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Mesenchymal stem cell-derived small extracellular
vesicles alleviate the immunometabolic
dysfunction in murine septic encephalopathy

Ioannis Koutroulis,1,2,4,8,* Panagiotis Kratimenos,2,3,4 Claire Hoptay,4 Wade N. O’Brien,5 Georgios Sanidas,4

Chad Byrd,4 Maria Triantafyllou,4 Evan Goldstein,6 Beata Jablonska,4 Manish Bharadwaj,7 Vittorio Gallo,2,4

and Robert Freishtat1,2,4

SUMMARY

Sepsis is a life-threatening organ dysfunction caused by a dysregulated host response to infection that re-
sults in high mortality and long-term sequela. The central nervous system (CNS) is susceptible to injury
from infectious processes, which can lead to clinical symptoms of septic encephalopathy (SE). SE is linked
to a profound energetic deficit associated with immune dysregulation. Here, we show that intravenous
administration of adipose tissue mesenchymal stem cell (MSC)-derived small extracellular vesicles
(sEVs) in septic mice improved disease outcomes by reducing SE clinical severity, restoring aerobic meta-
bolism, and lowering pro-inflammatory cytokines in the cerebellum, a key region affected by SE. Our high
throughput analysis showed that MSC-derived sEVs partially reversed sepsis-induced transcriptomic
changes, highlighting the potential association of miRNA regulators in the cerebellum of MSC-derived
sEV-treatedmice with miRNAs identified in sEV cargo. MSC-derived sEVs could serve as a promising ther-
apeutic agent in SE through their favorable immunometabolic properties.

INTRODUCTION

Sepsis, a clinical syndrome that is involved in up to 20%of deathsworldwide, can affect almost all organs, and is characterized by an imbalance

between a hyperimmune response and immunoparalysis secondary to an infectious process.1–5 The central nervous system (CNS) is one of the

organs susceptible to injury from sepsis, leading to septic encephalopathy (SE).3,6 In SE, the cerebellum sustains significant damage with

neuronal cell death secondary to immune-mediated neuroinflammation.7,8 In addition to immune-mediated neuroinflammation, a few studies

have described sepsis-associated energy deficit as an additional contributor to septic organ dysfunction.9–12 Sepsis shifts cells from energy-

efficient mitochondrial oxidative phosphorylation (OXPHOS) to glycolysis, resulting in an almost 20-fold reduction in cellular ATP.4–6 Overall

energy deficiency leads to accumulation of reactive oxygen species (ROS), oxidative stress, and cell apoptosis with subsequent organ failure

and increased mortality risk.11,12 While evidence suggests that this energy deficit activates immune-mediated neuroinflammation and

apoptosis in the brain,13,14 the contribution of a concurrent sepsis-related immune and metabolic dysfunction to SE pathophysiology is

not fully understood.

To date, no sepsis treatments address both immune dysfunction and energetics, together known as immunometabolism. However,

mesenchymal stem cells (MSCs) show beneficial effects on immunometabolism in several clinical conditions that are related to sepsis,

such as acute respiratory distress syndrome (ARDS) and bacterial pneumonia.5,15,16 MSC effects are partially facilitated by the transfer of mito-

chondria to innate immune cells, which promote restoration of energetics by improving OXPHOS and redox homeostasis.16,17 Moreover,

Matthay et al. showed that MSC-derived small extracellular vesicles (sEVs), 20–100 nm in size, might also be responsible for MSC-improved

organ energetics via horizontal transfer of bioactivemolecules.18 Several reports have demonstrated the long-lasting immunometabolic ben-

efits of MSC-derived sEVs.17,19,20 Despite the ability of sEVs to cross the blood-brain barrier in mice and their favorable therapeutic potential,

the mechanistic effects of MSC-derived sEVs in SE have not been investigated. Here, we use a murine model of polymicrobial sepsis with

MSC-derived sEVs in a dual therapeutic role to address both immune dysfunction and energetics in SE. We hypothesize that a CNS energy
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deficit in SE induces immune pathways leading to neuroinflammation and neuronal cell death, which is mitigated by the administration of

MSC-derived sEVs. In the present study we found that intravenous (IV) administration of adipose tissue-derived MSC-derived sEVs effectively

counters these issues, leading to improved clinical outcomes. This is the first pre-clinical study utilizing MSC-derived sEVs as a therapeutic

agent in SE.

RESULTS

MSC-derived sEVs improve clinical scores in murine polymicrobial sepsis

We used a murine model of sepsis in which mice develop polymicrobial peritonitis and sepsis via intraperitoneal (IP) injection of a slurry of

cecal contents from donor mice. In mice, sepsis severity can be measured using a validated scoring system with observable and quantifiable

parameters.21 The scoring system includes seven components ranging from0 to 4 points (0: normal, 4:most severe,maximumscore: 28 points)

related to general appearance, respiratory system, CNS function, and eye appearance (Table 1).21 The mice became clinically septic at

10–12 h following sepsis inductionwith IP injection.We euthanizedmice that reached a score of 15 or higher. All micewere euthanized regard-

less of their score at 24 h post-IP injections (Figure 1A).

We analyzed 26 septic mice in the MSC-derived sEV-treated group and 19 septic mice in the untreated group (i.e., treated with sEV-

depleted media). Despite their comparable baseline severity scores at the time of treatment (6 h post-sepsis induction) (Mean G SEM:

8.3 G 0.5 in MSC-derived sEV-treated vs. 9.4 G 0.6 in untreated mice, p = 0.14), the mean sepsis severity scores of the treated mice at

the time of euthanasia (24 h post-sepsis induction) were significantly lower compared to untreated mice (12.1 G 1.0 vs. 15.6 G 1.0, p =

0.0005). We also compared the groups for the highest sepsis score reached (i.e., peak score), and found a lower peak score in MSC-derived

sEV-treated compared to the untreated mice (12.6G 0.8 vs. 15.8G 0.8, p < 0.0001) (Figure 1B). However, when only the three CNS function-

related scoring parameters (i.e., level of consciousness, general activity, and response to stimuli; maximum = 12) were assessed, there was no

difference between groups in peak scores, while the MSC-derived sEV-treated septic mice were still improved compared to the untreated

group at the time of euthanasia (7.2 G 0.5 vs. 8.5 G 0.2, p = 0.01) (Figure 1C).

Sepsis-induced cerebellar injury is attenuated by MSC-derived sEVs

Evidence supports that sEVs cross the blood-brain barrier (BBB), a property that is enhanced in acute inflammatory conditions such as

sepsis.22 First, we morphologically assessed the brain of mice 24 h after the induction of sepsis, and we identified that the cerebellum was

the brain region most affected in early sepsis. In mice with sepsis (n = 8), the cerebellum displayed significant neuropathological alterations

(perineuronal edema, cell death, chromatolysis) compared to non-septic controls (n = 7). We used a modified quantification scoring system

ranging from 0 to 4 (0: no injury and 4: severe injury) (Hoque et al., 2014), which showed significant injury in the cerebellum of mice with sepsis

compared to controls [Median score 3.0 (Maximum 4.0, Minimum 2.0) vs. 1.0 (Maximum 1.5, Minimum 0.0), p < 0.0001] and also to septic mice

that received MSC-derived sEVs (Median score 2.0 (Max. 3.0, Min. 0.5) vs. 3.0 (Max. 4.0, Min. 2.0), p = 0.0155) (Figures 2A and 2C). Treatment

with MSC-derived sEVs attenuated cerebellar injury and prevented perineuronal vacuole formation and rarefication of the neuropil

(Figures 2A and 2C). We observed forms of cell death including apoptosis and necrosis, as well as hybrid forms of the cell death continuum.

We used TUNEL staining to confirm cell death findings and the results were in line with themorphological assessment by H&E (Figures 2B and

2D); sepsis increased the number of TUNEL+ cells indicating cell death (8.1G 3.6 vs. 0.4G 0.2 cells/HPF, p < 0.0001), which was reversed by

treatment with MSC-derived sEVs (5.4G 2.4 cells/HPF, p = 0.0063) (Figures 2B and 2D). Together, these data indicate that neuronal injury of

the cerebellum induced by sepsis can be mitigated by treatment with MSC-derived sEVs.

Sepsis induces alterations in the cerebellar transcriptome

Building up on our findings on cerebellar neuropathology, we performed RNA sequencing to define themolecular changes underlying these

observations. We compared differentially expressed genes (DEGs) among the four groups (DESeq2).23 Distinct expression patterns were

evident between MSC-derived sEV-treated and untreated septic mice and non-septic controls. Specifically, between untreated septic

mice and non-septic controls, we noted a very high number (7,338 total, 3,668 downregulated, 3,670 upregulated) of DEGs. Direct compar-

ison between septic MSC-derived sEV-treated and untreated mice revealed 222 total, 103 downregulated, and 119 upregulated DEGs.

Ingenuity Pathway Analysis (IPA; Qiagen, Germantown, MD) showed that pathways such as macrophage migration inhibitory factor (MIF)

regulation of innate immunity, toll-like receptor signaling, tumorNecrosis Factor Receptor 1 (TNFR1), and interleukin 6 (IL-6) signalingwere all

predicted to be activated by sepsis (Figure 3B). Additionally, in septic group, the predicted activation of nuclear factor kappa B (NF-kB) and

hypoxia-inducible factor 1 (HIF-1), highlight their critical role inmodulating immune reactivity andmetabolic adaptation, essential for combat-

ting infection in septic states (Figure 3B). IPA analysis predicted activation of sepsis-induced immune response functions such as recruitment

of phagocytes, neutrophils, myeloid cells, and granulocytes, and activation and cell movement of leukocytes (Figure 3C). These findings high-

light the significance of neuronal inflammation in septic brain injury. We assessed specific markers implicated in neuroinflammation, partic-

ularly those related to microglial cell presence. Classical markers of microglial cells, including CX3CR1, IGF1, TGFBR1, alongside the activa-

tion marker TREM2, were activated by sepsis compared to controls. Conversely, treatment with sEVs suppressed the expression of these

markers relative to the sepsis group. These findings affirm the presence of microglial cells in septic brain injury and suggest the potential

for mitigation through sEVs treatment (Figure S1).
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The predicted activation of various CNS cells (including immune cells) and the lung damage pathway correlate well with the potential

mechanism of cerebellar damage in SE, which involves immune activation leading to organ impairment (Figure 3C). Consistent with these

findings, the cytokines interleukin-1 beta (IL-1b), IL-6, and Tumor Necrosis Factor alpha (TNF-a) were predicted to be upstream regulators

dictating many of the DEGs after sepsis was induced (Figure 3D). Specific transcripts coding for IL-1 and IL-6 receptors and toll-like receptor

2 were upregulated in untreated septic mice but not in non-septic controls (Figure 3E).

In terms of energy production and utilization, fatty acid metabolism was predicted to be increased in sepsis to meet high energy demand.

Among the pathways of the peroxisome proliferator-activated receptor (PPAR) family, only the PPARa/RXRa pathway was predicted to be

activated, highlighting its crucial role in metabolism and lipid regulation, essential for maintaining metabolic and energy homeostasis. (Fig-

ure 3B). Type 1 diabetes mellitus and insulin receptor signaling were activated, likely to maintain glucose homeostasis and available energy

(Figure 3B). Correspondingly, the significantly higher expression of the glucose transporter (SLC2A4) and glucose-6-phosphatase (G6PC)

Table 1. Murine sepsis scoring system (adapted from Shrum et al.)

Variable Score/Description

Appearance 0- Coat is smooth

1- Patches of hair piloerected

2- Majority of back is piloerected

3- Piloerection may or may not be present, mouse appears ‘‘puffy’’

4- Piloerection may or may not be present, mouse appears emaciated

Level of consciousness 0- Mouse is active

1- Mouse is active but avoids standing upright

2- Mouse activity is noticeably slowed but the mouse is still ambulant

3- Activity is impaired, the mouse moves only when provoked and movements have a tremor

4- Activity severely impaired and the mouse remains stationary when provoked with possible tremor

Activity 0- Normal amount of activity. Mouse does any of the following: eating, drinking, climbing, running, fighting

1- Slightly suppressed activity. Mouse is moving around bottom of cage

2- Suppressed activity. Mouse is stationary with occasional investigative movements

3- No activity. Mouse is stationary

4- No activity. Mouse experiencing tremors, particularly in the hind legs

Response to stimulus 0- Mouse responds immediately to auditory stimulus or touch

1- Slow or no response to auditory stimulus; strong response to touch (moves to escape)

2- No response to auditory stimulus; moderate response to touch (moves a few steps)

3- No response to auditory stimulus; mild response to touch (no locomotion)

4- No response to auditory stimulus; little or no response to touch. Cannot right itself if pushed over

Eyes 0- Open

1- Eyes not fully open, possibly with secretions

2- Eyes at least half closed, possibly with secretions

3- Eyes half closed or more, possibly with secretions

4- Eyes closed or milky

Respiratory rate 0- Normal, rapid mouse respiration

1- Slightly decreased respiration (rate not quantifiable by eye)

2- Moderately reduced respiration (rate at the upper range of quantifying by eye)

3- Severely reduced respiration (rate easily countable by eye, 0.5 s between breaths)

4- Extremely reduced respiration (>1 s between breaths)

Quality of respiration 0- Normal

1- Brief periods of labored breathing

2- Labored, no gasping

3- Labored with intermittent gasps

4- Gasping

The system allows for pathophysiologic assessment of mice under septic conditions including CNS and respiratory systems.
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genes in the septic group compared to non-septic controls supports this hypothesis (Figure 3E). In SE group, compared to controls, elevated

gene expression of Neuroglobin (NGB) andNeuronal Pentraxin II (NPTX2) suggests protective roles against hypoxia and synaptic disruptions,

respectively. Conversely, reduced gene expression of Fatty Acid Binding Protein 7, Brain (FABP7) indicates impaired neural metabolism,

emphasizing the brain’s vulnerability in sepsis. (Figure 3E).

The administration of MSC-derived sEVs in mice with SE strategically modulates genetic and signaling pathways to effectively manage

both the systemic infection and its neurological consequences. Activation of the myeloid differentiation primary response 88 gene

(MYD88) enhances the innate immune response, crucial for combating the underlying infection, supplemented by upregulation of the inter-

leukin-17 alpha (IL-17a) receptor for a targeted immune response beneficial within the CNS (Figure 4A). Concurrently, activation of pathways

including peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PPARGC1A) boosts mitochondrial function, while insulin-

like growth factor 1 (IGF-1), phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT), and CREB signaling pathways support neuronal

growth, survival, plasticity, and protection,24 enhancing brain resilience against sepsis (Figures 4A and 4B). Also, activation of the

Dopamine-DARPP32 feedback in cAMP signaling pathway, is a key player in the response to dopamine and glutamate of the GABAergic me-

dium-size spiny neurons25 promoting the survival and plasticity of neuronal cells in the treated group (Figure 4B). Neutrophil migration and

immune cell proliferation pathways are activated, in the treatment group, indicating immunemodulation that optimizes recovery while main-

taining neuronal integrity (Figure 4C). Glucose transporter (SLC2A12) downregulation after MSC-derived sEV administration may be a mech-

anism to prevent sepsis-induced hyperglycemia (Figure 4A). In the treatment group, (IL-6) signaling was inhibited, and interleukin-10 (IL-10)

was downregulated, along with (IL-1) receptors, thereby reducing inflammation and preserving neuronal functions (Figures 4A, 4B, and 4D).

This approach highlights the potential of MSC-derived EVs to manage systemic sepsis and specifically mitigate the complex events in SE,

balancing brain function preservation with systemic inflammation control.

MSC-derived sEVs prevent glia-associated cytokine imbalance in septic murine cerebellum

To investigate the RNA-seq data from septicmice that showed a relative enrichment of immunometabolic pathways in greater detail, we used

immunostaining to label for markers of gliosis and inflammatory cytokines.We hypothesized that the observed perineuronal vacuoles are due

to gliosis and indeed labelingwithGFAP confirmed the presence of reactive astrocytes in sepsis which surrounded the somata of Purkinje cells

(PCs) and their dendrites within the molecular layer (44.17 G 4.53 vs. 0.83 G 0.54, p < 0.0001), (Figures S2A and S2B). Treatment with sEVs

Figure 1. MSC-derived sEV treatment decreases clinical severity scores in murine sepsis

(A) Diagram of murine cecal slurry model. Mice were injected with cecal slurry IP, to induce polymicrobial sepsis. At 6 h post-injection, MSC-derived sEVs or sEV-

depleted media were administered via tail vein injection. When mice reached a sepsis score of 15 or above or at 24 h post-IP injection, the brain tissue was

harvested.

(B) MSC-derived sEV treatment (n = 26) in mice 6 h after the onset of sepsis resulted in improved disease overall severity score as compared with the untreated

septic mice (n = 19) (***p = 0.0005) and lower peak scores (****p < 0.0001).

(C) MSC-derived sEV treatment improved scores at 24 h in neurological-only parameters (i.e., level of consciousness, activity, response to stimulus) as compared

with the untreated septic mice (*p = 0.01). Data are represented as mean G SEM, one-way ANOVA. ANOVA: Analysis of Variance, IP: intraperitoneally, MSC-

derived sEV: mesenchymal stem cell-derived small extracellular vesicles, NS: non-significant.
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attenuated the development of reactive astrocytosis as indicated by the decreased expression of GFAP+ in the PC and molecular layer

(26.67 G 4.82 vs. 44.17 G 4.53, p=0.0057), (Figures S2A and S2B). Astrocytes secrete cytokines which may be neurotrophic or inflammatory

depending on whether they are in a resting phase or during injury.26 To identify the underlying mechanism of astrocytosis-induced PC dam-

age, we aimed to define the expression of inflammatory cytokines (TNF-a)24 and (IL-17a)25,27 in the PC layer of the cerebellar cortex during

acute sepsis. TNF-a has been shown to be a crucial mediator of neuroinflammation and SE. Its presence is associated with loss of astrocyte

functions such as progressive loss of adhesion capabilities, which is dose dependent and correlates with astrocyte compromise and nuclear

condensation.28 TNF-a was expressed and co-localized with the PCs and their dendrites. TNF-a expression significantly increased in sepsis

compared to controls (5.2G 1.1 vs. 1.4G 0.2, p = 0.0085), however, treatment with MSC-derived sEVs restored its expression to almost con-

trol levels (1.9G 0.2, p = 0.03) (Figure 5A). Notably, TNF-a was not expressed in parvalbumin (PV)+ interneurons that surround the PCs. The

number of the PV + interneurons was not affected in our acute sepsis model (Figure 5C).

The expression of IL-17a was similar in control and septic mice (5.62E+09G 2.7E+08 vs. 7.8E+09G 3.7E+08, p = 0.1096). Treatment with

MSC-derived sEVs doubled its expression (1.52E+10G 1.3E+09, p=<0.0001) (Figure 5B). Taken together, these findings indicate that during

the acute phase of sepsis, reactive astrocytosis is a key factor for the neuronal response to injury, which is regulated by pro- and anti-inflam-

matory cytokines such as TNF-a and IL-17a and results in neuronal death. Treatment with MSC-derived sEVs at this phase of sepsis restores

the cytokine imbalance and prevents overall neuropathological changes induced by sepsis.

MSC-derived sEVs restore basal and non-mitochondrial respiration in septic mouse cerebellum

Following observations that sepsis alters the cerebellar transcriptome, particularly in terms of energy production, and building on our findings

that MSC-derived sEVsmitigate the severity of cerebellar injury as part of a hypothesized relief of immunometabolic dysfunction, we assessed

the impact of MSC-derived sEVs on cerebellar energetics. To evaluate cerebellar mitochondrial function, which is directly related to energy

production, we utilized the Seahorse technology (Agilent, Santa Clara, CA) to measure oxygen consumption (OCR), which is indicative of

OXPHOS. Using these measurements, we determined basal respiration (cellular respiration at baseline), maximum respiration (respiration

uncoupled from ATP production), and non-mitochondrial respiration in septic MSC-derived sEV-treated and untreated mice, as well as con-

trols. In this set of experiments, we examined control mice that were given MSC-derived sEVs to investigate whether EV treatment has any

Figure 2. Sepsis-induced cerebellar injury is reversed by MSC-derived sEVs

(A–D) Representative photomicrographs of H&E and TUNEL staining in the mouse cerebellum show significant histopathological alterations during sepsis.

Compared to controls, which exhibited intact cellular architecture with clear, rounded nuclei, the septic mouse cerebellum displayed (A) significant

histopathological alterations including shrunken PCs, pyknotic nuclei (black arrows), perineuronal vacuole formation (Materials and Methods: Tissue

processing and histological assessment) and (B) increased TUNEL labeled cells (white arrows) indicating DNA fragmentation and cell death. Overall, sepsis

resulted in (C) increased neuropathological score and (D) TUNEL+ cells (****p < 0.0001 and ****p < 0.0001) which both improved with MSC-derived sEV

treatment (*p = 0.0155 and **p = 0.0063). Data are represented as mean G SEM, one-way ANOVA. Scale bar = 10 mm, Control (n = 7), Sepsis+media (n = 8),

Sepsis+MSC-derived sEVs (n = 8). ANOVA: Analysis of Variance, DNA: Deoxyribonucleic Acid, H&E: Hematoxylin and Eosin, NS: non-significant, PC: Purkinje

cells, TUNEL: Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling, MSC-derived sEV: mesenchymal stem cell-derived small extracellular

vesicles.
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effect in non-septic mice. When we compared the control and control that received MSC-derived sEVs groups, we did not observe any sig-

nificant changes in basal respiration, maximal respiration, non-mitochondrial OCR, and ATP-linked respiration (Figures 3A–3D). In sepsis,

treatment with MSC-derived sEVs restored the basal respiration of cerebellum used to meet the endogenous ATP demand, from 236.1 G

19.1 to 332.4 G 40.35 (p = 0.0337), which was similar to controls (311.0 G 38.2, p = 0.3146) (Figure 6A). The maximum respiration that the

cerebellar tissue achieved with no ATP production involved was also lower under septic conditions (161.9G 24.0 vs. 298.7G 35.9 in controls

that received sEV-depletedmedia,p= 0.0180).WhenMSC-derived sEV treatment was given, we observed an upward trend that did not reach

significance (p = 0.07) (Figure 6B). Importantly, non-mitochondrial respiration was increased in sepsis as compared to non-septic controls that

receivedMSC-derived sEVs [268.2G 36.4 vs.127.3G 19.3 (p= 0.0051)], with a normalization followingMSC-derived sEV treatment (79.3G 8.6,

p = 0.0048) (Figure 6C). Such an increase in non-mitochondrial respiration occurs under septic conditions via other metabolic processes such

Figure 3. Sepsis induces alterations in the cerebellar transcriptome

RNA-seq reveals changes in cerebellar transcriptome following sepsis.

(A and B) Predicted activated (red) and inhibited (gray) causal networks and canonical pathways (determined by directional z-scores) in septic mice compared to

controls. Ranked based on p value as determined using Fisher’s exact test.

(C) Predicted increases (red) in cell andmolecular functions (determined by directional z-scores in septic mice compared to controls. Ranked based on p-value as

determined using Fisher’s exact test.

(D) Predicted activated (red) and inhibited (gray) upstream regulators (determined by directional z-scores) in septic mice compared to controls. Ranked based on

p value as determined using Fisher’s exact test.

(E) Heatmap of most significantly predicted upstream regulators when septic mice are compared to controls. Boxes are colorized with z-scores (red = activated,

gray = inactivated). Source data are provided as a Source Data file.
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as the pentose phosphate pathway. Lastly, ATP-linked respiration did not differ between groups despite a higher averageOCR in septic mice

that received MSC-derived sEV treatment likely due to the short period of time in which observations occurred (Figure 6D). These data sug-

gest that the MSC-derived sEVs treatment can restore basal respiration in the septic cerebellum with a reduction in non-mitochondrial OCR,

favoring OXPHOS.

MSC-derived sEVs alter the activation of miRNAs in the septic cerebellum

Based on our findings on the cerebellar transcriptome, we aimed to identify a potential mechanism by which MSC-derived sEVs affect the

cerebellum during sepsis. First, we defined the molecular profile of the MSC-derived sEVs using miRNA sequencing (Table 2). Importantly,

miRNAs, and pre-miRNA regulators whose expression was downregulated in the septic cerebellum, were upregulated in the MSC-derived

Figure 4. RNA-seq reveals MSC-derived sEV-induced changes in cerebellar transcriptome following sepsis

(A and B) Predicted activated (green) and inhibited (gray) causal networks and canonical pathways (determined by directional z-scores) in septic mice treated with

MSC-derived sEVs compared to untreated septic mice. Ranked based on p value as determined using Fisher’s exact test.

(C) Predicted increases (green) and decreases (gray) in cell and molecular functions (determined by directional z-scores) in septic mice treated with MSC-derived

sEVs compared to untreated septic mice. Ranked based on p value as determined using Fisher’s exact test.

(D) Predicted activated (green) and inhibited (gray) upstream regulators (determined by directional z-scores) in in septic mice treated with MSC-derived sEVs

compared to untreated septic mice. Ranked based on p value as determined using Fisher’s exact test.

(E) Heatmap of most significantly predicted upstream regulators when septic mice treated withMSC-derived sEVs are compared to untreated septic mice. Boxes

are colorized with z-scores (green = activated, gray = inactivated). Source data are provided as a source data file.
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sEV-treated group (Figures 7A and 7B). Interestingly, many of the miRNAs that were altered in the septic cerebellum were also present in the

MSC-derived sEVs (Table 2), allowing us to make associations between MSC-derived sEV cargo (miRNAs) and RNA changes in the

cerebellum.

In the cerebellum of septic mice, miRNAs and pre-miRNAs of interest were inhibited (Figure 7A). This is a significant finding, since in most

cases miRNAs themselves have inhibitory properties. mir-21, a precursor to miR-21 that is often overexpressed in neutrophils and macro-

phages in sepsis,29 was predicted to be inhibited in the septic cerebellum. Additionally, lower miR-199a-5p levels have been correlated

with poor clinical outcomes30 and in our analysis miR-199a-5p was predicted to be inhibited in the septic cerebellum. Moreover, miR-

146a-5p, which has been implicated in sepsis pathogenesis31 was also predicted to be inhibited in the cerebellum during sepsis (Figure 7A).

It is worth noting that the mature miRNAs of other pre-miRNAs, such as mir-17 and mir-181 that have been associated with improved out-

comes in sepsis,32 were also predicted to be inhibited in the untreated septic mice. Additionally, during sepsis followed by treatment with

MSC-derived sEVs, some of the above miRNAs, such as miR-199a-5p as well as pre-miRNAs including mir-21, were predicted to be activated

when compared to the untreated septic group (Figure 7B). Let-7-5p andmiR-21-5pwere themost abundantmiRNAs in theMSC-derived sEVs

andwere predicted to be activated in the cerebellumofMSC-derived sEV-treatedmice. Similarly, miR-29b-3p,miR-199a-5p,miR-30c-5pwere

Figure 5. MSC-derived sEVs affect cytokine concentration in septic mouse cerebellum

TNF-a and IL-17a assessed by immunofluorescence.

(A) Representative photomicrograph of TNF-a, PV and IL-17a staining in low (x1.4, left) and high (360, right) magnification of the area included in the hatched box.

TNF-a was expressed and co-localized with the PC and their dendrites.

(B and C) TNF-a expression significantly increased in SE compared to controls (5.2 G 1.1 vs. 1.4 G 0.2, p = 0.0085), however, treatment with MSC-derived sEVs

restored its expression by more than 50% (1.9 G 0.2, p = 0.03). Notably, TNF-a was not expressed in parvalbumin (PV)+ interneurons (a and c) that surround

the PCs.

(D) The expression of IL-17a was similar in control and septic mice (5.62E+09 G 2.7E+08 vs. 7.8E+09 G 3.7E+08, p = 0.1096), however, treatment with MSC-

derived sEVs doubled its expression (1.52E+10 G 1.3E+09, p=<0.0001). Data are represented as mean G SEM, one-way ANOVA. Scale bar = 10 mm, Control

(n = 6), Sepsis+media [for TNF-a (n = 7) and IL-17a (n = 8)], Sepsis+MSC-derived sEVs [(for TNF-a (n = 5) and IL-17a (n = 6)]. MSC-derived sEV: mesenchymal

stem cell-derived small extracellular vesicles, NS: non-significant, TNFa: tumor necrosis factor alpha, IL-17a: interleukin 17 alpha, ANOVA: Analysis of

Variance, PV: parvalbumin.
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isolated from the MSC-derived sEVs and were also predicted to be activated in the cerebellum of septic MSC-derived sEVs-treated mice.

However, miR-26a-5p and miR-155-5p were predicted to be inhibited in the cerebellum of those mice, although it was isolated in abundance

in the MSC-derived sEV cargo.

DISCUSSION

Our study highlights the importance of focusing on both metabolism and innate immunity in CNS failure caused by sepsis. We examined one

of the most affected CNS areas in SE, the cerebellum,7,8 through an established murine model of sepsis.33 We anticipated similar findings to

human sepsis as the cerebellum sustained significant injury under septic conditions in postmortem examinations.34 Moreover, the results of

our study using our acute sepsis murinemodel have strong clinical relevance since the timeline of severe human sepsis/septic shock is similar.

Mortality rates are particularly high for the first 6–24 h, especially in patients that are not recognized and treated early.35 This model of sepsis

and subsequent treatment with MSC-derived sEVs can provide valuable insight into the underlying mechanisms of SE pathophysiology and

potential therapeutic interventions.

For the past decade, a new field that focuses on the interaction of innate immunity and metabolism has emerged, which has shed light on

some of the possible cellular processes that lead to organ failure in sepsis.36 A shift in cellular metabolism of glucose triggered when trained

Figure 6. MSC-derived sEVs restore basal and non-mitochondrial respiration in septic mouse cerebellum

Cellular respiration measured with Seahorse technology in mice.

(A) Basal respiration decreases in sepsis [236.1 G 19.1 vs. 311.0 G 38.2 (*p = 0.0226)], but significantly improves with MSC-derived sEV treatment (332.4 G 40.4,

*p = 0.0337) to levels similar to controls (311.0 G 38.2, p = 0.3146).

(B) Cerebellar tissue shows lower maximum respiration in sepsis that is trending higher with MSC-derived sEV administration but did not reach significance

(p = 0.07).

(C) Non-mitochondrial respiration i.e., OCR attributable to ROS production or pentose phosphate pathway increases under septic conditions [268.2 G

36.4 vs.127.3G 19.3 (***p = 0.0051)], but not with treatment (79.3G 8.6, ***p= 0.0048), indicating that MSC-derived sEVs favor OXPHOS-linked ATP production.

(D) Although the average ATP-linked respiration showed improvement with sEV treatment, there was no statistically significant difference among the groups,

likely due to the short period of time in which observations occurred. Data are represented as mean G SEM, one-way ANOVA. Control+media (n = 5),

Control+MSC-derived sEVs (n = 5), Sepsis+media (n = 5), Sepsis+MSC-derived sEVs (n = 5). OCR: Oxygen consumption rate, ROS: reactive oxygen species,

OXPHOS: oxidative phosphorylation, ATP: adenosine triphosphate, MSC-derived sEV: mesenchymal stem cell-derived small extracellular vesicles, NS: non-

significant.
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immunity is activated indicates that metabolic reprogramming is key for the observed immune response.37 A deeper understanding of the

complex relationship between metabolism and the immune system can help us develop treatments that will rely on the metabolic manipu-

lation of immune cells with the goal to alleviate the imbalance between hyperimmune response and immune paralysis observed in sepsis. The

concept of immunometabolism, however, has yet to receivemuch focus in the context of CNS infectious processes. Some studies support the

hypothesis thatmetabolism is the driver of microglia function andmacrophage phenotype in acute and chronic inflammatory conditions, such

as Alzheimer’s disease, stroke, or traumatic brain injury (TBI).38 In sepsis, mixed pro-inflammatory and anti-inflammatory macrophage pheno-

types are dependent on the balance between energy-generating pathways.39 Pro-inflammatory states require fast glucose utilization for ATP

production via glycolysis whereas reparative states rely on energy efficient OXPHOS.40 In this study, we evaluate the role of the complex inter-

play between metabolic and immunologic pathways in the pathophysiology of sepsis and more specifically, SE.

Energy deficit is a crucial factor in SE pathophysiology. It is well known that OXPHOS is the energetic pathway that powers presynaptic and

postsynaptic mechanisms responsible for brain information processing.28 Similar to other pre-clinical studies, we demonstrated that in infec-

tion, mitochondrial dysfunction, as evident by OXPHOS impairment, leads to decreased overall ATP.

In this study, MSC-derived sEV administration led to an increase in basal respiration necessary to meet cellular energetic demands,

and at the same time, shifted the cells back to the more energy efficient OXPHOS. Although we did not observe an overall ATP pro-

duction change, the significant rise in non-mitochondrial OCR in sepsis implied a suppressed aerobic metabolism and it was indicative

of poor oxygen consumption. Oxygen is then diverted to enzymatic ROS production or to other non-ATP producing pathways, such as

the pentose phosphate pathway. These changes in cellular respiration and metabolic profile correlated well with an improvement in

immune dysregulation, toward a more balanced inflammatory response as assessed by cerebellar tissue cytokine examination produc-

tion.40–44 Although previous reports identified MSCs as a potential therapy for an improved energetic profile,18,45 we demonstrated that

MSC-derived sEVs alone have comparable properties because of their cargo (miRNA and proteins18) that targets specific metabolic

pathways.

In our murine sepsis model, in agreement with previous reports on clinical and pre-clinical studies, the cerebellar cortex displayed

significant neuropathology under acute septic conditions, which was then reversed by MSC-derived sEV treatment.7,8,41,42,46 Cytokine

concentrations were also altered in the septic cerebellum compared to controls. TNF-a, a key mediator of inflammation in sepsis,43 was

prominent in septic samples, indicating an imbalance in neuro-immune response. MSC-derived sEV administration led to a normaliza-

tion of TNF-a concentration, a finding consistent with current research.44 Importantly, IL-17a, a cytokine which contributes to host pro-

tection against infectious organisms,25 was not elevated in the septic cerebellum but was induced by MSC-derived sEVs. IL-17a also

participates in the remodeling of the CNS and ameliorates the expression of social behavior deficits in mice,27 properties that can

explain some of the neuroprotective effects of sEVs in SE. It is also possible that sEVs carry specific cytokines47 that actively regulate

the immune response in SE.

As expected, in the septic cerebellar transcriptome, immune pathways were predicted to be activated with regulators, including inflam-

matory cytokines such as IL-1, IL-6 and TNF-a. Immune cell proliferation, activation, and migration correspond to a hyperimmune response

that is present at least during the initial phase of sepsis.48 It is possible that the observed clinical improvement in MSC-derived sEV-treated

septic mice is secondary to the beneficial effects of MSC-derived sEVs on systemic inflammation, not only in the cerebellum. Increasedmeta-

bolic demand under septic conditions corresponded to predicted activated fatty acid metabolism. Additionally, apoptotic mechanisms in SE

were also predicted to be upregulated, likely explaining the observed neuropathological changes. Many of the same immunologic pathways

were predicted to be alteredwhenMSC-derived sEVs were administered. IL-6 signaling was downregulated, although the neuroinflammation

signaling and IL-17 receptor regulators were not, suggesting an ongoing but more balanced inflammatory response that is necessary during

an infectious disease. Interestingly, metabolic pathways, including those involving the PPARs as well as pathways that promote synaptogen-

esis and neuroprotection through neurotrophins and anti-apoptotic genes, were found to be activated after MSC-derived sEV treatment,

highlighting a favorable profile of MSC-derived sEVs as therapeutic agents in SE. Our analyses into the impact of sepsis on cerebellar

gene expression unveils extensive alterations, including the upregulation of immune and inflammatory pathways and shifts in metabolic func-

tions. This study highlights the potential of MSC-derived sEVs to modulate these sepsis-induced changes. This not only suggests a

Table 2. miRNA counts in administered MSC-derived sEV samples (sEV cargo) following miRNA sequencing

miRNA (number of copies) Sample 1 Sample 2 Sample 3

miR-29-3p 286 197 1950

miR-199-5p 118 101 1013

miR-26-5p 1379 3375 38076

miR-30-5p 776 1092 14465

miR-21-5p 7263 14475 97957

miR-155-5p 178 604 1504

Let-7-5p 22602 39245 118496

miR-146-5p 97 1754 26544

The number of miRNA copies varies among samples, but specific miRNA presence remains consistent.
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therapeutic avenue for reducing inflammation but also for supporting cerebellar function by adjustingmetabolic and immune responses, indi-

cating a nuanced strategy to counteract the cerebellar effects of sepsis.

MSC-derived sEVs mainly carry miRNAs and proteins,49 which can suggest that miRNAs are at least partially responsible for their effects.

Specific miRNAs isolated from our MSC-derived sEVs that have been shown in studies to be involved in improved outcomes in sepsis,29,30

were also predicted to be activated in the cerebellum of MSC-derived sEV-treated mice compared to untreated mice. For example, miR-21

is overexpressed in neutrophils and macrophages in sepsis29 and miR-146a-5p and miR-199a induce TNF-a and IL-6 production and a

strong innate immune response.30,50 Downregulation of those miRNAs induces attenuation of sepsis-related organ injury.30 It was recently

reported that miR-30, Let-7, miR-15, miR-26 and miR-338 directly control mitochondrial dynamics and OXPHOS and that miR-30c-5p alters

metabolic pathways to maintain the homeostasis of lipid metabolism.16,51–55 In this work, we demonstrated that members of the let7, mir21

and mir30 families including mir-30c-5p are present in abundance in MSC-derived sEVs and were also activated in the MSC-derived sEV-

treated septic cerebellum, pointing to the important regulatory role and therapeutic potential of the sEV cargo (Figure 7B). In most cases,

activated miRNAs inhibit their target mRNA, altering gene expression and cellular processes. It becomes apparent that those miRNAs can

also be therapeutic targets within engineered sEVs. The potential of MSC-derived sEVs and their carried miRNAs as potential treatments

have also been described in cancer where immune response and metabolic demands can be similar to sepsis.56–58 It is therefore imper-

ative to design more preclinical studies with MSC-derived sEVs and identify miRNAs as treatment modalities in multi-organ failure in

sepsis.

In conclusion, this is the first study to show a potential direct effect of MSC-derived sEVs in an SE murine model. We showed that the

cerebellum is a major brain region to sustain significant injury in sepsis, which is in line with previous reports that highlight the vulnerability

of the cerebellum to infectious processes.7,8,41,42,46 We demonstrated that in SE, MSC-derived sEVs can alter cell respiration of neural cells

in vivo, leading to improved metabolism and a balanced cerebellar inflammatory response. MSC-derived sEVs present an opportunity for

the development of new therapeutic protocols for SE and other conditions that cause brain injury. Sepsis is a heterogeneous disease that

can cause multi-organ dysfunction and we can determine based on our results that energy deficiency and immune dysregulation play an

important role in this disease pathophysiology. This work sheds light on the immunometabolic changes that take place in SE that have

implications for short- and long-term CNS dysfunction. A reversal of those changes can lead to favorable clinical outcomes and MSC-

derived sEVs seem to be a viable therapeutic option for SE, that is potentially translatable to humans. Building upon our promising find-

ings, we propose several research directions to further explore the therapeutic potential of MSC-derived sEVs in treating SE. Firstly,

delving deeper into the specific miRNAs identified in our study and investigating their individual roles could illuminate the mechanisms

through which these sEVs exert their beneficial effects. Moreover, the development of engineered sEVs, enriched with these specific miR-

NAs identified as beneficial, could offer a tailored therapeutic approach. Lastly, expanding our focus to investigate alternative sEV cargo,

Figure 7. MSC-derived sEVs alter the activation of miRNAs in the septic cerebellum

(A) Predicted inhibited (gray) miRNAs (determined by directional z-scores) in septic mice compared to controls. Ranked based on p value as determined using

Fisher’s exact test. Most miRNAs of interest are inhibited, indicating that they do not have any predicted inhibitory effects on their target mRNA.

(B) Predicted activated (green) and inhibited (gray) miRNAs (determined by directional z-scores) in septic MSC-derived sEV-treated mice compared to untreated

septic mice. Ranked based on p value as determined using Fisher’s exact test. Several miRNAs inhibited in septic mice that received sEV-depleted media were

predicted to be activated in the septic mice that received MSC-derived sEVs. Source data are provided as a source d file.
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such as proteins, could uncover additional therapeutic targets or biomarkers, further broadening our understanding of the sEV mechanism

in SE treatment. These directions not only pave the way for comprehensive mechanistic insights, but also underscore the innovative po-

tential of MSC-derived sEVs in SE therapy.

Limitations of the study

We recognize that there are limitations to our approach. Although our murine model of sepsis closely resembles the pathophysiology of hu-

man acute infection, there are differences that require the design of clinical trials to study our treatment in humans. Additionally, in clinical

practice, sepsis management consists of antibiotics and intravenous fluids that we did not administer in ourmodel due to the heterogeneity in

treatment response (for both antibiotics and intravenous fluids) that would not allow us to have an accurate assessment of the exact role of

MSC-derived sEVs as therapeutic agents.59 Furthermore, although we describe the potential mechanism by which MSC-derived sEVs exhibit

their therapeutic effects (miRNAs), there is potentially other sEV cargo, such as proteins, that can alter immune and metabolic pathways.

Although not explicitly detected, we are confident the MSC-derived sEVs reached the CNS based on multiple reports22 and the changes

we identified in the histological analyses of brain samples. Finally, there is a possibility that MSC-derived sEVs have a direct effect on bacteria,

which was not accounted for in our study. If proven, this would also enhance the significant therapeutic role of MSC-derived sEVs in sepsis

and SE.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ioannis Koutroulis

MD, PhD, MBA ikoutrouli@childrensnational.org, ikoutroulis@gwu.edu.

Materials availability

MSC-derived sEVs were isolated from human adipose-derived MSC cell cultures (ADMSC) obtained from Zen-Bio (Durham, NC) for the pur-

pose of this research.

Data and code availability

� RNA-seq data from murine cerebellar tissue of control, septic, and treated samples have been deposited in the NCBI SRA repository

and are publicly available. The accession number is listed in the key resources table.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Wildtypemale mice at 8–10 weeks of age (n = 75) C57BL/6 (Charles River Laboratories, strain code: 027) weremaintained in the animal facility

of the Children’s National Hospital and handled in accordancewith the Institutional Animal Care and Use Committee (IACUC #00030714) and

the UseCommittee of Children’s National Hospital, who approved all the protocols and theGuide for theCare andUse of Laboratory Animals

(National Institute of Health). Mice were maintained in the animal facility under a 12-h dark–light cycle, constant temperature (20–26�C) and
humidity maintenance (40–60%), and access to food and water ad libitum.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-TNF-a Rabbit polyclonal antibody ServiceBio Cat# GB11188; RRID: AB_3075517

Rabbit Anti-Parvalbumin Polyclonal

Antibody, Unconjugated

Abcam Cat# ab11427; RRID: AB_298032

Anti-IL-17 Rabbit polyclonal antibody ServiceBio Cat# GB11110-1; RRID: AB_2892098

Anti-GFAP antibody Abcam Cat# ab7260; RRID: AB_305808

Chemicals, peptides, and recombinant proteins

ApopTag� Plus Peroxidase in Situ Apoptosis Kit Sigma-Aldrich Cat# S7101

Direct-zol RNA Microprep Kits Zymo research Cat# R2062

TURBO DNA-free� Kit Thermo Fisher Cat# AM1907

TRIzol� Reagent Thermo Fisher Cat# 15596026

Experimental models: Organisms/strains

Mice: C57BL/6J Charles River Laboratories Strain Code:027

RRID: IMSR_CRL:027

Software and algorithms

CaseViewer Image Browser 2.4 edition 3D HISTECH https://www.3dhistech.com/solutions/caseviewer/

Prism GraphPad https://www.graphpad.com/scientific-software/prism/

ImageJ NIH https://imagej.nih.gov/ij/index.html

Deposited data

RNA-seq data of murine cerebellar tissue This paper SRA: PRJNA1134215
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METHOD DETAILS

Murine model of sepsis

Male mice at 8–10 weeks of age were randomly assigned to four groups:

� Control +media (n= 16): malemice received intraperitoneal (IP) injection of PBS and tail vein injection of EVs-depletedmedia after 6 h.
� Control + sEVs (n = 14): male mice received IP injection of PBS and tail vein injection with adipose tissue MSC-derived sEVs after 6 h.
� Sepsis + media (n = 19): male mice received IP injection of cecal slurry and tail vein injection with sEVs-depleted after 6 h.
� Sepsis + sEVs (n = 26): male mice received IP injection of cecal slurry and tail vein injection with MSC-derived sEVs after 6 h.

The cecal slurry mixture was made from the cecal contents of euthanized donor male mice. Mice were gently restrained using a mouse

restrainer and the tail was immersed in warmwater to promote vasodilation and aid in the identification of the lateral tail veins. Subsequently,

a single dose of sEVs (10E+08 to 10E+09 particles in 250 mL), or sEV-depleted media that was used for MSC culture was administered intra-

venously via a lateral tail vein using a 28-gauge needle, 6 h post-cecal slurry injection. Injection of cecal slurry caused polymicrobial sepsis in

the recipient mice. The cecal slurry model, based on our extensive experience and other studies, is an effective way to induce polymicrobial

sepsis, while decreasing animal suffering and variability between animals. Mice were evaluated every 2 h and scored on the severity of disease

progression, using a validated murine sepsis severity score by Shrum et al. that assesses general appearance, level of consciousness, activity

level, response to stimulus, eyes appearance, respiratory rate and respiration quality. The maximum score is 28 as there are seven variables

measured with five possible scores (0–4) for each variable. This scoring system has been proven to be reliable, sensitive, and specific and can

aid in the comparison of disease outcomes and therapeutic regimens across multiple models of sepsis. It is also a basis for pathophysiologic

analysis of disease. Mice were sacrificed when they received a sepsis score of 15 or higher on the scale ranging from 0 to 28 or at 24 h post-

intraperitoneal injection. Brain tissue was harvested after perfusion with PBS at the time of euthanasia for further study. Harvested tissue was

either used immediately after isolation or immersed in liquid nitrogen and stored in �80�C. The scoring system used in the experiments is

depicted in Table 1.

Isolation and characterization MSC-derived sEVs

In our study, MSC-derived sEVs were isolated from human adipose-derivedMSC cell cultures (ADMSC) obtained from Zen-Bio (Durham, NC).

For isolation, 3000 mL of conditioned media from approximately 300 million cells underwent tangential flow filtration (TFF), followed by size

exclusion chromatography (SEC) utilizing a 10mL columnwith a 70 nmpore size. The isolated particles were then diluted in sterile Dulbecco’s

Phosphate Buffered Saline (DPBS). Quality assessment of the sEVs involved protein determination and approximate RNA concentrationmea-

surements, conducted using a ThermoNanoDrop spectrophotometer through direct absorbance, without lysing, staining, or extracting RNA

from the exosomes. Furthermore, the diameter and concentration of the particles were determined by Nanoparticle Tracking Analysis (NTA)

with a Particle Metrix ZetaView.Surface protein characterization of the sEVs, specifically for the tetraspanins CD81, CD63, and CD9, served as

specific markers to confirm their identity which depicted the sEVs under an electron microscope (Figure S3A), which presented the high-

throughput surface protein characterization of sEVs using beads conjugated with antibodies against CD81, CD63, and CD9 (Figure S3B).

Tissue processing and histological assessment

Septic or non-septic control mice were anesthetized with isoflurane and transcardially perfused with 0.1 M phosphate buffered saline (PBS),

pH 7.4, followed by 4% paraformaldehyde (PFA). Brains were postfixed in 4% PFA overnight, and then stored in PBS at 4�C until further use.

Neuropathological alterations in sepsis mice (n= 8) compared to non-septic controls (n= 7) were confirmed histologically by hematoxylin and

eosin (H&E) stain, using a modified quality scoring system that was previously described (Hoque et al., 2014). Evaluation of the mouse histol-

ogy slides was performed by two different investigators blinded to treatment. Morphological cell grading was carried out under light micro-

scopy at 6003 magnification using an oil immersion lens. Normal neurons were evaluated and scored using morphological criteria. This

scoring system, ranging from 0 (no injury) to 4 (severe injury), provides an assessment of tissue injury based onmorphological cellular changes

associated with injury including nuclear pyknosis, cytoplasmic shrinkage, cytoplasmicmicro-vacuolation, perineuronal edema, cell death, and

chromatolysis. Antibodies against TNF-a (ServiceBio, GB11188, dilution 1:200), parvalbumin (PV) (Abcam, ab11427, dilution 1:100), IL-17a

(ServiceBio, GB11110-1, dilution 1:200), GFAP (Abcam, ab7260, dilution 1:500) and appropriate secondary antibodies were used for immu-

nofluorescent analysis. Sections adjacent to those stained with H&E and immunofluorescence were assessed for in situ DNA fragmentation

using the terminal deoxyribonucleotidyl transferase (TdT)-mediated biotin-14-dUTP nick-end labeling (TUNEL) procedure (ApopTag plus

peroxidase in situ apoptosis detection kit, Intergen, Purchase, NY). TUNEL staining was performed as described previously.60

Image acquisition and analysis

We used a BX43 Olympus microscope with a Hamamatsu monochrome camera and a DP23 Olympus camera for brightfield microscopy. Im-

ages were viewed using NIH ImageJ and the CaseViewer Image Browser 2.4 edition software. All histological quantifications were performed

in a blinded manner. Neuropathology scoring61 including cell death, vacuolization, PC pathology, GFAP+ and TUNEL+ cells were manually

counted in each optical section using the ImageJ ‘‘Cell Counter’’ plugin at 403 per regions of interest with a perimeter of 1 mm.

To acquire full cerebellum views in lowmagnification, we used the PANNORAMICMIDI II automatic digital slide scanner microscope from

3DHistech. We used the Point Gray GS3-U3-51S5M-C camera. z stack images of 1-mm-thick single planes were captured using the 3D histech
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software version 1.23.1.71684. The camera adapter magnification was 0.633, micrometer/pixel X: 0.273810, micrometer/pixel Y: 0.273810,

output resolution: 36.521675. The low magnification images were taken at 1.43. The cerebellum anatomy was identified according to the

Allen Brain Atlas (mouse)62 and Paxinos and Franklin’s The Mouse Brain in Stereotaxic Coordinates.63

Data were obtained from eight mice per septic group with MSC-derived sEV treatment and seven mice for the control group for H&E and

TUNEL staining. All histological quantifications were performed in a blindedmanner. For the cytokine analysis six mice were used as controls,

seven mice and eight mice for the sepsis-media group for TNF-a, PV and IL-17a respectively, and five mice and six mice for the sepsis- MSC-

derived for TNF-a, PV and for IL-17a respectively.

OXPHOS assessment by seahorse in cerebellar samples

We isolated cerebellar tissue frommice in the treatment and control groups and immediately used it for metabolomics so there wouldn’t be

any changes in their metabolic phenotype. Tissue sections of 100-micron depth and 2 mm diameter were obtained and placed in artificial

cerebrospinal fluid. Cerebellar tissue was then added to an islet capture microplate to be analyzed in the Seahorse XFe Analyzerª (Agilent,

Santa Clara, CA) which is a powerful instrument used for measuring oxidative phosphorylation in the same sections. Using the Seahorse XFe

Analyzerªwemeasured themajor energy pathway of the cell (i.e., mitochondrial respiration) in brain tissue sections from septicmice exposed

to MSC-derived sEVs. The Seahorse XFe Analyzerª utilizes inert optical microsensors to measure oxygen consumption rate (OCR).64 OCR is

indicative of mitochondrial consumption of oxygen in OXPHOS to generate ATP. There were four groups of mice in the study: septic treated

with MSC-derived sEVs (n = 5), septic injected with sEV-depleted media (n = 6), controls treated with MSC-derived sEVs (n = 6) and controls

injected with sEV-depleted media (n = 7). Group comparisons were done using ANOVA on ranks to determine significance of pairwise

comparisons.

Cerebellar tissue RNA sequencing

Total RNA was isolated from brain sections from each sample using TRIzol (ThermoFisher Scientific, Waltham, MA) according to manufac-

turer’s recommendations. Total sample RNA was treated with the TURBO DNA-free Kit (ThermoFisher Scientific, Waltham, MA) to remove

any contaminating DNA. Approximately 500 ng of total RNA for each sample was sent to Penn State University for sequencing library prep-

aration and RNA sequencing. The total RNA was prepped for sequencing using the Illumina TruSeq Stranded Total RNA Library Prep Kit with

the Ribo-Zero Gold rRNA Removal Kit (Epidemiology). The resultant Illumina sequencing libraries was sequenced on an Illumina NovaSeq

6000 sequencer using a 150 bp paired-end run.

MSC-derived sEV miRNA sequencing

Total RNA was isolated from three samples of MSC-derived sEVs using Trizol LS reagent (ThermoFisher Scientific, Waltham, MA) in combi-

nation with the Direct-zol RNA Microprep Kit (Zymo Research, Irvine, CA). RNA quantity was measured with the Qubit 2.0 fluorometer

(ThermoFisher Scientific, Waltham, MA) and RNA quality was assessed with the Agilent Bioanalyzer 2100 (Agilent, Palo Alto, CA) using the

RNA 6000 Pico Kit. RNAwas prepared at theUniversity ofMaryland for sequencing using the Illumina Small RNA-Seq Library prep kit (Illumina,

San Diego, CA) and sequenced on an Illumina NovaSeq6000 sequencer using an S2 100 bp PE Flowcell (Illumina, San Diego, CA). miRNA

detection and abundance were estimated inmiRge3.0 and sMETASeq.65,66 Fastq files underwent quality control in CUTEADAPT and collapse

into unique reads. Files were annotated against multiple search libraries (mature miRNAs, miRNA hairpins, mRNAs, mature & primary tRNAs,

snoRNAs, rRNAs, other non-coding RNA) in miRge3.0 and against the miRBase and RNACentral libraries in sMETASeq. Raw miRNA counts

were estimated for each sample.

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of animals utilized in each experimental group is specified within the legends of the respective figures. Data visualization,

including the plotting of graphs and the calculation of standard error of themean (GSEM), was performed using Prism software. This software

was also employed to assess statistical significance across all datasets. Specifically, one-way ANOVA was utilized to analyze differences

among groups for the sepsis severity score, neuropathology scoring, Seahorse assay data, GFAP and the inflammatory cytokine (TNF-a

and IL-17a) quantification. For transcriptomic analysis, differential expression was ranked based on p-values obtained through Fisher’s Exact

Test. Visualization of these analyses was facilitated by coloring boxes in the heatmap according to z-scores, where red or green indicates acti-

vation and gray denotes inactivation.
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