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SUMMARY

Infections, cancer, and trauma can cause life-threatening hyperinflammation. In the present study, using sin-
gle-cell RNA sequencing of circulating immune cells, we found that the mammalian target of rapamycin
(mTOR) pathway plays a critical role in myeloid cell regulation in COVID-19 patients. Previously, we devel-
oped an mTOR-inhibiting nanobiologic (mTORi-nanobiologic) that efficiently targets myeloid cells and their
progenitors in the bone marrow. In vitro, we demonstrated that mTORIi-nanobiologics potently inhibit infec-
tion-associated inflammation in human primary immune cells. Next, we investigated the in vivo effect of
mTORi-nanobiologics in mouse models of hyperinflammation and acute respiratory distress syndrome. Us-
ing '8F-FDG uptake and flow cytometry readouts, we found mTORi-nanobiologic therapy to efficiently reduce
hematopoietic organ metabolic activity and inflammation to levels comparable to those of healthy control an-
imals. Together, we show that regulating myelopoiesis with mTORi-nanobiologics is a compelling therapeu-
tic strategy to prevent deleterious organ inflammation in infection-related complications.
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INTRODUCTION

Exacerbated host immune response, also known as hyperin-
flammation, is a life-threatening condition for which limited
treatment options exist.” It can be triggered by diverse circum-
stances, including autoimmune and autoinflammatory diseases,
trauma, or severe infections such as sepsis but is also observed
as an adverse effect of cancer immunotherapy. It is estimated
that 13.7 million patients die annually as a result of infection-
related complications among which many are linked to dysregu-
lated inflammatory responses.? In these patients, immune acti-
vation becomes dysregulated resulting in exaggerated release
of proinflammatory mediators such as cytokines, which subse-
quently spearheads endothelial cell activation, disseminated
intravascular coagulation, hypotension, organ failure, and some-
times death.’® Such a hyperinflammatory response can mani-
fest either systemically, culminating in septic shock, or locally
in certain organs, such as the lungs leading to the development
of acute respiratory distress syndrome (ARDS). ARDS is a proto-
type clinical syndrome characterized by tissue disruption,
compromised gas exchange in the lungs® and excessive cyto-
kine release. It contributes to a systemic process referred to as
cytokine storm, which conversely exacerbates ARDS, high-
lighting their interconnected nature.®~" Currently, there are few
therapeutic options available for the treatment of ARDS. In
fact, poor management of ARDS is linked to mortality rates of
40% or higher in moderate-to-severe cases of hospitalized
patients.®'°

Although sepsis and pneumonia drive the majority of all ARDS
cases,® the COVID-19 pandemic intensified research on the sub-
ject. Studies consistently report that COVID-19-triggered hyper-
inflammation and ARDS increase mortality.''~'* Current disease
management strategies include alleviating symptoms and some
pathophysiological approaches, such as epithelial/endothelial
repair, anticoagulants, and anti-inflammatory medication.'® Be-
sides the direct effects, individuals surviving ARDS often experi-
ence long-term physical and cognitive decline,’®'® further
underscoring the need for innovative immunotherapeutic
strategies.

While most immunotherapies for sepsis focus on the inhibi-
tion of proinflammatory cytokines,'® emerging research high-
lights the role of metabolic dysregulation in hyperinflammation.
In particular, the mammalian target of rapamycin (MTOR)
signaling is crucial for the activation of immune cells and is cen-
tral to systemic inflammation.?°~>? Sensitive to stress and in-
flammatory signals, mTOR controls cellular metabolism and
can increase glycolytic activity by stimulating the production
and activation of hexokinase, phosphofructokinase, and pyru-
vate kinase.”> Moreover, mTOR prompts hypoxia-inducible
factor 1-alpha (HIF-1a) expression, which in turn promotes
the release of IL-1$°*?° and upregulates the expression of
glycolytic enzymes and glucose transporters, increasing
glucose influx and usage by immune cells.?® This switch to
glycolysis provides energy for cellular proliferation, migration,
phagocytosis and production of inflammatory cytokines and
mediators.??"-?® Targeting mTOR in innate immune cells
therefore represents an attractive approach to manage infec-
tion-associated hyperinflammation.
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In this study, we used single-cell RNA sequencing (scRNA-
seq) to profile peripheral blood mononuclear cells (PBMCs)
from SARS-CoV-2-infected patients. In line with non-COVID-19
sepsis, we found differential expression of mTOR-related genes,
especially in innate immune cells. Inspired by these findings, we
evaluated our mTORi-nanobiologic® in inflammation and trained
immunity>° assays using primary human monocytes. Using the
quantification of ['®F]fluorodeoxyglucose ('®F-FDG) uptake and
flow cytometric analyses as readouts for metabolic activity and
inflammation, respectively, we evaluated mTORi-nanobiologics’
in vivo therapeutic potential in murine models of hyperinflamma-
tion and ARDS.

RESULTS

SARS-CoV-2 infection leads to differential expression of
mTOR pathway genes in circulating immune cells
We first studied mTOR signaling in scRNA-seq datasets of whole
blood and PBMC samples of COVID-19 cohorts (Table S1). More
precisely, we evaluated the expression profiles of 156 genes
from the mTOR pathway in the circulating immune cell popula-
tions from patients with mild, severe, and convalescent
COVID-19°""%3 (Figure 1A, Table S2). Toward this aim, we iden-
tified cell type-specific differentially expressed genes (DEGs)
from the mTOR pathway between these four independent
COVID-19 patient cohorts, for which scRNA-seq data of immune
cells were available. From the cohorts reported by Schulte-
Schrepping et al.®! (Bonn and Berlin cohorts, C1 and C2, respec-
tively), we compared healthy volunteers (control), mild, and
severe COVID-19 patients for each immune cell cluster. Addi-
tionally, we compared hospitalized and convalescent partici-
pants in a different cohort (MHH50 cohort, C3) from Zhang
et al.,*” as well as convalescent COVID-19 patients and healthy
volunteers (control) in the Convalescent COVID-19 (C4) cohort.**
We identified 79 mTOR pathway-related DEGs in at least one
of the analyses (Figures S1A-S1D). Compared to healthy volun-
teers, we found that mainly in classical monocytes from the
COVID-19 patients, the mTOR pathway-related genes were
differentially expressed (Figures 1B and S2A). We observed
growth factor receptor bound protein 2 (GRB2), serum/glucocor-
ticoid regulated kinase 1 (SGK1), ras homolog family member A
(RHOA), and CAP-Gly domain containing linker protein 1 (CLIP1),
which are associated with PI-3 kinase-mediated signal transduc-
tion, cytoskeletal modulation, and cell migration,>*=° to be
upregulated in classical monocytes of different cohorts. Of
note, the levels of an essential downstream effector of mMTOR
signaling, ribosomal subunit protein S6 (Rps6), were downregu-
lated in most of the clusters in hospitalized or severe COVID-19
samples pointing toward decreased ribosomal biogenesis
(Figures STA-S1C). Interestingly, cells from mild and control pa-
tients differed most, while cells from mild versus severe patients
showed the fewest dissimilarities. We observed the same trend
in the convalescent COVID-19 cohort when focusing on upregu-
lated DEGs, while for downregulated genes, in addition to mono-
cytes, differences were also pronounced in natural killer cells
(Figures 1C and S2B). Out of all cell types, classical and non-
classical monocytes displayed the most DEGs occurring exclu-
sively in one cell population. Our analysis of the previously
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published COVID-19 dataset showed that mTOR pathway-asso-
ciated genes are dysregulated across various immune cell
populations, albeit to a greater extent on monocyte subsets in
hyperinflammatory conditions.

Nanobiologics targeting mTOR in myeloid cells

The nanobiologics platform is composed of phospholipids,
cholesterol, propane-1,2,3-triyl trioctanoate, and apolipoprotein
A1 (apo-A1), as we previously described.?® Owing to their size (of
approximately 50 nm in diameter) and the apo-A1 coating, nano-
biologics efficiently target myeloid cells and their hematopoietic
progenitors (Figure 2A). By loading nanobiologics withan mTOR-
inhibitory prodrug, the mTOR pathways can be effectively in-
hibited in vivo. We characterized the mTORIi-nanobiologics’
size by dynamic light scattering (DLS, Figure 2B), while cryo-
genic electron microscopy reviewed spherical morphology
(cryo-EM, Figure 2C).

mTOR-inhibiting nanobiologics reduce inflammation in
primary human cells in vitro

We investigated the potential of mTORi-nanobiologics for the
modulation of infection-associated inflammation by conducting
in vitro experiments profiling the function of human monocytes
after stimulation, in the presence or absence of nanobiologics.
We previously developed a trained immunity assay®’ that allows
for the study and treatment of monocytes’ hyperresponsiveness
in vitro (Figure 3A). Monocytes were stimulated for 24 h with
B-1,3-(D)-glucan (B-glucan) or heat-inactivated SARS-CoV-2
Wuhan-Hu-1 variant®® or remained unstimulated in the presence
or absence of 1 or 10 uM mTORIi-nanobiologics. After washing
the cells with warm PBS at 24 h, we washed them again at 72
h. On day 6, the cells were restimulated with 10 ng/mL E. coli
lipopolysaccharide (LPS), and supernatant was collected 24 h
later to determine tumor necrosis factor alpha (TNF-o) (Figure 3B)
and interleukin-6 (IL-6) production (Figure 3C) by ELISA. TNF-a.
and IL-6 are gold standard markers of trained immunity, as
they reflect the functional state of innate immune cells.*>*° We
found that cells incubated with B-glucan or SARS-CoV-2
enhanced cytokine secretion upon LPS restimulation, a hyper-
responsiveness indicative of innate immune memory.*° In
contrast, cells that were treated with mTORi-nanobiologics dur-
ing the initial 24-h training phase did not become hyperrespon-
sive. A trend toward a dose-dependent effect was observed in
the B-glucan group for cells treated with mTORi-nanobiologics.
Similar results were also attained for trained immunity-associ-
ated pro-inflammatory chemokines (Figures S3A-S3C), where

iScience

mTOR-nanobiologics treated cells showed lower CXCL-9,
CXCL-10, and IL-8 production upon LPS restimulation.

mTORi-nanobiologic therapy prevents systemic
inflammation in mice
Critical aspects of the exaggerated systemic inflammation
caused by bacterial sepsis can be mimicked in mice by adminis-
tering the gram-negative bacterial component LPS.*'*? To
investigate the effects of our mTORIi-nanobiologics in regulating
myelopoiesis during hyperinflammation processes, we intraper-
itoneally (i.p.) injected 0.1 mg/kg of LPS in naive mice and, 1 h
later, intravenously (i.v.) administered one 5 mg/kg dose of
mTORi-nanobiologics (Figure 4A). Naive mice were used as
negative controls, while LPS-injected PBS-treated animals
served as placebo controls. We then applied a combination of
in vivo "®F-FDG positron emission tomography ('®F-FDG PET)
imaging*®~*° (Figure 4B), ex vivo gamma counting, and flow cy-
tometric analyses. Compared to naive mice, we observed a
4-fold increase ex vivo in "8F-FDG bone marrow uptake following
i.p. LPS injection, indicative of systemic hyperinflammation (Fig-
ure 4C, p < 0.0001). In the same analysis, LPS-injected mice that
received the mTORIi-nanobiologic treatment displayed signifi-
cantly less bone marrow activity after 24 h (Figure 4C, p =
0.0007). Interestingly, no statistical significance between nega-
tive control and mTORiI-nanobiologic treated groups was
attained (p = 0.3967), suggestive of inflammation reduction to
baseline levels. A similar trend was observed by in vivo standard-
ized uptake value (SUV) analysis; although statistical signifi-
cance was not attained (Figure S4A), most likely attributed to
the lower sensitivity of PET scanners due to partial volume ef-
fects, background noise and limitations in spatial resolution.*®*’
We set out to investigate these changes at the cellular level by
flow cytometry analysis of bone marrow cells. We observed a
reduction of Ly6C" monocytes after mTORi-nanobiologics
administration, when compared to placebo-treated animals (Fig-
ure 4D, p = 0.0011). Similarly, neutrophil populations also under-
went a 5-fold reduction after mTORIi-nanobiologics treatment,
when compared to the placebo group. However, those differ-
ences did not reach statistical significance (Figure 4E, p =
0.4133). Interestingly, a different trend was observed in the blood
with decreased Ly6C™ monocyte and neutrophil populations in
animals of the placebo group (Figure S4B), despite the lack of
statistical significance (p = 0.3624 and p = 0.5288). This phenom-
enon is most likely due to enhanced margination and cell migra-
tion to inflamed organs after LPS injection.’®*® However,
mTORi-nanobiologics treatment restored Ly6C" monocyte and

Figure 1. mTOR signaling pathway gene expression profiles support the use of mTORi-nanobiologics for the treatment of inflammation in
COVID-19 patients

(A) UMAP of scRNA-seq from the Berlin (C1), Bonn®' (C2), and MHH50% (C3) cohorts datasets, respectively, and UMAP of scRNA-seq from convalescent
COVID-19 patients™ (C4).

(B) Upregulated differentially expressed genes across the Berlin (C1), Bonn®" (C2), and MHH50°? (C3) datasets. Intersection size represents the number of genes
that were differentially expressed across the different comparisons, connected by dots, in the y axis. Set size represents the number of genes that were
differentially expressed within each comparison on the y axis.

(C) The number of upregulated mTOR genes in specific cell types in convalescent COVID-19 patients (C4 cohort).** Intersection size represents the number of
genes that were differentially expressed across different cell types, connected by dots, in the y axis. Set size represents the number of genes that were
differentially expressed within each cell type on the y axis. Differentially expressed genes between every two disease conditions were identified using Find-
Markers() function by Wilcoxon rank-sum test. Control = healthy volunteers, pDCs = plasmacytoid dendritic cells, mDCs = myeloid dendritic cells. See also
Figures S1 and S2 and Tables S1 and S2.
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neutrophil levels to baseline (p = 0.2060 and p = 0.9707,
respectively).

mTORi-nanobiologics modulate ARDS-driven
inflammation in mice

Encouraged by the anti-inflammatory effects of mTORIi-nanobio-
logic therapy in systemic inflammation, we set out to test its
efficacy in a mouse model of ARDS. This model involves intratra-
cheally administering LPS (i.t., 0.1 mg/kg, Figure 5A). mTORIi-
nanobiologics treatment (or PBS for the placebo group) was
intravenously injected 1 h and 48 h after LPS exposure, while
the negative control group did not receive LPS. Animals were
then '8F-FDG-PET imaged (Figure 5B) and euthanized for
ex vivo radiometric assays. Ex vivo readouts of bone marrow
"8F_FDG uptake showed 2-fold increase in LPS-injected animals
(Figure 5C, p = 0.0271), while LPS-injected mTORi-nanobio-
logics-treated mice had significantly reduced '®F-FDG uptake,
when compared to placebo group (Figure 5C, p = 0.0207). How-
ever, similar to the hyperinflammation model, these differences
did not reach statistical significance during in vivo SUV analysis
(Figure S5A).
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Figure 2. Bone marrow-avid mTORi-nano-
Size distribution biologics characterization
(A) Study concept overview. Nanobiologics are
lipoprotein-based nanoparticles with high avidity
for myeloid cells and their progenitors in the bone
marrow. We have loaded nanobiologics with a
lipophilic prodrug of rapamycin, which is a potent
mTOR inhibitor. These mTOR-inhibiting nano-
biologics (mTORi-nanobiologics) dampen bone
marrow activation and reduce systemic hyper-
inflammation upon infection.
(B) mTORIi-nanobiologic’s characterization by
dynamic light scattering and (C) cryo-EM. Scale
bar, 50 nm.

1 10 1001,000 10,000

Ex vivo "®F-FDG uptake in the lungs at the same time point
showed a 3-fold increase after ARDS induction (Figure 5D,
p <0.0001), when compared to naive control. Similar to the treat-
ment response in the systemic hyperinflammation mouse model,
we found that two i.v. doses of mTORi-nanobiologics (5 mg/kg)
significantly reduced "®F-FDG uptake in the lungs (Figure 5D, p =
0.0001) to baseline (negative control) levels (p = 0.1940). These
data were corroborated by in vivo SUV analysis (Figure S5B,
p =0.0024, 0.0379, and > 0.9999, respectively).

On a cellular level, mTORIi-nanobiologics-treated animals also
showed a significant reduction in both bone marrow Ly6C™
monocytes and neutrophils, when compared to the placebo
group (Figures 5E and 5F, p = 0.0006 and 0.0011, respectively).
Similar trends were observed in the lungs (Figures 5G and 5H,
p = 0.1168 and 0.1168, respectively) and in the neutrophils in
the blood (Figure S5C, p = 0.0401).

DISCUSSION

Over the course of the past century, infection-related death rates
have declined dramatically due to advancements in hygiene, the

TNF-o c IL-6
0.06

Figure 3. mTORi-nanobiologics reduces inflammatory response in human monocytes in vitro

(A) Schematic representation of trained immunity assays, employed on primary monocytes derived from healthy donors.

(B) In vitro trained immunity assay showing TNF-a production upon LPS restimulation.

(C) In vitro trained immunity assay showing IL-6 production upon LPS restimulation.

Data in (B) and (C) are presented as mean + SEM. Statistical analysis was performed using the Wilcoxon signed-rank test. “o < 0.05. See also Figure S3 and

Table S3.
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Figure 4. mTORi-nanobiologics reduce systemic inflammation
(A) Schematic overview of the LPS-induced hyperinflammation mouse model.

(B) Representative fused '8F-FDG PET/CT images of the spine of placebo (left panel) and mTORi-nanobiologics-treated (right panel) animals.

(C) Ex vivo quantification of bone marrow "®F-FDG uptake (n = 7-11).

(D) Representative flow cytometry plots showing LyBC" monocytes in the bone marrow of control naive mice (negative control), mice with hyperinflammation
(placebo control), and hyperinflammation mice treated with mTORi-nanobiologics, gated on live CD45"CD11b*lin"CD11c™ cells (left panel) and the associated
quantification of bone marrow Ly-6C™ monocytes (right panel, n = 6).

(E) Representative flow cytometry plots showing neutrophils in the bone marrow of control naive mice (negative control), untreated hyperinflammation mice
(placebo control), and hyperinflammation mice treated with mTORi-nanobiologics, gated on live CD45" cells (left panel). The associated quantification of bone
marrow neutrophils is also shown (right panel, n = 6).

HI = hyperinflammation, hyperinflammation = placebo control, SUV = standardized uptake value.

Data in (C)-(E) are plotted as mean + SD. Statistical analyses were performed using the Shapiro-Wilk test, followed by one-way ANOVA (with Tukey’s multiple
comparisons test) or Kruskal-Wallis (followed by Dunn’s multiple comparison test) according to Gaussian distribution. *p < 0.01, **p < 0.001, ***p < 0.0001. See

also Figure S4.

improved quality of life, and modern medicine.*® Nevertheless,
sepsis induced by infection remains one of the most notorious
killers worldwide.?°">? While sepsis is an immune-mediated
condition, immunotherapy trials demonstrating clinical benefits
are scarce, which has stagnated their development.®*** Howev-
er, the COVID-19 pandemic forced the medical community and
pharma to refocus their attention on treating sepsis and hyperin-
flammation. Numerous trials were performed with existing
drugs,”® such as anakinra®®°>” and T cell targeting therapies."®
Although success rates varied considerably, it has become
evident that with proper patient stratification immunotherapy
has significant potential for treating infection-related complica-
tions, including sepsis.
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In the current study, we found differential expression of genes
related to the mTOR pathway in myeloid cells from COVID-19
patients. The link between mTOR and COVID-19-driven hyperin-
flammation has been investigated in previous studies.’*°° Basile
et al. outlined that SARS-CoV-2 infection disrupts mTOR
signaling and suggested that its inhibition could be a powerful
tool for immune response regulation in COVID-19, a conclusion
supported by Abu-Eid et al.®"®> Moreover, the correlation be-
tween COVID-19 immune dysregulation and mTOR effectors is
further aggravated in subjects with underlying comorbidities
such as diabetes® and obesity.*

Indeed, our scRNA-Seq results indicate that SARS-CoV-2
infection upregulates mTOR-related genes involved in actin
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Figure 5. mTORi-nanobiologics reduce inflammation in ARDS mouse model

(A) Schematic overview of the LPS-induced ARDS mouse model.
(B) Representative fused '8F-FDG PET/CT images of the lungs of untreated (placebo control, left panel) and mTORi-nanobiologics-treated (right panel) animals.

(C) Ex vivo quantification of bone marrow '®F-FDG uptake (n = 6-11).
(D) Ex vivo quantification of '®F-FDG lung uptake (n = 4-9).

(legend continued on next page)
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polymerization and cytoskeletal rearrangements, mechanisms
that enhance immune cell trafficking and motility.>**® These
processes are key drivers of tissue infiltration and damage, often
culminating in hyperinflammation.®*°” Furthermore, these
genes also modulate PI-3 kinase signaling and, consequently,
the production of pro-inflammatory cytokines and chemo-
kines.®®® In contrast, other mTOR downstream targets, such
as Rps6, a component of the small (40S) ribosomal unit, were
downregulated. This is also aligned with typical physiological re-
sponses to infection and could be part of a well-established
feedback loop mechanism to counteract inflammation.”®’" In
fact, evidence suggests that the activation of mTOR signaling
concomitantly triggers compensatory processes to help restore
metabolic and inflammatory homeostasis by downregulating
downstream genes via insulin/IGF receptor and other tyrosine
kinase receptors.”>’®> However, these modulatory effects
are often insufficient to counteract an exacerbated immune
response, especially in hyperinflammation and can paradoxically
further compromise patient health under certain conditions.”*"®
Interestingly, certain changes in mTOR-related gene expression
persisted in monocytes, even after disease recovery. Thus, we
foresee that mTOR pathway regulation may be applied not
only to mitigate direct consequences of SARS-CoV-2 infection,
but also to reduce its chronic adverse effects’” and the aggrava-
tion of comorbidities, such as cardiovascular disease.”®"?
Together, these findings highlight the complexity and dynamic
nature of mTOR signaling, which combines pro-inflammatory
and homeostasis restoration properties, and underscore its po-
tential as a therapeutic target for addressing short and long-last-
ing effects of infection.

Drugs that inhibit mTOR, such as rapamycin, are Food and
Drug Administration (FDA) approved for organ transplant rejec-
tion prevention, treatment of certain tumors,*® pulmonary lym-
phangioleiomyomatosis,®’ and are applied in drug-eluding
stents to prevent restenosis of coronary arteries.®” In addition,
rapamycin has been studied for the treatment of lung injuries
due to infection, including in SARS-CoV-2.%2%%% However, the
use of this medication for inhibition of hyperinflammation and
its clinical manifestations (such as ARDS) has limitations, due
to its immunosuppressive effects. It is well documented that ra-
pamycin negatively impacts T cell function®® and consequently
hampers immune responses to infectious agents. mTOR inhibi-
tion also leads to suppression of B cell development and prolif-
eration, hampering the production of antigen-specific memory

iScience

B cells.®®> Moreover, despite its immunosuppressive function,
impaired immune responses due to mTOR inhibition may also
lead to unexpected pro-inflammatory effects. This paradoxical
outcome is caused by decreased anti-inflammatory IL-10 pro-
duction with parallel increase in expression and release of pro-
inflammatory cytokine IL-12.%5%" A recent study also points out
to the deleterious effects that rapamycin may have in non-im-
mune tissues, such as the skeletal muscle, especially in older pa-
tients.®® Therefore, alternative strategies for more precise and
cell-specific mTOR inhibition, which do not mute essential im-
mune responses, must be engineered.

We previously introduced a nanobiologic platform for
myeloid cell-specific immunoregulation. Nanobiologics are
nanomedicines based on natural lipoprotein nanoparticles
that integrate small molecule drugs.®® Owing to their lipoprotein
features, nanobiologics are highly biocompatible, safe in large
animals,”®°" and specifically target myeloid cells and their
bone marrow progenitors. In a series of separate studies, we
applied nanobiologics that are functionalized with rapamycin-
based drugs for myeloid cell-specific mTOR regulation. We
showed compelling therapeutic benefits of mTORi-nanobio-
logic treatment in mouse models of atherosclerosis® and organ
transplantation,®® without causing widespread immunosup-
pression. In the latter, mTORi-nanobiologics’ cellular specificity
toward myeloid cells was characterized by flow cytometry.
Important to clinical translation, mTORi-nanobiologics’ intrave-
nous application is safe in non-human primates.’® Thus, we
sought out to investigate the use of this mTORi-nanobiologics
formulation in the context of infection-driven dysregulated im-
mune response.

Our in vitro experiments on primary cells and mouse models
uncovered mTORi-nanobiologic therapy’s compelling poten-
tial. In primary human immune cells, treatment prevented
inflammation and trained immunity induction. Furthermore,
our in vivo data provided new insights into the poorly under-
stood temporal-spatial dynamics of mTOR inhibition across
distinct models of inflammation. Hyperinflammation induced
by intraperitoneal injection with LPS is a well-established model
for acute systemic inflammation.®*°° In the 24-h post adminis-
tration, LPS induced production of Ly6C" monocytes and
neutrophils by the bone marrow, which migrated to inflamed
organs, as evidenced by rapid depletion of circulating
cells. This is in line with the bone marrow’s high metabolic
activity measured by '8F-FDG. Conversely, intravenous

(E) Representative flow cytometry plots showing Ly6C" monocytes in the bone marrow of control naive mice (negative control), untreated ARDS mice (placebo
control), and ARDS mice treated with mTORi-nanobiologics, gated on live CD45*CD11b*lin"CD11c™ cells (left panel) and the associated quantification of bone
marrow Ly-6C" monocytes (right panel, n = 6).

(F) Representative flow cytometry plots showing neutrophils in the bone marrow of control naive mice (negative control), untreated ARDS mice (placebo control),
and ARDS mice treated with mTORi-nanobiologics, gated on live CD45* cells (left panel). The associated quantification of bone marrow neutrophils is also shown
(right panel, n = 6).

(G) Representative flow cytometry plots showing Ly6C™ monocytes in the lungs of naive mice (negative control), untreated ARDS mice (placebo control), and
ARDS mice treated with mTORi-nanobiologics, gated on live CD45*CD11b*lin"CD11c™ cells (left panel) and the associated quantification of lung Ly-6C"
monocytes are also shown (right panel, n = 6).

(H) Representative flow cytometry plots showing neutrophils in the lungs of control naive mice (negative control), untreated ARDS mice (placebo control), and ARDS
mice treated with mTORIi-nanobiologics, gated on live CD45" cells (left panel). The associated quantification of lung neutrophils is also shown (right panel, n = 6).
ARDS = placebo control, SUV = standardized uptake value. Data in (C)-(H) are plotted as mean + SD.

Statistical analyses were performed using the Shapiro-Wilk test, followed by one-way ANOVA (with Tukey’s multiple comparisons test) or Kruskal-Wallis (followed
by Dunn’s multiple comparison test) according to Gaussian distribution. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. See also Figure S5.
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mTORi-nanobiologic treatment evoked rapamycin-type effects
on the bone marrow, hampering the development of Ly6CM
monocytes and neutrophils,’®°” and impairing immune cells’
migratory capacity.’® Therefore, we observed elevated myeloid
cell blood levels, despite their numbers being reduced in the
bone marrow. Similarly, in the ARDS experiment LPS led to
increased production of immune cells. However, the inflamma-
tion kinetics in ARDS are vastly different. Indeed, 72-h post LPS
injection we observed persistent recruitment of immune cells to
the lungs, which likely reflects replenishment of bone marrow
cells after emergency myelopoiesis, as well as sustained influx
to the bloodstream and affected organ. This difference was also
observed in the treatment groups, where cell numbers for
mTORIi-nanobiologics-treated animals are stabilized to naive
levels.

While our study provides clear proof-of-concept for myeloid
cell-specific mTOR inhibition in infection-associated inflamma-
tion, it is limited to studying myeloid cells from COVID-19
patients only. However, mTOR dysregulation in myeloid cells
is found in diverse infections, ranging from HIV®°7'°" to
dengue.'%>"% Besides viral infections, mTOR pathway involve-
ment is also implicated in conditions, such as bacterial pneu-
monia'®* and tuberculosis, '°° providing much broader opportu-
nities for our therapeutic approach.

The experimental models used in this study accurately
reflect critical features of sepsis but have their limitations.
We evaluated mTORi-nanobiologics in an in vitro model
that involves primary cells from healthy subjects, which are
exposed to inactivated SARS-CoV-2. We did not treat
myeloid cells from COVID-19 patients with mTORi-nanobio-
logics. For the therapeutic studies in mouse models, we
induced inflammation by administering LPS, rather than
through actual infection. LPS is found in the outer mem-
brane of gram-negative bacteria.’® It is a potent immune
cell activator and is often used in well-established models
of post-infection immune dysregulation.’®”~'°° When admin-
istered intraperitoneally, LPS can trigger systemic hyperin-
flammation, whereas intratracheal instillation leads to
ARDS-like symptoms. Both phenomena (hyperinflammation
and ARDS) are common COVID-19 complications,’'%'"
hence overarching our in vitro data. We chose this approach
because despite WT mice not being susceptible to SARS-
CoV-2 infections due to differences in their ACE2 receptor
structure,''® LPS still has high relevance in the context of
infection-driven inflammation. With this strategy, our human
data are integrated with our mouse data in a complementary
fashion. However, future studies with diverse infection
mouse models are required to optimize the treatment
regimen and evaluate mTORi-nanobiologic therapy’s full po-
tential in sepsis-associated inflammation.

In summary, our data demonstrate that mTOR dysregulation in
the myeloid compartment is a compelling therapeutic target.
While monocytes and neutrophils are essential for host defense,
exacerbated release, activation, and accumulation of myeloid
cells at the site of infection—and systemically—can be harmful
and lead to sepsis and death. Our mTORi-nanobiologic treat-
ment downregulates bone marrow activity in LPS-induced sys-
temic inflammation and ARDS, thereby limiting the deleterious
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accumulation of these myeloid cells in vital organs, without wide-
spread immunosuppression.

Limitations of the study

Our study investigates the potential of mTORIi-nanobiologic
treatment for regulating post-infection hyperinflammation. How-
ever, we evaluated the efficacy of this therapy in vivo only in an-
imal models. In humans, we relied on data from scRNA-seq and
in vitro approaches. Further studies are needed to understand
the systemic effects of mTORIi-nanobiologics in patients. More-
over, our analyses focused on COVID-19 patients, ARDS and hy-
perinflammation models. We believe nanobiologics could be
applied to other diseases with similar mechanisms of inflamma-
tion dysregulation. Future research should explore the efficacy of
our therapy in a broader range of diseases.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD90.2 (Thy-1.2) Monoclonal Antibody (53-2.1), eFluor™ 450 eBioScience Cat#: 48-0902-82; RRID:AB_1272200

TER-119 Monoclonal Antibody (TER-119), eFluor™ 450 eBioScience Cat#: 48-5821-82; RRID:AB_1518808

NK1.1 Monoclonal Antibody (PK136), eFluor™ 450 eBioScience Cati: 48-5941-82; RRID:AB_2043877

CD49b (Integrin alpha 2) Monoclonal eBioScience Cati: 48-5971-82; RRID:AB_10671541

Antibody (DX5), eFluor™ 450

CD45R (B220) Monoclonal Antibody eBioScience Cat#: 48-0452-82; RRID:AB_1548761

(RA3-6B2), eFluor™ 450

Ly-6G Monoclonal Antibody (1A8-Ly6g),
eFluor™ 450

Brilliant Violet 510(TM) anti-mouse CD45

Rat Anti-Ly-6C Monoclonal Antibody,
FITC Conjugated, Clone AL-21

PE anti-mouse/human CD11b
APC anti-mouse CD11¢c
PE/Cyanine? anti-mouse F4/8

Rat Anti-CD16 / CD32 Monoclonal Antibody,
Unconjugated, Clone 2.4G2

eBioScience

BioLegend
BD Biosciences

BioLegend
BioLegend
BioLegend
BD Biosciences

Cat#: 48-9668-82; RRID:AB_2637124

Cat#: 101208; RRID:AB_2563061
Cat#: 553104; RRID:AB_394628

Cat#: 101208; RRID:AB_312791
Cat# 117310; RRID:AB_313778

Cat#: 123114; RRID:AB_893478
Cat#: 553142; RRID:AB_394657

Bacterial and virus strains

SARS-CoV-2, Wuhan-Hu-1 variant (NRW-42 isolate)

Gift

N/A

Biological samples

Donor blood

Mouse samples

Homo sapiens

Mus musculus

Ethical Committee Arnhem-Nijmegen
(NL-nummer: NL32357.091.10)
Institutional Animal Care and Use
Committees at the Icahn School of
Medicine at Mount Sinai (LA12-00111)

Chemicals, peptides, and recombinant proteins

1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC)
1-palmitoyl-2-hydroxy-sn-glycero-3-
phosphocholine (PHPC)

Propane-1,2,3-triyl trioctanoate

Cholesterol

Trichloromethane

Ethanenitrile

Methanol

Rapamycin

Ethenyl octadecanoate

Lipase

Lipopolysaccharide from Escherichia coli
Percoll®

RBC Lysis Buffer

DNase | from bovine pancreas

Collagenase A from Clostridium histolyticum
b-glucan (b-1,3-(D)-glucan)

Avanti Polar Lipids
Avanti Polar Lipids

Millipore Sigma
Avanti Polar Lipids
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
MCE
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
BioLegend
Sigma-Aldrich
Sigma-Aldrich
Gift

Cat#: 792453C-25mg; CAS: 26853-31-6
CAS: 17364-16-8

Cat#: T1978000; CAS: 538-23-8
CAS: 57-88-5
CAS: 67-66-3
CAS: 75-05-8
CAS: 67-56-1

CAS: 53123-88-9
CAS: 111-63-7
CAS: 9001-62-1
Cati: L2880

Cat#: P1644

Cat#: 420301

Cat#: 11284932001
Cat#: 10103586001
N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

Human IL-6 ELISA R&D systems Cat#: DY206

Human TNFa ELISA R&D systems Cat#: DY210

Human CXCL-9 ELISA R&D systems Cat#: DY392

Human CXCL-10 ELISA R&D systems Cat#: DY266

Human IL-8 ELISA R&D systems Cat#: DY208

Ficoll-Paque GE Healthcare Cat#: 17-1440-03

Roswell Park Memorial Institute medium (RPMI) Invitrogen Cat#: 22406031

Deposited data

scRNA-seq raw data Liu et al.** EGA: S00001005529

scRNA-seq raw data Schulte-Schrepping et al.*’ EGA: S00001004571

Experimental models: Organisms/strains

C57BL/6J Jackson Laboratories Cat#: 000664; RRID:IMSR_JAX:000664

Software and algorithms

FACS DIVA Software BD In house license

FlowJo Software (v10.0.7) TreeStar https://www.flowjo.com/

GraphPad Prism (v10.2) GraphPad Software https://www.graphpad.com/

OsiriX (v11.0) The Osirix Foundation https://www.osirix-viewer.com/
osirix/overview/

Other

Carbon Film Supported Copper Sigma-Aldrich TEM-CF200CU

Square Mesh, size 200 mesh

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse models of hyperinflammation and ARDS

All animal procedures were reviewed and approved by the Institutional Animal Care and Use Committees at the Icahn School of Med-
icine at Mount Sinai (LA12-00111), in accordance with federal regulations and the guidelines contained in the National Research
Council Guide for the Care and Use of Laboratory Animals. Female C57BL/6 mice were purchased from the Jackson Laboratory
at 7 to 10 weeks of age and randomly assigned to the different experimental groups. Animals were housed in a specific path-
ogen-free facility, maintained at constant room temperature of 25 + 2°C. In the hyperinflammation model, mice received an intraper-
itoneal injection with LPS (0.1 mg/kg; E. coli 055:B5) 1 hour prior to intravenous injection with placebo (PBS, n=10) or mTORi-nano-
biologics (5 mg/kg, n=11). Control animals (n=7) did not receive LPS injection. Similarly, for the ARDS model, animals were subjected
to one intratracheal injection of LPS at 0.1 mg/kg, followed by two doses of PBS (n=10) or mTORi-nanobiologics (5 mg/kg, n=11) at 1
and 48 hours post LPS injection. Control group (n=6) did not receive LPS injection. Animals underwent '8F-FDG PET and ex vivo
radiometric assays. In addition, 6 animals in each model group underwent flow cytometric analyses. A total of 2 lung samples per
group were excluded from the ARDS ex vivo radiometric analyses due to PBS infiltration during perfusion, which interferes with
the weight of the tissue, compromising the %ID/g calculation. In addition, 1 mouse was excluded from the in vivo ARDS analysis
due to image reconstruction issues. In the placebo group of the cytokine storm analysis, 1 animal had to be euthanized before
data collection due to LPS-induced complications.

Human monocyte isolation

Blood was collected from 12 healthy adult donors (n = 6 per batch) after written informed consent, according to the approval of the
Ethical Committee Arnhem-Nijmegen (NL-nummer: NL32357.091.10) in compliance with the Medical Research Involving Human
Subjects Act (WMO) and in accordance with the Declaration of Helsinki. Batch one included the analysis of IL-6 and TNF-o produc-
tion. Later, a second batch of donors was recruited to perform additional analyses (CXCL-9, CXCL-10 and IL-8). However, in both
batches, samples from each subject were subjected to all experimental conditions. Specifically, the same blood sample was
exposed to different mTORi-nanobiologics concentrations, stimuli and control conditions. This within-subject set up minimizes indi-
vidual variability. Information on age and sex of such donors are available on Table S3. PBMCs isolation was performed by differential
density centrifugation.''® First, buffy coat was diluted in 200 mL of RPMI medium and overlayed in Ficoll (2:1). Samples were then
centrifuged at 950 g for 15 minutes. PBMCs were collected from the interface between Ficoll and plasma-medium layers, washed
with RPMI medium and centrifuged to 350g for 7 minutes. Supernatant was allowed to decant, and cells were resuspended in
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RPMI medium for one more round of washing and centrifugation. PBMCs suspension was brought to a 150-200 x 10° cells/3 mL
concentration and were added to 10 mL of hyperosmotic Percoll solution (4.85 mL of Percoll, 4.15 mL of sterile water and 1 mL
of 1.6 M NaCl). Samples were then centrifuged at 580 g for 15 minutes at room temperature. Interface layer was collected, and
cold PBS was added to a final volume of 50 mL. Samples were centrifuged at 350 g for 7 minutes at 4°C. Supernatant was removed,
percoll-isolated monocytes (1 x 10° cells) were re-suspended in RPMI culture medium and in vitro trained immunity experiments were
performed.

METHOD DETAILS

scRNA-seq of COVID patients

To understand the role of mTOR in COVID-19 patients, genes involved in mTOR signaling pathways were downloaded from KEGG
(entry hsa04150) and analyzed in three independent scRNA-seq datasets including COVID-19 patients and healthy controls,®'~*°
with a total n = 157. Mild and severe patients were classified in accordance with the WHO clinical ordinal scale. The Seurat objects
were imported and analyzed by Seurat package (version 4. 2.0) in R (version 4.2.0). In this study, we focus exclusively on genes
related to the mTOR signaling pathway for the subsequent analysis.

Trained immunity assay

Monocytes were incubated with RPMI culture medium (RPMI medium Dutch modified), supplemented with 50 ng/mL gentamicin,
2 mM Glutamax, and 1 mM 2-oxopropanoate and stimulated with 1 pg/mL B-glucan (B-1,3-(D)-glucan, kindly provided by Professor
David Williams) or heat-inactivated SARS-CoV-2 Wuhan-Hu-1 variant®® (8.9 x 10* TCID50/mLI; NRW-42 isolate, kindly provided by
Heiner Schaal, University Hospital Duesseldorf, Germany) or remained unstimulated for 24 h in the presence or absence of 1 or 10 uM
mTORIi-nanobiologics. Cells were washed with warm PBS and incubated for 5 days in culture medium supplemented with 10% hu-
man pool serum and medium was refreshed once. Cells were restimulated with 10 ng/mL E. coli LPS. After 24 h, supernatants were
collected and stored at -20°C until analysis. Cytokine production from human cells was determined in supernatants using commer-
cial ELISA kits for IL-6, TNF-a,, CXCL-9, CXCL-10 and IL-8, following manufacturer’s instructions.

Preparation and characterization of mTOR inhibitor-loaded nanobiologics

Trained Therapeutix Discovery (Oss, the Netherlands) provided one of their proprietary rapamycin lipophilic mTOR inhibitor prodrugs.
Stock solutions (10 mg/mL) in trichloromethane of POPC (250 pL), PHPC (65 puL), cholesterol (35 plL), propane-1,2,3-triyl trioctanoate
(1000 pL) and rapamycin prodrug (200 puL) were combined in a 20 mL vial and dried under vacuum to yield a lipid film. The film was
then dissolved in 3 mL ethanenitrile /methanol mixture (95:5 vol. %) and sonicated using an ultrasonic bath for 5 minutes. Separately,
24 mL PBS solution at 0.1 mg/mL ApoA-1 protein was prepared. Microfluidic setup with herringbone mixer was employed, loading
both solutions simultaneously with a flow rate of 0.75 mL/min and 6 mL/min, for lipid solution and Apo-A1 solution, respectively. The
nanoparticle suspension was concentrated to approximately 5 mL by centrifugal filtration (100k MWCO Vivaspin tube at 4000 rpm),
followed by the addition of 10 mL of PBS. This step was repeated twice ensuring the removal of free components from the solution.
The washed solution, concentrated to approximately 3 mL, was filtered using 0.22 um PES syringe filter, resulting in the final mTORi-
nanobiologics.

Nanoparticle quality control and characterization

Dynamic light scattering measurements of the nanotherapeutics were performed on a Malvern Zetasizer Ultra, indicating a mean size
of 50 nm (based on number distribution) and a dispersity of 0.1 — 0.2, in line with our previous results.?® The rapamycin prodrug
concentration was determined in triplicate by HPLC using a photodiode array detector (A = 278 nm), diluting the nanobiologics in
acetonitrile (1:50). Typical drug concentration were 1.5 mg/mL and drug incorporation efficiencies > 70%. For the cryogenic electron
microscopy assay, the surface of 200-mesh lacey carbon supported copper grids was plasma charged for 40 seconds using a car-
bon coater (Cressington 208). Subsequently, 3 pl of nanobiologics sample (~ 1 mg protein/mLl) was pipetted on a grid and vitrified
into a thin film by plunge vitrification in liquid ethane. This step was performed by using an automated robot (FEI Vitrobot Mark V).
Cryo-EM imaging was acquired on the cryo-transmission electron microscope TITAN (Thermo Fisher), equipped with a field emission
gun (FEG), a post-column Gatan imaging filter (model 2002) and a post-GIF 2k x 2k Gatan CCD camera (model 794). The imaging
was performed at 300 kV acceleration voltage in bright-field TEM mode with zero-loss energy filtering at 24,000 x magnification (dose
rate of 11.8 e-/,&2~s), and 1s acquisition time.

In vivo PET/CT imaging and ex vivo measurements of radioactivity in mice

Static PET imaging was performed on mice at 24 (cytokine storm model) or 72 hours (ARDS model) after LPS administration. Animals
were first fasted for 16 hours and then injected with '8F-FDG (~12.84 + 2.52 MBaq) via their lateral tail vein and kept under 1% iso-
flurane anesthesia for 60 minutes to allow for tracer circulation. Anesthesia was maintained while animals were placed in the PET
scanner (Mediso nanoScan PET/CT). First, a whole-body CT scan was performed (energy, 50 kVp; current, 180 pAs; isotropic voxel
size, 0.25 mm) followed by a PET acquisition time of 20 minutes. Reconstruction was performed with attenuation correction using the
TeraTomo 3D reconstruction algorithm from the Mediso Nucline software. The coincidences were filtered with an energy window
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between 400 and 600 keV. The voxel size was isotropic with 0.4-mm width, and the reconstruction was applied for four full iterations,
six subsets per iteration. Immediately after the PET/CT scan, animals were euthanized for ex vivo radioactivity concentration mea-
surements using a Wizard” 2480 automatic gamma counter by PerkinElmer, which reported as a decay corrected percentage of in-
jected dose per gram (%ID/qg).

Image analysis

Upon reconstruction, image analysis was performed using Osirix MD, version 11.0. Whole-body CT images were fused with PET im-
ages and analyzed in a coronal plane. Regions of interest (ROIs) were drawn on organs of interest, using the femur for assessment of
bone marrow uptake. Mean standardized uptake values (SUVs) were calculated for each ROI.

Flow cytometry of mouse samples

For the flow cytometry analysis, animals were euthanized and perfused with cold PBS. Tissues of interest were harvested and pro-
cessed. Bone marrow was extracted from the femur and strained though a 70 pum filter. Samples were subsequently incubated with
RBC lysis buffer for 30 seconds and washed with PBS. Blood samples were lysed using RBC lysis buffer for 4 minutes, followed by
two additional rounds of lysis and washing with PBS. Lung samples were treated with enzymatic solution containing 1 mg/mL of
DNAse | and 5 mg/mL of Collagenase A in PBS supplemented with 0.5% FBS for 50 minutes at 37°C before being passed through
a 70 pm filter and washed with PBS. Samples were stained with antibodies against CD45, Ly6C, CD11b, CD11c and F4/80 and a
lineage cocktail containing antibodies against CD90.2, TER-119, NK1.1, CD49b, CD45R and Ly6G, for 30 minutes on ice. DAPI
was used as a viability stain. Counting beads were used for absolute quantification of leukocyte subsets. Data were acquired on
LSR Fortessa (BD Biosciences) and analyzed using FlowJo v10.0.7 (Tree Star).

Figure design
Schematic figures were prepared using BioRender (BioRender.com) and Servier Medical Art (smart.servier.com).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics

All results are presented as mean with standard deviation (SD), unless otherwise stated. Details on n-numbers are disclosed in the
figure legend. Statistical tests were performed using GraphPad Prism 10.2. In vitro data was analyzed using Wilcoxon signed-rank
test. o < 0.05 represents statistical significance. For multiple comparisons in the mouse study, data was tested for normality using
Shapiro-Wilk test. Subsequent Ordinary one-way ANOVA test was employed for normally distributed data, followed by Tukey’s mul-
tiple comparison test, while non-parametric Kruskal-Wallis test was applied to non-Gaussian distributed data, followed by Dunn’s
multiple comparison test. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. For the analysis of the scRNA-Seq data, in each cell
type from each dataset, the differentially expressed genes between every two disease conditions were identified using FindMarkers()
function by Wilcoxon rank sum test. In the Bonn and Berlin cohorts, Bonferroni correction was used to control false discovery rate for
multiple test results. Specifically, in the MHH50 cohort, we used the raw p < 0.05 to define significant differentially expressed genes in
the convalescent COVID-19 dataset regarding the subtle differences between convalescent patients and healthy control.

ADDITIONAL RESOURCES
Patient cells analyses used here were obtained from data collected in previous studies.®'~=*

In addition to the deposition of the raw sequencing data on EGA, we provide an interactive platform for data inspection and analysis
via FASTGenomics. The FASTGenomics platform (fastgenomics.org) provides processed count tables of the datasets generated in
this study as well as key analytical results, such as UMAP coordinates and cluster identities, and the code written to analyze the
respective data.
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