
diverse aggressors for which there are large numbers of memory
precursors. A strong secondary activation and memory response
would be elicited, and would take over the overall activity of the
immune system, affecting the way it responds to the primary
etiologic agent(s) of the ongoing disease by providing a new
hypoinflammatory context that is more compatible with disease
resolution.

We have tested the possibility to change inefficient and patho-
logical immune responses by repeated stimulation with the IRSh
secondary antigenic pool during ongoing infection in a highly
stringent murine model of polymicrobial sepsis produced by cecum
ligation and puncture. We show that systemic and repeated reac-
tivation of established memory to diverse and mostly unrelated
pathogens resets unfavorable immune responses in vivo, thereby
reducing morbidity and mortality in antibiotic-treated high-grade
sepsis.

Materials and Methods

In vivo experiments

Four- to five-week-old, pathogen-free, female C57BL/6j mice were
obtained from the Multidisciplinary Center for Biological Investiga-
tion on Laboratory Animal Science at the State University of Campinas
(UNICAMP). The project was approved by the UNICAMP Animal
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Experimentation Ethics Committee (Protocol no. 3486-1/2014) and was
conducted according to guidelines set by the Brazilian National Council
for Animal Experimentation. The mice had free access to water and feed
and were kept in a controlled environment at 22 = 2°C, with 60-80%
humidity in 12-h-long light/dark cycles.

Prick test

The prick test was applied in two mice hemilaterally to analyze the im-
munization specificity and efficiency of IRSh and an unrelated Ag control
(KLH) on day 35, with the use of 2.2 pg of IRSh and 2.5 pg of KLH in
50 wl of buffer solution per injection site, respectively. IRSh was injected
into the left dorsal side and KLH was injected into the right dorsal side of
the animals; two to three tests were conducted per mouse. Hair was re-
moved from the application points 1 d before the test. Results were
recorded during 7 d. The animals were euthanized after 3 wk of the end of
the test. No abnormalities were observed.

Immunization

To mimic the immunological memory present in most humans against
common pathogens, mice underwent a primary immunization with the IRSh
Ag pool 5 wk before sepsis induction (Supplemental Table I). All Ags were
obtained from Imunocenter (Rio de Janeiro, Brazil). Freund’s complete
adjuvant (FCA)—inactivated mycobacteria (usually Mycobacterium tu-
berculosis) in 85% paraffinic oil and 15% mineral oil (v/v) emulsion—was
purchased from Sigma-Aldrich. Administration of the Ag mixture was
performed intradermally with 4.44 pg in 100 wl buffer plus 40 wl FCA.
Half of the dose (70 wl) was injected into either side of the tail base.
Immunization was performed under anesthesia with ketamine/
xylazine (20/12.5 mg/kg). Three intradermal boosts were made under
anesthesia with ketamine/xylazine (20 and 15 mg/kg) on days 3, 7,
and 10, without any adjuvant, in multiple injection points (20 points,
40 pl/point), distributed over the ventral and dorsal surfaces of the
animal (0.0444 pg/point, total dose per boost: 0.888 wg) according to
the diagram shown in Supplemental Fig. 1A. Hair was removed from
the application points 1 d before the first immunization.

Test for preexisting memory for IRSh Ags

Before beginning the sepsis experiments, we have discarded the possibility
of any preexisting memory for the IRSh Ag pool in the experimental an-
imals. For this purpose, two batches of 16 untreated C57BL/6j mice were
first immunized as described above and observed for 2 mo for the devel-
opment of any spontaneous skin reaction at the injection sites. Hair was
removed from the injection points 1 d before immunization; these results
have been recorded during this 2-mo period and were negative for all
animals, showing no preformed memory (data not shown).

Experimental design

Experiments were planned for batches of 32 animals that were randomized
immediately after surgery and divided in a blocked format into four ex-
perimental groups with six to eight mice: 1) sepsis control (administration of
saline only); 2) antibiotic plus saline; 3) IRSh plus saline; and 4) IRSh plus
antibiotic.

Protocol exclusion criteria

The major criterion for protocol exclusion was any skin reaction to the IRSh
antigenic pool that could reveal preexisting memory to immunizing Ags
from the first FCA + IRSh application, including the three consecutive
boosts on days 3, 7, and 10 after priming, until the day of surgery. No mouse
met this criterion during any phase of the experimental protocol. Additional
criteria were any disease signs; skin lesions; and complications such as
bleeding, wound dehiscence, and death due to anesthesia or surgery.

Sepsis induction

Animals were submitted to laparotomy with 1-cm-long abdominal incision
for cecum exposure and nonobstructive ligation just below the ileocecal
valve. Thereafter, the cecum was punctured twice with an 18-gauge needle,
followed by gentle compression to ensure some feces extrusion. After
perforation of the cecum, the intestines were reinserted into the abdominal
cavity, and the muscles and skin were sutured (68). Following the surgical
procedure, the animals received 1 ml prewarmed saline s.c. for fluid re-
placement (69); then, they received i.m. 2.0 mg/kg meloxicam as an an-
algesic drug and were kept in a warm environment until recovery from
anesthesia (30—60 min) (70). Meloxicam was injected after surgery once a
day for three consecutive days. All surgical procedures were conducted by
a highly skilled surgeon (V.D.N.)
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After cecum ligation/puncture, the animals were observed daily for 7 d
and scored according to Manley et al. (71) to evaluate the signs consistent
with murine sepsis, such as lethargy, piloerection, tremors, periorbital
exudation, respiratory distress, and diarrhea. Each sign was evaluated by
its absence/presence, not by its severity, and the maximum score was 6. A
score >1 was considered as indicative of sepsis. Animals with a score =3
after 24 h of cecum ligation/perforation were euthanized by cervical dis-
location and their blood was collected for phenotypic analysis of surface
markers. Serum was frozen at —80°C for further analysis by mass spec-
trometry (MS).

Animals were euthanized after 7 d, and biological samples, such as the
spleen and lymph nodes, were collected, snap frozen, and kept at —80°C for
further use (68).

Therapeutic vaccination

To attempt immune resetting systemically, therapeutic vaccination with the
IRSh pool was performed in randomized mice immediately after surgery
and before administration of antimicrobial therapy in 24 points (20 points
in dorsal and ventral sides of the animal plus four additional points in
the limbs, 40 pl/point, total dose: 1.066 wg, Supplemental Fig. 2). The
first therapeutic vaccination was performed during surgery anesthesia
(ketamine/xylazine, 20 and 12.5 mg/kg), and repeated in the surviving
animals 4 d after in the same conditions (days 0 and 4). Hair was re-
moved from the application points 1 d before the surgery intervention.
The mice that were randomized not to receive therapeutic vaccination
were also anesthetized as described above but received only saline in-
jections (40 wl/point).

Antimicrobial treatment

After therapeutic vaccination, the mice that were randomized to receive
antimicrobial treatment were injected with imipenem s.c. 25 mg/kg in
1.0 ml and thereafter in 12 h intervals, until the end of the experiment on day
7, as described elsewhere (72). The animals that were randomized for not
receiving the antimicrobial drug were treated with 1.0 ml of saline solution
twice a day. The antibiotic imipenem is commercially available in com-
bination with cilastatin, an enzyme that blocks the degradation of imipe-
nem by dehydropeptidases. The term imipenem refers throughout this text
to the combination of imipenem + cilastatin.

Phenotypic characterization

The spleens were obtained from sacrificed mice and mechanically disrupted
in petri dishes to release the splenocytes. Mononuclear cells were isolated
from the total splenocyte population by gradient centrifugation with
Ficoll-Hypaque (Sigma-Aldrich, St. Louis, MO) and incubated with
fluorochrome-conjugated mAbs for 20 min (eBioscience, San Diego, CA
and Miltenyi Biotec, Bergisch Gladbach, Germany). After fixation with
0.5% paraformaldehyde (Labsynth, Sdo Paulo, Brazil), they were analyzed
with a FACSCanto flow cytometer (Becton Dickinson, Mountain View,
CA). Anti-mouse Abs against the following surface markers were used:
CD3e (PerCP-Vio 700; Miltenyi Biotec); CD4 (allophycocyanin, clone
GK1.5; eBioscience); CD4 (allophycocyanin-Cy7; Miltenyi Biotec); CD8
(allophycocyanin; Miltenyi Biotec); CD62L (FITC, clone MEL-14;
BioLegend); CD69 (FITC; Miltenyi Biotec); and CD44 (PE; Miltenyi
Biotec). All the Abs were validated for use in flow cytometry. Additional
data are available on the manufacturers” Web sites. The gating strategy
was as follows: the starting cell population was gated on the lymphocyte
window defined by side-scattered light area/forward-scattered light area
analysis made with the FACSDiva software, version 6.1.3, with acqui-
sition of 10,000 events per sample. The positivity of the samples was
inferred by comparison with isotype negative controls. Three isotype
controls were used in our experiments (IgG1, IgG2a, and IgG3).

Protein quantitative analyses by MS

Sample digestion. Thirty microliters of serum were diluted in 90 pl of
50 mM ammonium bicarbonate (NH4HCO;, pH 8.5). Flow-throughs
containing the protein solution had their buffer exchanged and were
concentrated with 50 mM NH,HCO; (pH 8.5), with Vivaspin 6 cartridges
(Sartorius, Gottingen, Germany). To an aliquot of each extract containing
50 pg of total protein, 25 wl of 0.2% v/v RapiGEST SF solution (73)
was added and heated (80°C, 15 min). Afterwards, 2.5 pl of 100 mM
DL-DTT (Sigma-Aldrich, Merck) (prepared in 50 mM NH,HCO;, pH
8.5) was added to each sample, incubated (30 min, 60°C), and centri-
fuged (14.000 X g, 10 min, 4°C). Then, 2.5 pl of 300 mM iodoacetamide
(prepared in 50 mM NH4HCOs3, pH 8.5) was added to the samples and
kept at 20°C in the dark for 30 min. Samples were centrifuged in a
microcentrifuge for 30 s, and 20 pl of trypsin (Promega, Madison, WI)
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(prepared in NH4HCO3, 50 mM, pH 8.5) was added at a ratio of 1:100
w/w trypsin/protein and left at 37°C for 16 h in a ThermoMixer C
(Eppendorf, Hamburg, Germany). After digestion, 10 pl of 5% tri-
fluoroacetic acid (Pierce, Rockford, IL) was added to stop the proteol-
ysis, incubated (90 min, 37°C) for RapiGEST hydrolysis, and centrifuged
(14.000 X g, 90 min, 4°C). The supernatants were placed into total
recovery vials (Waters, Milford, MA) containing 5 pl of 1 N ammo-
nium hydroxide for two-dimensional-nano-ultraperformance liquid
chromatography (UPLC)-UDMSF proteomic analysis (74).

MS acquisition. Prior to injection, each sample was acquired as “scouting
runs” to access the total ion counts, and a stoichiometric normalization
between conditions was conducted (75). Peptides were injected into a 2D-
RP/RP ACQUITY UPLC M-Class System (Waters, Milford, MA), tandem
to a Synapt G2-Si mass spectrometer (Waters, Manchester, U.K.). We
selected this two-dimensional system to accomplish high peak capacity
separations conjoined with the use of 5-pum and <2-um particles, in both
first-dimension and second-dimension analytical columns, respectively
(76). Peptides (0.5 pg) were loaded into an ACQUITY M-Class BEH Cg
Column (130 A, 5 pm, 300 pm X 50 mm; Waters) for the first-dimension
chromatography, which was performed through 10 discontinuous steps of
acetonitrile (8.7, 11.4, 13.2, 14.7, 16.0, 17.4, 18.9, 20.7, 23.4, and 50%) at
high pH fractionation (pH 10) for 10 min at a flow rate of 2 pl/min. After
each step, peptide loads were carried to second-dimension separation in a
ACQUITY M-Class UPLC HSS T3 Column (1.8 pm, 75 pm X 150 mm;
Waters). Peptides trapped in the second-dimension were eluted with an
acetonitrile gradient from 7 to 40% (v/v) for 29 min at a flow rate of
0.5 wl/min, directly into the nanoflow tandem mass spectrometer (77). The
mass spectrometer data acquisition was performed in MSF multiplexed
mode with ultradefinition ion mobility (UDMSF), switching low (trap
traveling-wave T wave) and high collision energy. In the elevated colli-
sion energy, quasi m/z—specific collision energies were applied to the
different drift time bins that were used to fragment precursor ions prior to
orthogonal acceleration time-of-flight analysis and applied to the transfer T
wave, collision-induced dissociation cell, filled with argon gas (78). Ions
were acquired between m/z 50 and 2000, scanning time of 0.5 s, cone
voltage of 30 V, capillary voltage of 2.7 kV, and source offset voltage of
30 V. The mass spectrometer operated in resolution mode with an m/z
resolving power of at least 25,000 full width of the peak at half its max-
imum height, using ion mobility with a cross-section resolving power of at
least 40 )/AQ (79). Tandem MS (MS/MS) analyses were performed by
nanoelectrospray ionization in positive ion mode using a NanoLock Spray
ionization source (Waters, Manchester, U.K.). The lock mass channel was
sampled every 30 s with a [M + 2H]*" = 785.84261 [Glu']-fibrinopeptide B
(human Glu-Fib; Waters). The mass spectrometer was calibrated with an
MS/MS spectrum of 100 fmol/wl Glu-Fib solution that was delivered
through the reference sprayer of the NanoLockSpray ion source. The
radio frequen%y offset (MS profile) was adjusted such that the nano-
UPLC-UDMS"™ data were effectively acquired from m/z 400 to 2000,
which ensured that any masses observed in the high energy spectra with
less than m/z 400 arose from dissociations at the collision cell (80).

Label-free protein quantitation. Proteins were identified using dedicated
algorithms and searching against the UniProt database, version 2015_08.
For proper spectra processing and database searching conditions, we used
Progenesis QI for Proteomics software package (Nonlinear Dynamics,
Newcastle, U.K.) with Apex3D, Peptide3D, and ion accounting informatics
(Waters, Manchester, U.K.) (81). The parameters considered to identify
peptides were the software defaults. Briefly, for database searching, tryptic
peptides with only one missed cleavage were allowed, with carbamido-
methylation as fixed modification and oxidation of methionine as variable
modification. For peptide and protein assignments, the following filters
were used: minimum of three out of three replicates, mass error (normal
distribution) <20 parts per million (ppm), and coefficient of variation (CV;
maximum absolute CV of 0.3). Also, as a default parameter, we have
applied protein grouping, which combines the conserved domains from
proteins whose peptides are subset of other proteins. The final, confirmed
list of proteins only considered those identified by at least one unique
peptide if it had been matched at least three times in a given condition. The
databank used was reversed “on the fly” during the database queries and
appended to the original database to assess the false-positive identification
rate (82). Relative quantification was determined from the absolute in-
tensities with the use of ion accounting Hi3 (Top3)-based quantitation
method, as described (83). The obtained proteins were organized by the
Progenesis QI for Proteomics software algorithm into a statistically sig-
nificant list corresponding to increased and decreased regulation ratios
between the different groups with a max fold change of log, * 1.6 and
ANOVA (p < 0.05). Normalization was performed automatically by the
software using default parameters (77). All the information about peptides
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and proteins identified in each replicate is available as Supplemental
Table II, which contains the complete protein and peptide list, accession
codes, protein description, ion accounting, scores, and mass error distri-
bution (ppm), as indicated in the text.

Systems biology in silico analysis

Protein networks and canonical pathways associated with differen-
tially expressed proteins were mapped using Ingenuity Pathway
Analysis (Ingenuity Systems, Qiagen, Redwood, CA, www.ingenuity.
com). This algorithm uses curated connectivity information extract-
ed from the literature to determine the interaction network among the
canonical pathways involved in the differentially expressed pro-
teins identified (84). Significant biological functions are based on
Fisher test, and multiple correlation hypothesis is performed on the
basis of the Benjamini-Hochberg approach at 1% false discovery rate
threshold (85).

Lipid analyses by MS

Sample preparation. Three replicate plasma samples (200 wl each) were
precipitated by the addition of three volumes of isopropyl alcohol pre-
cooled to —20°C. Samples were mixed by vortex for 1 min after 10-min
incubation at room temperature and stored overnight at —20°C for fur-
ther protein precipitation. After centrifugation at 14.000 X g for 20 min,
the supernatant was collected (600 pl) and stored at —80°C until MS
analysis. Samples were diluted to adjust the water content at 50% and
analyzed by UPLC-MSE.

MS acquisition. The data were collected in an ACQUITY i-Class UPLC
(Waters) equipped with an ACQUITY UPLC HSS T3 1.8 pm 2.1 X
100 mm column tandem to a Synapt G2-S HDMS mass spectrometer.
The mobile phases were 1) solvent A: acetonitrile/water (60:40) with
10 mM ammonium formate and 0.1% formic acid and 2) solvent B:
isopropanol/acetonitrile (90:10, v/v) with 10 mM ammonium formate
and 0.1% v/v formic acid. Chromatography runs were obtained over 10
min at a flow rate of 0.5 ml/min at 55°C. The initial solvent B gradient
was programmed as follows: 0.0-1.0 min from 40% B to 50% B, 1.0—
6.0 min to 60% B, 6.0—8.5 min to 98% B, 8.5 to 9.0 min kept on 98% B.
Finally, the gradient was equilibrated down to 40% from 9.0 to 9.1 min
and maintained until 10.0 min for the next run (sample manager, 10 pl
injection). MS data were acquired with the instrument control software
MassLynx 4.1v. The mass spectrometer was tuned in ESI(+) with the
following parameters: positive electrospray ionization (ESI+) with cap-
illary voltage set to 1.0 kV, cone voltage 30 V, source temperature 120°C,
desolvation temperature: 450°C, desolvation gas (N,): 700 L/h, and MSE
acquisition mode with an m/z range from 100 to 2000. Low collision
energy to allow precursor ions to be detected was 2 eV and the multiplex
MS/MS alternated high collision energy was ramped from 25 to 30 eV.
Leucine-enkephalin (Waters), CgH37NsO7, [M + H]* = 556.2771 was
used as lock mass reference at concentration of 0.2 ng/L with a flow rate
of 10 pl/min.

Data processing. Data were processed with default parameters for peak
detection, multivariate analysis and identification, using Progenesis QI
2.2v (Nonlinear Dynamics, Newcastle, U.K.). The detected features
were identified using precursor mass error =10 ppm, fragment toler-
ance =10 ppm, and the LIPID MAPS Lipdomics Gateway database
(Cardiff, U.K.). (https://www.lipidmaps.org). The remaining output
lists were concatenated into a single sheet that is available as
Supplemental Table II.

Statistical analyses

Statistical analysis was performed using GraphPad Prism software V 8.1.1
(GraphPad).

The survival curves were compared using the Kaplan—-Meier method,
with differences determined by the log-rank test and reported a two-tail
p value. The curves were also individually analyzed by the Bonferroni
method, and if a p value was lower than the Bonferroni-corrected
threshold, the comparison was considered to be statistically significant
using a family-wise 5% significance level.

The spleen weight data were analyzed by two-way ANOVA and
Holm-Sidak test. The cytometric data statistical significance was de-
termined by ordinary one-way ANOVA followed by Tukey multiple
comparisons test. Outlier analysis for cytometric data validation was
conducted with Grubbs test, which compared F values calculated with
F tab, and rejected the F values larger than 1.938, considering n = 7
and a = 0.05.

Mean expected lifetime was analyzed by two-way ANOVA, and the
statistical significance was determined by using the Tukey multiple
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comparisons test. The p values <0.05 were considered statistically
significant.

Results

Memory induction

One batch of 33 C57BL/6j mice was immunized with IRSh—a pool
of nine-well-defined Ags that are used in the classical skin test
for delayed type hypersensitivity and against which most hu-
mans have preformed immune memory (86). The antigenic
sources and immunizing protocol are described in detail in
Materials and Methods. No mice showed signs of preformed
memory during the entire induction experiment as indicated by
the lack of any skin reaction. The efficacy of this protocol in
inducing specific memory was tested in a pulse-chase experi-
ment set up to monitor spleen CD3™ T cell phenotype over 8 wk
after the last antigenic boost (Fig. 1A, 1B). There was statis-
tically significant mobilization of all memory subpopulations
of helper CD4* T cells [Fig. 1A, p < 0.0001, n = 3 per point,
F (3, 66) = 108.2], as well as cytotoxic CD8" T cells [Fig. 1B,
p < 0.0001, n = 3 per point, F (3, 66) = 3293]. As indicated in the
encircled area in Fig. 1C, there was a parallel percentage increase of
CD4" and CD8* lymphocytes displaying memory or central
memory phenotypes that peaked at day 35 [p < 0.0001, n = 3 per
point, F (3, 66) = 360.6].

The immunization specificity and efficiency was corroborated
by the results of a Prick test conducted with IRSh and an unrelated
Ag control (KLH) on day 35. Fig. 1D and 1F show that IRSh
rechallenge was able to promote a positive hypersensivity re-
action 3 d later, as opposed to KLH boost that failed to do so
(Fig. 1E, 1G). These tests were performed hemilaterally in each
animal (Fig. 1D-G). Also, prior to immunization, two batches of
16 nonimmunized C57BL/6j mice were tested for preexisting
memory. No preformed memory was detected in this previous
test. The antigenic sources and immunizing protocol are de-
scribed in detail in Materials and Methods.

Altogether, the above findings support the efficacy of the im-
munization protocol and also suggest the fifth week after the last
boost as the optimal window for memory protection.

Combined immunological and antimicrobial treatments
(IRSh plus imipenem) increase survival in a lethal
polymicrobial sepsis experimental model

We have induced experimental polymicrobial sepsis by cecum
ligation and puncture after 5 wk of the last immunization with a
protocol that induces high-grade sepsis and is lethal in almost
80% of the untreated animals in 24 h (68). We have tested four
different experimental conditions with six to eight animals per
group. The experiment was conducted four independent times in
a blocked format. Kaplan—Meier statistical analysis showed that
they were comparable and could be analyzed as a single block.
Fig. 2A shows the composed survival curves of the follow-
ing groups: 1) IRSh plus imipenem (n = 29); 2) imipenem alone
(n = 31); 3) IRSh alone (n = 27); and 4) saline control (n = 30).

The treatment with IRSh plus imipenem had the best effect,
increasing the survival rate obtained by imipenem alone over five
times (from 9.7 to 51.7%). Most importantly, the improvement
was highly significant, with no overlap of confidence intervals
(p < 0.0001, n = 113). These results suggest the superiority of
the combined IRSh plus imipenem treatment over the traditional
antimicrobial monotherapeutic approach in our model of lethal
experimental sepsis in C57BL/6j mice. The treatment efficiency
had the following order: IRSh plus imipenem > imipenem >
IRSh > saline.
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before immunization. The p values were calculated by
two-way ANOVA. Holm-Sidak multiple comparison
test was used for comparison between days 0 and
35 (CD8* T cells: p = 0.0019; M-CD8" T cells:
p < 0.0001; CM-CD8" T cells: p = 0.0174; and
EM-CD8* T cells: p = 0.8276). (C) Comparison of
memory and central memory phenotypes in CD4*
versus CD8" T cells. Day 0 on the graph corresponds to
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the mice tested before immunization. Three mice per g
point were sacrificed for analysis following the same
schedule described in (A). The p values were calculated
by two-way ANOVA. Holm-Sidak multiple compari-
son test was used for comparison between days 0 and
35 (M-CD4" T cells: p < 0.0001; CM-CD4* T cells:
p < 0.0001; M-CD8* T cells: p < 0.0001; and
CM-CD8" T cells: p = 0.0045). (D and F) Prick test for
IRSh applied hemilaterally. (E and G) Prick test for
KLH control Ag applied hemilaterally. Each point in
panels (A)—(C) represents the mean * SE of indepen-
dent analyses of the spleens of three mice. CM, central
memory; EM, effector memory; M, memory.

IRSh and imipenem have a positive synergic effect on the mean
expected lifetime in experimental sepsis

The mean expected lifetime achieved by IRSh plus imipenem
treatment (n = 29) was higher than that of the other three groups
raising to 114 h from 54, 27, and 26 h in imipenem only (n = 31),
IRSh only (n = 27), and saline (n = 30) groups, respectively
[p < 0.0001 for each comparison, n = 113, F (3, 113) = 31.20,
Supplemental Fig. 1C]. Imipenem alone has also increased
the mean expected lifetime over the saline control from 26 to 54 h
[p =0.0332, n = 113 mice, F (3, 113) = 31.20] and over the IRSh
alone group from 27 to 54 h [p = 0.0566, n = 113 mice, F (3, 113) =
31.20, Supplemental Fig. 1C]. Fig. 2B indicates that there was
a synergic interaction between IRSh and imipenem [p < 0.0001,
n =113 mice F (1, 113) = 17.00], which has doubled the mean
expected lifetime achieved by imipenem alone from 54 to 114 h.
ANOVA test has also revealed a significant impact on survival for
IRSh alone [p < 0.0001, n = 113, F (3, 113) = 18.63] and for
imipenem alone [p < 0.0001, n = 113 mice, F (3, 113) = 65.14].

14 21 28 35 42 49 56 6

Time (days)

Thus, although both IRSh and antibiotic increased survival when
used alone, their synergic interaction was more efficient in res-
cuing animals from death.

Spleen weight as a proxy of immune response in lethal
experimental sepsis

Spleen weight is one of the best immune response indicators in
murine sepsis models (87). Accordingly, spleen weight gain was
the only parameter to correlate with survival in our experiments
[Fig. 2C, p < 0.0001, n = 55 mice, F (1, 55) = 66.95]. Fifty-three
percent of the animals that received IRSh plus imipenem sur-
vived and had a more effective immune response as inferred
from the spleen weight analysis (Fig. 2C). Spontaneous immune
responses could also be observed in a small fraction of mice
(9.7%) that managed to survive on imipenem alone over the 7-d
follow-up period. The rarity of spontaneous responses may ex-
plain the low cure rate induced by antimicrobial drugs in lethal
polymicrobial sepsis. Thus, an effective immune response—
induced or spontaneous—is necessary for survival to be achieved
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with antimicrobials in this model. The spleen weight results are
in plain accordance with those obtained with the survival curves.

Antimicrobial treatment alone acts as equilibrium shifter
inducing an ineffective T cell proliferation that correlates
to death

Sepsis was induced as previously described in 29 animals that were
allocated into four treatment groups of seven to eight mice. This
experiment was one out of the four pooled that compose the
survival curves presented in Fig. 2A. Fig. 3 shows that the use of
imipenem alone promotes an increase in the percentage of CD3™"
T cells in the spleen: 29.3% [n = 24, F (3, 24) = 8.745] as com-
pared with 10.4% in the IRSh plus imipenem group [p = 0.0007,
n =24, F (3, 24) = 8.745], 11.6% in saline group [p = 0.0015,
n =24, F (3, 24) = 8.745], and 15% in the IRSh only group
[p =0.0107, n =24, F (3, 24) = 8.745]. The only surviving animal
in the antibiotic group had 6.8% CD3" T cells in the spleen,
similar to those that survived in the IRSh + imipenem group
(Supplemental Fig. 1E), and also had the same spleen weight gain
(Fig. 2C). This pathogen-driven expansion of the CD3* T cell
compartment negatively correlates with survival because it only
occurred in nonsurviving animals treated with antibiotic alone.
However, the uncontrolled lymphocyte expansion that results from
the equilibrium shift effect of imipenem is held in check by the
IRSh stimulation, or more rarely by a spontaneous proper immune
response, so that animals treated with IRSh plus imipenem are
more likely to survive (Fig. 3).

Imipenem alone promotes CD3™ splenocyte expansion in sepsis
but does not alter the hyperactivation status of
proinflammatory T cells that are characteristic of sepsis

Although imipenem treatment in sepsis shifts the host—pathogen
balance in favor of the host increasing survival as compared with
saline-injected mice (Fig. 2A), this effect is accompanied by an
uncontrolled and ineffective T cell immune response in those mice
that die. The relative proportion of the three major CD3* T cell

@ IRSh + Imipenem

subsets (CD4*, CD8", and CD4 CD8 ) that accumulate in the
spleen is similar to that found in other treatment groups with two
exceptions: the CD3*CD4" subset was higher in the IRSh only
group as compared with the imipenem only group [55.8% versus
37.7%, p = 0.0443, n = 24 mice, F (3, 24) = 4.028], and the
CD3*CD8" subset was higher in the imipenem only group as
compared with the saline control group [28.7% versus 20.2%,
p =0.0474, n = 24 mice, F (3, 24) = 3.305, Supplemental Fig. 1D].
Nevertheless, there are important differences as regards the acti-
vation status of these cells. Fig. 4 shows that splenocytes from
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FIGURE 3. CD3" T cell population expansion in sepsis. Statistical
analysis was performed by ordinary one-way ANOVA followed by Tukey
multiple comparisons test. The means with 95% confidence interval are
indicated. *p < 0.05, **p < 0.01, ***p < 0.001.
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imipenem-treated mice tend to be as hyperactivated as those from
untreated control animals that follow the natural course of sepsis.
The CD69" subpopulation represented 51-71% of total T cells
regardless of the use of antibiotic, except for CD3"CD8*CD69*
T cells from antibiotic-treated animals that amounted to 37.2%,
but this difference had no statistical significance. The lymphocyte
activation status as measured by the CD69 activation marker
was even higher in the antibiotic-only versus the saline-only

groups in CD4" T lymphocytes with memory [p = 0.0107,
n =23, F (3, 23) = 21.21] and effector memory [p = 0.0144,
n =22, F (3, 22) = 19.92] phenotypes (Fig. 4).

IRSh fine-tuning disengages the hyperactivation status of most
spleen T cell populations and their subsets

The IRSh antigenic stimulation was capable of fine-tuning the
immune response in sepsis not only by contracting the total CD3"*
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Activation phenotype profile in the four treatment groups of experimental sepsis

Cell Populations IRSh + Imipenem

Saline + Imipenem IRSh Saline

CD3*CD69" 29.69 (15.42-43.95)
CD3*CD44"CD69* 32.24 (28.42-36.07)
CD3"CD4"CD69* 38.23 (30.37-46.09)
CD3*CD4*CD44*CD69* 39.94 (32.79-47.09)

CD3*CD4*CD44*CD62L*CD69*
CD3*CD4*CD44*CD62LnegCD69*
CD3*CD8"CD69* 13.97 (8.88-19.06)
CD3*CD8"CD44*CD69*
CD3*CD8"CD44*CD62L*CD69*
CD3*CD4negCD8negCD69*
CD3*CD4negCD8negCD44*CD69*
CD3*CD4negCD8negCD44*CD62L*CD69*

CD3*CD4negCD8negCD44*CD62LnegCD69*

43.29 (36.23-50.35)

47.37 (40.26-54.48)

25.57 (19.25-31.89)
23.60 (17.95-29.25)
26.90 (23.15-30.65)
23.50 (19.85-27.15)
25.70 (21.27-30.13)

24.93 (18.90-30.96)

60.67 (45.89-75.45)  38.37 (33.96-42.78)
(p = 0.0006) F (3, 23) = 11.81

65.43 (55.59-7527)  48.10 (37.03-59.17)
(p < 0.0001) F (3, 24) = 18.29

53.34 (46.53-60.15)  39.39 (35.32-43.46)
(p = 0.0012) F (3, 24) = 10.94

59.10 (32.79-85.41)  44.67 (38.16-51.18)
(p < 0.0001) F (3, 23) = 21.21

70.87 (59.57-82.17)  49.23 (34.20-64.26)
(p = 0.0004) F (3, 24) = 9.031

60.74 (33.93-87.55)  40.76 (22.65-58.87)
(p < 0.0001) F (3, 22) = 19.32

26.94 (20.28-33.60)  51.11 (30.54-71.68)
(p = 0.0085) F (3, 24) = 11.50

62.70 (46.52-78.88)  44.26 (26.05-62.47)
(p = 0.0012) F (3, 24) = 8818

62.66 (46.85-78.47)  43.07 (24.89-61.25)
(p = 0.0006) F (3, 24) = 9.901

57.77 (48.17-67.37)  38.13 (23.91-52.35)
(p = 0.0003) F (3, 24) = 13.46

54.59 (41.71-6747)  44.66 (26.43-62.89)
(p = 0.0018) F (3, 24) = 8.990

60.60 (48.67-72.53)  51.67 (31.15-72.19)
(p = 0.0007) F (3, 24) = 10.60

55.39 (48.47-62.31)  45.84 (28.53-63.15)
(p = 0.0015) F (3, 24) = 10.08

55.17 (39.34-71.00)
63.07 (51.79-74.36)
52.47 (45.70-59.24)
55.29 (46.05-64.53)
60.06 (52.54-67.58)

59.20 (49.86-68.54)

63.73 (43.73-83.73)
63.21 (43.40-83.02)
61.30 (45.62-76.98)
59.04 (42.67-75.41)
65.03 (49.70-80.36)

61.81 (43.46-80.16)

Results are means with 95% confidence intervals. The p value (IRSh + imipenem versus saline + imipenem) was calculated by ANOVA followed by Tukey multiple

comparison posttest.

T cell compartment in the spleen but also by reducing the
proinflammatory hyperactivation of all classical T cell populations
(Fig. 4). Thus, cell activation was reduced in the IRSh plus imi-
penem group as indicated by the lower positivity for the CD69
surface marker in flow cytometry. CD69 values dropped 22-62%
in all tested subpopulations, except CD3*CD8" effector memory
T cells, which were in too small numbers to be accurately tested
(Table I). The difference in T cell activation status between imi-
penem only versus IRSh plus imipenem groups was most evident
in the CD3*CD8" total population [62.4% drop in CD69 positiv-
ity, p = 0.0085, n = 24, F (3, 24) = 11.50] and the CD3*CD8"
central memory subpopulation [62.3% drop of CD69 positivity,
p =0.0006, n =24, F (3, 24) = 9.901] (Table I). These activation
results are also in agreement with the survival curves.

Altogether, our data indicate that an “equilibrium shifter” of
the host—pathogen interaction, such as the imipenem antibiotic,
does not hold complete curative power because it does not
change the course of the pathological immune response. It
requires the immune resetting provided by the IRSh antigenic
stimulation to do so, or a rare spontaneously effective immune
response.

IRSh fine-tuning of the immune response in sepsis increases
recovery and reduces activation of naive CD4* and CD8*
T cell subsets

Immune suppression in human and murine sepsis is attributed in
part to the lack of quantitative and qualitative recovery of CD4"
naive T cells (23). Fig. 5A shows higher recovery of naive CD4*
T cells in the IRSh plus imipenem group: 72.7% compared with
42.8,51.3, and 55.8% in the saline [p = 0.0008, n =24, F (3, 24) =
7.130], IRSh only [p = 0.0182, n = 24, F (3, 24) = 7.130], and
imipenem only [p = 0.0779, n = 24, F (3, 24) = 7.130] treatment
groups, respectively. Fig. 5B illustrates the recovery of naive
CDS8* T cells, which were induced equally well by treatment with
imipenem alone [73.7% versus 44.9% in saline group, p = 0.0012,
n =23, F (3, 23) = 8.655] and IRSh plus imipenem [72.6% versus

44.9% in saline group, p = 0.0011, n =23, F (3, 23) = 8.655]. The
naive CD8* T cell phenotype accounted for 63.3% in the IRSh
only group versus 44.9% in the saline control [p = 0.0371, n = 23,
F (3, 23) = 8.655].

As for the activation status of naive cells, there was a reduction of
the CD69" subpopulation in the group that received IRSh alone
(Fig. 5C), but neither the antibiotic alone nor its combination with
IRSh stimulation affected the CD4" T cell compartment. The most
impressive impact of the IRSh antigenic modulation was evident
on naive CD8" T cells that retained the CD69" activated pheno-
type. The naive CD8*/CD69™ lymphocytes shrunk to 6.9% in the
spleens from mice treated with IRSh plus imipenem as compared
with 31% in those from the saline group [p = 0.0010, n = 24,
F (3, 24) = 7.246]. It is noteworthy that the number of activated
naive CD8" splenocytes found in mice treated with imipenem
alone was also significantly higher than that present in animals
exposed to the IRSh plus imipenem treatment [24.1% versus
6.9%, p = 0.0203, n = 24, F (3, 24) = 7.246, Fig. 5D].

Thus, the accumulated data suggest that the IRSh antigenic
stimulation coupled to the antimicrobial drug decreases ex-
pansion of total CD3™ T cells in sepsis, but this effect does not
occur at the expense of the recovery of naive CD4" and CD8"
subsets. The hyperactivation state is disengaged throughout all
tested CD3* memory populations and subpopulations, as well
as in the naive CD4" and CD8" subsets, most notably in CD8"
T cells.

The proteome/interactome profile of the peripheral blood
obtained from mice treated with the combination of IRSh plus
antibiotic is very different from that of untreated sepsis

We have carried out proteomic/lipidomic analyses to better un-
derstand the immune mechanisms that underlie the integrated
action of IRSh stimulation and use of antibiotics in promoting
survival in sepsis. For this purpose, we have compared sur-
viving animals on day 7 after treatment with IRSh plus imi-
penem with mice in the saline control group. Sepsis was induced
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as described in Materials and Methods in C57BL/6j mice,
which were randomly assigned to either the experimental group
(IRSh plus imipenem, n = 54) or the control group (saline,
n =7). The survival was 65% in 7 d for the experimental group
and <24 h for five out of seven control animals (Supplemental
Fig. 1F), reproducing the same pattern of high-grade sepsis
described in Fig. 2A and in reference (68) for controls. The
serum of the surviving animals was pooled and used to set up
the techniques for proteomic and lipidomic studies. Similarly,
the serum of the dying mice in the control group that had to be
euthanized were pooled for analyses.

Protein expression profiles in survival and nonsurviving
conditions are shown in the volcano plot depicted in Fig. 6A.
In total, 121 differentially expressed proteins were identified
(Supplemental Table II). Fig. 7A shows the results of an in silico
study of systems biology performed with the Ingenuity Path-
way Analysis software. Forty proteins were differentially
downregulated in survival, including proinflammatory mediators,
molecules that promote cytokine storm, feedback regulatory pro-
teins, and proapoptotic factors. Fig. 7B depicts the interactome
from 81 proteins that were differentially upregulated in survival,
being associated to processes that are as diverse as intracellular
detoxification, muscle metabolism improvement, cell regenera-
tion, and secretion of some cytokines possibly connected to re-
covery and survival. As indicated in Fig. 6B and Supplemental
Fig. 2B, the proteins uniquely expressed in survival groups induce
a selective expression of TNFSRFIA, and to a lesser extent
TNFSRFI1B, that probably neutralize the overproduction of
TNF-a, one of the key cytokines in the pathogenesis of sepsis.
Also, they induce a selective expression of factors related to
maintenance and renewal of the lymphoid system as well as
cytokines implicated in regulation of inflammation and of
regenerative settings.

The opposite profile of high and low protein expression was
found in nonsurviving animals (indicated as up and down in
Fig. 7A, 7B). The proteins whose expression is restricted to

nonsurviving animals induce activation of TWISTNB, MECOM,
FOS, STAT1, and other proteins/transcription factors resulting in
selective production of TNF-a and key cytokines that participate
in the storm that precedes death in sepsis (Fig. 6B, Supplemental
Fig. 2A).

Altogether, the accumulated data suggest that the IRSh-induced
fine-tuning of the immune response suppresses the pathological
proinflammatory reaction in sepsis most likely through the
engagement of the memory compartment TCR repertoire spe-
cific to the IRSh antigenic components that generate a new
secondary activation. This secondary activation induces a new
and effective immune response with low inflammatory profile
and immune regeneration activity as suggested by our in silico
analysis. In this new context, the IRSh plus the antibiotic drug
may shift the host—pathogen balance toward cure from an
otherwise lethal outcome. Thus, there is a molecular signature
of uncontrolled sepsis with a bias toward proinflammatory re-
action, proapoptotic effect, suppressed immune regeneration,
and reduced metabolism recovery leading to death, as well as
a molecular signature dedicated to disease resolution that is
characterized by controlled low inflammation, antiapoptotic
effect, ongoing immune regeneration, and metabolism recovery
conducive to survival. The choice between these two possible
opposite outcomes is likely to be determined by the pathogen
recognition receptors, danger recognition receptors, stress
signals, and TCR repertoire naturally engaged by the original
pathogens or by the same type of receptor engagements in the
context of the IRSh-driven resetting. In our model, IRSh favors
survival by overlaying multiple stimuli that reactivate memory
responses. The latter are likely to be the ultimate guide for
immune resetting and survival in sepsis.

Label-free quantitative MS: quality of proteome data

Collectively, 29,715 peptides were identified and quantified with an
average of six peptides/protein. The used proteomic approach
revealed a broad dynamic range of detected proteins with more than
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Protein Accession number

the most significantly up- and downregulated pro- ™ B9 domain-containing protein 1 QIR1S0
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survivor groups (B). L Protein Ighv2-7 (Fragment) A0A075B5Q8

Glycophorin-A P14220
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Granulocyte colony-stimulating factor P09920

Myristoylated alanine-rich C-kinase substrate P26645

Meckelin A2AJP5

L C-X-C motif chemokine 2 P10889

seven orders of magnitude as expected for this biological ma-
trix and considering the instrument technology. More detailed
information can be found in Supplemental Table II and references
(75, 81, 88).

Lipidomics results

The global lipid profile data display the metabolites that sym-
metrically increase or decrease in surviving and in nonsurviving
animals. In total, 314 lipids were detected by considering three
out of three replicates that have an absolute coefficient of
variance <0.3. Forty-three lipids were greater than log, ratio =
*1.6 with the following additional criteria: isotopologue pat-
tern match (considering both intensity and m/z), elemental
composition, and mass error <2 ppm for precursor ions and
5 ppm for the fragments. Considering the survival over non-
survival group ratio, there were 22 metabolites significantly
increased (ANOVA, p < 0.0026, n = 56 for survival and n = 7
for nonsurvival) and 21 metabolites significantly decreased
(ANOVA, p < 0.01, n = 56 for survival and n = 7 for nonsurvival)
(Fig. 8A, Supplemental Table II). The lysophosphatidylcholine
(LPC)/phosphatidylcholine (PC) ratio was ~3-fold higher in sur-
viving mice than in the nonsurvivors (Fig. 8B). It is noteworthy
that in clinical settings, the LPC/PC ratio tends to be narrower in
hyperinflammatory conditions such as sepsis and correlates with
worse prognosis because LPC drops and PC ascends in these
conditions. Alternatively, hypoinflammatory states are associated
to wider ratio and a better prognosis and the LPC increases and PC
decreases (89-91). In the cecum ligation/perforation murine ex-
perimental sepsis model without treatment, LPC is significantly
decreased in plasma as measured by MS (92). Our results are in

agreement with the latter findings and support the possibility of
replacing the hyper for hypoinflammatory state in ongoing
disease.

Discussion

This is a proof of concept article in which we demonstrate that it is
possible to reset an improper proinflammatory pathological im-
mune response in the course of high-grade sepsis into an effective
hypoinflammatory secondary immune response. The resetting was
achieved in real time by repeated stimulation with a selected
memory antigenic pool (IRSh) in a highly stringent murine sepsis
model. Most importantly, this immune intervention increased the
survival rate obtained with imipenem alone over five times, with a
clear synergic effect of the therapeutic combination on the mean
expected lifetime of the animals, which has doubled. It should
be stressed that the beneficial effect of the proposed immune in-
tervention was not dependent on the generation of a focused,
pathogen-driven immune response itself but rather on the reac-
tivation of memory to a set of diverse and mostly unrelated Ags to
compose a new image of the aggressor pathogen as hypothesized.
The resulting secondary activation can drive an effective immune
response to the primary pathogen in presence of the antimicrobial
equilibrium shifter. Thus, IRSh alone changes the ongoing path-
ological immune response but does not impact on survival because
it needs the antimicrobial action to shift the host—pathogen balance
in favor of the host.

There were three players in the petri dish in the classical ex-
perimental model used by Fleming to discover penicillin: the
pathogen (bacteria), the antimicrobial drug (represented by the
mold-infused broth), and the inert culture medium, which did not


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1900104/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1900104/-/DCSupplemental

1308

REAL-TIME IMMUNE RESPONSE RESETTING IN SEPSIS

JC|.'|\N
Extra cellular W Ig 2b__
space = l’ T

\\r'\\//

‘\M{::‘ -

e :ILS'\; AI\QZB

IGRALS

iy

Sk PRPSAP1

w

Up-regulation in non-surviving animals

PTFIA

Down-regulation in non-surviving animals

0 ¥
[] \\\
=
s Plasma N
= membrane PPF .* WA \\\
— AY
2
2
=]
)
£
§ Cytoplasm
=
)
=
o
g
c
2
3]
(=]
Nucleus
(IKzZE1)
Kiaa@211L
Extra cellular

space M‘TE}

Plasma
[}
- membrane
E
c
[}
=)
£
2
S
S
=]
)
£
c
o
2
)
3 Cytoplasm
o
-
o
=)

Nucleus
Nucleus

e
EP30
“HIST3H2A

FIGURE 7.

€TNNB1

Interactome of proteins differentially expressed in survival versus nonsurvival outcomes. The interactome from 40 proteins downregulated

in survival and upregulated in nonsurvival is shown (A). The interactome from 81 proteins upregulated in survival and downregulated in nonsurvival is

shown (B).

interfere with the interaction between the first two other com-
ponents. If the drug was effective in this model, there was
pathogen clearance in vitro (1). Comparatively, there are also
three performers during the treatment of an infection in vivo: the
pathogen, the antimicrobial drug, and the localized or systemic
environment provided by the host, which is not inert because of

the evolutionary acquisition of an immune system that shares the
same task of blocking and/or destroying the pathogen (55, 93,
94). Only two out of three components of the in vitro model are
variable, as opposed to all three components of the in vivo
counterpart. Thus, the efficacy of a given drug to induce path-
ogen clearance in vitro does not necessarily translate into cure
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ratios in survivors compared with nonsurvivors in sepsis. The ratios and the
respective p values calculated by the Mann—Whitney U test are presented
(n = 56 for survival and n = 7 for nonsurvival).

in vivo, because it depends on the joint action of such a drug with
the third variable, namely the immune system.

In strong support of this view, infections and sepsis in both ends
of the age spectrum are usually more severe, more frequent, and
exhibit higher morbidity and mortality, even when appropriate
antimicrobials are used in the correct indication, dosing and timing,
possibly reflecting the fact that the immune system is dysfunctional
in elders and immature in the young (8, 95-97). A complex pattern
of susceptibility to infections associated to pathogen multiplicity
and diversity also occurs in secondary and primary severe immune
deficiencies, leading to higher morbidity and mortality. Thus,
broad systemic antimicrobial prophylaxis is required in immune
compromised patients because it greatly increases their survival.
Moreover, the treatment of overt infections or fever in neutropenic
and other severe immune-compromised patients require the use of
broad spectrum antimicrobials early on, before the identification
of the etiological agent, and often in combination, higher doses,
and longer time as compared with the immune competent patient
for the very same clinical disease presentation (98—113). Cure of
severe infections and sepsis with antimicrobial drugs in terminal
immune compromised patients is virtually unachievable (114—
116). Finally, in poor income populations, malnutrition may act
synergistically with circumstantial factors, such as lack of sew-
erage, drinkable water, and protection to environmental aggres-
sion, to compromise fitness and functionality of the immune
system, decreasing the efficiency of antimicrobial drugs (117,
118). In line with these observations, there is no solid evidence in
the literature of pathogen clearance in vivo by the sole action of
antimicrobial drugs because there is always an immune reaction to
the invader agent (6, 25, 26, 32, 51, 52, 55, 66). In contrast, the
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cure of some infections is possible, relying solely on the immune
system, as can be inferred from the survival of humans and other
animal species in natural selection (93, 94, 119-121). Therefore,
joint action is an absolute requirement for cure because there is no
antimicrobial drug effect in vivo without an accompanying im-
mune response.

The nature of the immune response against pathogens can be
ineffective, partially effective, or fully curative. The first two in-
stances require an antimicrobial drug, when available, to attempt
a curative outcome. The missing concept in the current under-
standing of the dynamics of the therapy of infectious diseases is that
the success of antimicrobial drugs is ultimately dependent on the
underlying immune response: antimicrobials are often necessary
but never sufficient without a proper immune response. This
conceptual mistake is probably responsible for the virtual absence
of effective treatments for sepsis, septic shock, and severe infec-
tions and for the countless clinical trial failures of medicines that
were promising in preclinical studies (7, 8, 12, 14-23).

Antimicrobial drugs as an equilibrium shifter do not change the
nature of the immune response, only facilitate pathogen elimination
or containment by the immune system. Thus, we have shown in our
sepsis experiments that saline- and antibiotic-treated animals
responded similarly as regards to the induction of hyperactivated
conventional and nonconventional splenic T cell subpopulations.
Addition of IRSh stimulation to the antibiotic therapy reverted
course, with a substantial drop in all activated T cells, most evident
in the CD8" compartment. This is in line with the observation that
activation of noncognate memory CD8" T cells by the inflam-
masome plays an important role in the amplification of their ef-
fector function (54, 122).

It should be noted that an effective immune response may occur
spontaneously in the antibiotic-treated animals without IRSh
stimulation, but with very low frequency, which explains their
dismal survival. The few animals that survive with antibiotic
treatment alone share the same splenic expansion and also
hypoactivation of all T cell subsets (Supplemental Fig. 1E). Thus,
there was no survival without an effective immune response,
spontaneous or induced, in antibiotic-treated animals. It is worth
noting that late immune suppression in conventionally treated
sepsis has been in part attributed to a contraction by apoptosis of
the CD4" naive T cell population that is also less functional (8, 15,
21, 23). IRSh induced a clear homeostatic recovery of these cells,
which was lacking in animals that have only been treated with
antibiotic. The use of repeated IRSh injections separated by short
periods (3—4 d) for memory reactivation resembles a drawn-out
disease or a protracted antigenic stimulus that is likely to inhibit
the reactive immune suppressive wave elicited by the combined
antigenic profile of IRSh and of the pathogen.

Our interpretation that IRSh-induced survival is a consequence
of the replacement of a hyperinflammatory reaction by a contained,
memory-driven, and effective hypoinflammatory immune response
is supported primarily by the limitation of total CD3™ T cell ex-
pansion and the drop in expression of surface activation markers
on the recovered splenic T cells. It is also corroborated by the
quantitative proteomics and metabolomics (lipidomics) analyses,
which revealed the reversion of the signatures of cytokine storm,
deregulated inflammatory reaction, proapoptotic environment, and
narrow LPC/PC ratio, with a central role for TNF-a neutralization
in animals that did respond to combined therapy as opposed to
those that died. In addition, the upregulated proteins in IRSh-
induced survival may also mediate regulation of inflammation,
lymphoid recovery and maintenance, intracellular detoxification,
muscle metabolism improvement, and cell regeneration. Interest-
ingly, the opposite proteomic profile found in natural sepsis may
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help to explain the severity of evolution of antimicrobial-treated
sepsis after apparent primary pathogen clearance. Furthermore,
lipid metabolites segregated very distinctively into survival and
nonsurviving groups. It is of particular interest that LPC is a lipid
second messenger that may be generated from PC in conditions of
low inflammatory and effective immune responses, and that the
LPC/PC ratio is higher in the surviving animals in our experi-
ments, with absolute increase of LPC and decrease of PC. These
findings are reminiscent of data reported by others on surviving
sepsis patients treated with antimicrobial drugs (89-91). Also,
there is some experimental evidence elsewhere that LPC has im-
mune modulatory and host protection properties that have been
tested therapeutically in preclinical models with modest results
(123-125). The latter references support the interpretation that the
plasma LPC upregulation that we have observed in surviving mice
may have had an active mechanistic role in rescuing animals from
sepsis, but this assumption remains to be tested in future studies.

The proteins and metabolites identified in this study reveal a
glimpse of the default molecular program set in place by the
immune response in sepsis that may often lead to death with or
without antimicrobial treatment. The trigger of this response is the
pathogen’s antigenic image. However, the default program can be
reverted or replaced by another that is indeed compatible with
survival, and the switch to the curative immune response can be
achieved by overlaying the pathogen’s original antigenic image
with that of the IRSh memory Ag pool. Thus, the current medical
strategies to treat infection mimic the reactive defenses established
along evolution of the immune system, which are primarily in-
duced or guided by the pathogen. The two most conserved of these
natural defenses are 1) the host’s resistance to infection or direct
antipathogen action, which may be achieved clinically by anti-
microbial drugs helping the host to reduce pathogen burden; and
2) the control of the host’s tissue damage definable as tolerance to
the aggression, which limits the severity of the disease regardless
of the pathogen load and may be accomplished clinically by life
support measures (119-121). The price paid by the host for the
immune response reactive pattern is immunopathology, when an
improper response is induced by the pathogen. The central fault of
this exclusive reactive pattern, and of the current medical ap-
proaches that resemble it, is to let the pathogen in command of the
immune response. It leaves the host organism to bear the patho-
logical consequences, without disclosing the entire healing po-
tential of the immune system that, as we show in this study, may
be proactively reset to adopt a curative path guided by cellular
memory.

It is reasonable that our strategy mimics and possibly synergizes
with the natural microbiota, which might have been evolutionarily
selected among other things to provide ongoing homeostatic
antigenic stimuli to commensal-specific memory immune cells,
allowing the simultaneous elimination of the occasional invading
pathogen with limited inflammation. The commensal and pathogen
image perceived by the immune system would partially overlap,
leading to a lower probability of a life-threatening response. This
hypothesis is supported by recent findings on the interplay between
microbiota and the innate and adaptive arms of the immune system,
in particular the memory cells (126).

The IRSh immune modulation is no more than a therapeutic
vaccination or memory recall in real time, with mostly unrelated
Ags that overlap and modify the perceived antigenic image of the
pathogen by the immune system. Thus, the IRSh removes the
aggressor agent from the driver’s seat by resetting a new secondary
activation state capable of guiding and redirecting an effective
hypoinflammatory secondary pathogen-specific response, when
used in combination with antimicrobial drugs. The applicability of
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the IRSh approach beyond sepsis in other disease models in which
the immune system may be implicated remains to be tested.
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