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Abstract

Sepsis is an aggressive inflammatory syndrome and a global health burden estimated to kill 7.3 

million people annually. Single-target molecular therapies have not addressed the multiple disease 
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pathways triggered by septic injury. Cell therapies might offer a broader set of mechanisms of 

action that benefit complex, multifocal disease processes. We describe a population of immune-

specialized myofibroblasts derived from lymph node tissue, termed fibroblastic reticular cells 

(FRCs). Because FRCs have an immunoregulatory function in lymph nodes, we hypothesized that 

ex vivo–expanded FRCs would control inflammation when administered therapeutically. Indeed, a 

single injection of ex vivo–expanded allogeneic FRCs reduced mortality in mouse models of 

sepsis when administered at early or late time points after septic onset. Mice treated with FRCs 

exhibited lower local and systemic concentrations of proinflammatory cytokines and reduced 

bacteremia. When administered 4 hours after induction of lipopolysaccharide endotoxemia, or 

cecal ligation and puncture (CLP) sepsis in mice, FRCs reduced deaths by at least 70%. When 

administered late in disease (16 hours after CLP), FRCs still conveyed a robust survival advantage 

(44% survival compared to 0% for controls). FRC therapy was dependent on the metabolic 

activity of nitric oxide synthase 2 (NOS2) as the primary molecular mechanism of drug action in 

the mice. Together, these data describe a new anti-inflammatory cell type and provide preclinical 

evidence for therapeutic efficacy in severe sepsis that warrants further translational study.

INTRODUCTION

Sepsis is a life-threatening systemic inflammatory response estimated to kill more than 

140,000 people globally each week—with a mortality incidence greater than that of lung, 

breast, and colorectal cancers combined (1–5). Septic shock occurs when the immune 

system detects blood-borne microbes and induces a systemic cascade of inflammation and 

hypotension, impairing oxygenation of vital organs, particularly the lungs, liver, intestine, 

and kidneys (2). Most studies estimate mortality at 30 to 40%, despite administration of 

antibiotics and supportive care (1, 2, 6, 7).

Sepsis pathology is driven primarily by a cooperative response between the innate immune 

system and the endothelium—a layer of endothelial cells that lines the interior surface of 

blood and lymphatic vessels. Microbial products or other unknown stimuli in the 

bloodstream induce Toll-like receptor (TLR) signaling in macrophages and neutrophils, 

which activates the cells and triggers the release of successive waves of inflammatory 

cytokines, beginning with tumor necrosis factor–α (TNFα) (which peaks within 90 min after 

exposure) followed by interleukin-1 (IL-1) and IL-6 (8, 9). These proinflammatory 

cytokines together with downstream mediators induce a hyperdynamic state characterized 

by abnormal vasodilation, fever, systemic endothelial permeability, and tissue edema. This 

in turn leads to a hypodynamic state, with severe hypotension, lymphocyte apoptosis, organ 

hypoxia, disseminated intravascular coagulation, and frequently organ failure (10, 11). 

Potential therapeutic options for sepsis have failed to translate to clinical efficacy. Reasons 

for this likely include the complex inflammatory cytokine cascade, which contains 

enormous redundancy of action and, therefore, cannot be disabled through targeting a single 

pathway; the unsuitability of in vitro systems for testing human therapies; and the swiftness 

with which a treatment must be administered and function. Beyond antibiotics, there are few 

pharmacological options for reduction of mortality. Anti-TNFα antibody therapy has not 

been successful in human sepsis (1, 12), and activated protein C, initially thought to increase 

survival, has since been proven ineffective (13).
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The foundation of modern drug development, single-molecule targeted therapeutics, has 

been tested in sepsis clinical trials with little success (6, 14, 15). In contrast, cell therapies 

target multiple molecules and processes and are responsive to a patient’s disease state; thus, 

cellular therapeutics may offer a broader-spectrum approach to treating disease. This is 

particularly pertinent to sepsis, wherein the pathophysiological response is not controlled by 

a single inflammatory mediator or pathway (15). Cells administered to a patient sense and 

respond to the host’s environment, for example, through manipulation of multiple cytokine 

levels (16, 17). Thus, the right cell, if well tolerated and appropriately administered, could 

target multiple molecules and pathways, in effect providing a multifaceted pharmacological 

intervention with a single therapeutic agent (17, 18).

Lymphoid tissue myofibroblasts known as fibroblastic reticular cells (FRCs) are found in T 

cell zones of secondary lymphoid organs, which have evolved to regulate the immune 

response at many levels (19–25). FRCs follow a well-charted differentiation pathway 

generated by stromal organizer cells in the lymphoid organ anlagen during ontogeny, 

developing via myofibroblastic precursors and requiring signals through the lymphotoxin β 

receptor (LTβR) for full immunological maturation (25, 26). This ontogeny is distinct from 

other fibroblastic cell types, such as bone marrow–derived mesenchymal stromal cells 

(MSCs). Accordingly, FRCs display transcriptomes that differ broadly from other 

fibroblastic populations, with a notable degree of immunological specialization, including 

significant enrichment in cytokine signatures (23). During infection, draining secondary 

lymphoid organs are bathed in a complex inflammatory milieu, forming important 

crossroads for chemical or physical communication between various leukocyte cell types 

(19–22). FRCs have evolved to respond to these immunological cues, actively play a role in 

regulating immune responses (23), and are hypothesized to react strongly to the presence of 

bacteria in vivo. FRCs express TLRs (23, 27) and, within 12 hours of exposure to microbial 

lipopolysaccharide (LPS; also called endotoxin), produce a robust interferon (IFN)–TLR4 

and acute-phase protein response (23).

Here, we describe a new cell therapeutic composed of murine FRCs and show that, when 

expanded ex vivo and administered to septic or endotoxemic mice, FRCs modulate a 

systemic response to infection. When used in allogeneic cell therapy, the FRCs significantly 

increased survival under clinically relevant conditions. FRCs reduced bacterial progression, 

increased splenic mass, and defused the sepsis-associated cytokine storm. Murine FRCs 

required the activity of inducible nitric oxide synthase 2 (NOS2) for a therapeutic effect, 

reducing mortality even when administered 16 hours after disease induction.

RESULTS

We hypothesized that the immunoregulatory potential of FRCs can be maintained after 

transplantation for the purpose of modulating an uncontrolled, cytokine-dominated immune 

response to infection. After 10 days of expansion in culture (Fig. 1A), purified FRCs 

isolated from pooled cutaneous and mesenteric lymph nodes showed a fibroblastic 

phenotype characterized by expression of podoplanin (gp38), CD140a (PDGFRα), CD44, 

CD90 (Thy1), CD105 (endoglin), CD106 (VCAM-1), and Sca-1; the hematopoietic 

determinant CD45; endothelial identifiers CD31, CD34, and Lyve-1; and follicular dendritic 
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cell markers CD35 (CR1) and FDC-M1 (fig. S1). Cultured FRCs also expressed 

immunomodulatory molecules PD-L1, CD40, and CD80 while lacking expression of the 

MSC marker CD73 (28, 29) (fig. S1). A timeline summarizing the preparation, in vivo use, 

and endpoint analysis of FRC treatment is shown in Fig. 1A.

The primary endpoint of FRC therapy for the treatment of septic shock was measured by 

survival analysis in two widely studied mouse models (7, 11, 30). In a model of 

endotoxemia, C57BL6/J mice received a lethal dose of LPS, which plays a dominant role in 

the pathogenesis of gram-negative bacterial sepsis (9). Young (4- to 6-week-old) C57BL6/J 

mice were given a single intraperitoneal dose of autologous FRCs that had been expanded in 

culture (1 × 106 cells) or saline (vehicle-only control) 4 hours after LPS treatment. To assess 

the specificity of FRC therapeutic results, we administered, at the same dose and by the 

same route, bone marrow–derived MSCs as a stromal cell–based control. Four hours was 

chosen as a therapeutically relevant time point, after which TNFα and IL-6 concentrations 

have reached maximal levels in both septic mice and humans (31–33). FRC-treated mice 

showed a significant increase in survival compared to mice given saline alone (Fig. 1B). 

MSCs also showed a therapeutic response compared to saline treatment [P = 0.016, log-rank 

(Mantel-Cox) test]; however, the FRC therapeutic response was found to be superior to that 

of MSCs [P = 0.0071, log-rank (Mantel-Cox) test].

Given that young C57BL6/J mice are relatively resistant to both LPS endotoxemia and 

sepsis (34–36), and because the rate of sepsis hospitalization is more than 10-fold higher in 

people older than 65 years relative to younger subjects (4), we also tested LPS-treated aged 

(18- to 24-month-old) C57BL6/J mice, which show greater sensitivity and susceptibility to 

disease in general. Aged mice were also protected from endotoxemia-related mortality when 

an intraperitoneal dose of autologous FRCs was administered 4 hours after LPS compared to 

saline-treated controls (Fig. 1C). These results suggested therapeutic potential for FRCs in 

murine sepsis.

Therefore, we explored the breadth of FRC therapy using a severe model of sepsis, the cecal 

ligation and puncture (CLP) model, which imposes physical trauma to the gut and exposure 

of gut contents to the peritoneum so as to induce a heavy, progressive, polymicrobial 

infection, with LPS detected in serum within 60 min after surgery (32). Because any clinical 

application of FRCs would need to complement and improve on current standards of care 

for sepsis, we administered all septic mice (FRC- and saline-treated controls) with 

antibiotics and fluid resuscitation as supportive care. C57BL6/J mice aged 4 to 6 weeks were 

given CLP sepsis, followed by administration of antibiotics as standard of care. Autologous 

FRCs or saline were infused 4 hours later. A reproducible therapeutic effect on survival was 

observed in the CLP model (Fig. 1D), with an efficacy similar to the FRC effect in LPS 

endotoxemia. Thus, FRCs improved survival of mice in two high-mortality models of 

systemic shock.

Modeling sepsis in the clinic

Our next set of studies focused on testing of FRCs in clinically relevant conditions to meet 

the demands of sepsis patients. Sepsis is a swiftly progressive medical emergency, and 

treatment must be administrated with minimal delay. The ability to use stored, “off-the-
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shelf” allogeneic cells is therefore essential for any future clinical applications. We tested 

the efficacy, in BALB/c mice 4 hours after CLP, of a single intraperitoneal infusion (1 × 106 

cells) of allogeneic FRCs that had been derived from C57BL6/J mice and expanded in 

culture. The FRC-treated BALB/c mice also showed a robust survival advantage (Fig. 1E) 

relative to saline-treated mice. Allogeneic MSCs failed to protect at the 4-hour therapeutic 

time point (Fig. 1E), a finding that corroborates a previous study that showed a lack of 

efficacy when MSCs were administered to mice more than 60 min after CLP (30).

Diagnosis of sepsis is often made by exclusion, and thus, diagnosis may not be definitive. 

The delay in sepsis diagnosis requires a therapeutic to meet the severity of injury well after 

disease onset. Although administration of FRCs 4 hours after disease onset is a 

therapeutically relevant window, we further challenged the benefit of FRCs to improve 

survival from sepsis very late in the disease course. To this end, mice were treated with 

allogeneic FRCs 16 hours after CLP, a time at which mice typically approach euthanasia 

endpoints—a robust test of efficacy. Survival remained highly significant compared to 

saline-treated controls (44% compared to 0%, P = 0.007) (Fig. 1F). As expected, a higher 

proportion of FRC-infused mice died when treated 16 hours after CLP compared to those 

treated 4 hours after CLP (P = 0.007, log-rank test). The survival rate of mice treated with 

FRCs at 16 hours was 44% compared with 0% for saline-treated mice. The survival rate of 

mice treated with FRCs after 4 hours was 89% compared with 14.2% for saline-treated mice 

(P < 0.001, log-rank test).

The bacterial load of mice induced with CLP sepsis in peritoneal and blood compartments 

was surveyed after treatment to determine whether there was an effect of FRCs on bacterial 

clearance in the presence of broad-spectrum antibiotic therapy. Mice treated with FRCs 4 

hours after CLP showed no difference in bacterial load in the peritoneum at 16 hours after 

CLP (Fig. 2A). Yet, we detected a significant difference in bacteremia: 78% of mice (seven 

of nine) treated with FRCs 4 hours after CLP had no detectable bacteria in the blood 16 

hours after surgery (Fig. 2B). The observation of improved survival (Fig. 1E) when FRCs 

were administered to mice at a time point when bacterial load was high (16 hours, Fig. 2A) 

showed that FRC therapy is systemically effective in mice with established high-load 

bacteremia. As a mechanism, we first hypothesized a direct microbicidal effect of FRCs. In 

a commonly used Transwell coculture system (37, 38), FRCs inhibited Escherichia coli 

growth (fig. S2); however, post hoc analysis of these data in the context of this study’s 

findings suggested that this in vitro effect was subject to artifacts (see Discussion); thus, the 

assay was deemed unsuitable for further investigation of the FRC-mediated reduction in 

bacteremia observed in vivo. We therefore considered alternate approaches for deciphering 

the compartmental-specific effects of FRC therapy.

Because FRC treatment reduced bacteremia, we next hypothesized that FRCs may be 

trafficking to other parts of the body from the peritoneal cavity. Bioavailability of the cell 

transplant in the local peritoneal cavity of LPS-injured mice was first measured using 

noninvasive bioluminescent imaging of FRCs isolated from luciferase-engineered knock-in 

mice. FRCs were administered 4 hours after LPS injection and were present in the 

peritoneum of LPS-injured mice for ~48 hours (Fig. 3A), with signal detectable and 

declining for up to a week after cell transplantation (Fig. 3, A and B). Because the detection 
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capability of bioluminescence decreases significantly in deep tissues, flow cytometric 

profiling of nonengineered allogeneic FRC peritoneal transplants was used to assess the 

presence of infused FRCs in the blood and spleen over time. The donor FRCs were detected 

using anti-podoplanin and anti-CD90 as donor cell markers and were found at low but 

detectable numbers in the blood and spleen at 8 hours (Fig. 3, C and D). FRCs in the 

periphery accounted for <1% of the initial injection (Fig. 3, C and D). These data support the 

notion that FRCs were predominantly retained in the peritoneum with rather insignificant 

numbers observed in circulation or engrafted in the spleen.

Because FRCs were concentrated in the peritoneum, we next tested whether the transplanted 

cells acted locally to contain the polymicrobial infection within the peritoneum, systemically 

to hinder bacterial infection of the blood, or both. Mining of mRNA microarray data of 

FRCs isolated from pooled cutaneous and mesenteric lymph nodes showed high levels of 

chemokine expression that were consistent with the hypothesis that FRCs were acting 

locally (Fig. 4A). However, despite expression of these chemokines (at the mRNA transcript 

level in vitro), when mice were given an FRC transplant 4 hours after CLP and assessed 16 

hours after surgery, the transplanted FRCs did not modulate local sepsis-induced leukocyte 

influx into the peritoneum, because these changes were entirely sepsis-dependent (compare 

treated to untreated mice) and were not affected by FRC administration (Fig. 4, B to E). The 

increase in the total number of viable, erythrocyte-depleted cells in the mouse peritoneum 

was a result of the CLP sepsis-inducing injury (Fig. 4B), and sepsis similarly drove an 

increase in granulocyte cell types that occurred concomitantly to a loss of F4/80-expressing 

macrophages, T cells, and B cells (Fig. 4, C to E, and fig. S3). None of these changes were 

altered by FRC administration. We next tested whether FRCs enhanced phagocytic activity 

of immune cells in vitro, despite the comparable numbers of cells found in the septic 

peritoneal cavity with and without FRC treatment. The ability of CD11b+ splenocytes to 

phagocytose bacterial components was unaffected by coculture with FRCs (Fig. 4F). 

Collectively, analysis of the local peritoneal cavity did not reveal a major change in the 

composition or effector function of immune cells.

Similar to the peritoneal cavity assessments, in the peripheral blood of CLP mice, we 

observed sepsis-specific changes in leukocyte composition that were not changed by FRC 

therapy (Fig. 5, A to C, and fig. S4). CLP significantly reduced the proportion of peripheral 

blood B cells while boosting the T cell pool (P < 0.0001 and P = 0.027, two-tailed Mann-

Whitney U test).

A reduction in leukocyte numbers in the spleen is a hallmark of mouse and human sepsis 

(39–41). Therefore, at 16 hours after CLP in mice, we measured leukocyte numbers in 

spleens isolated from mice that were either untreated or treated 4 hours after surgery with an 

allogeneic FRC transplantation. We observed significant changes in leukocyte numbers in 

the spleens of FRC-treated septic mice compared to saline-treated septic controls (Fig. 5, D 

to F, and fig. S5). Specifically, FRC-treated mice showed a significant increase in overall 

spleen cellularity 16 hours after CLP (Fig. 5D; P = 0.006, two-tailed Mann-Whitney U test) 

accompanied by a reduction in leukocyte apoptosis (Fig. 5E; P = 0.008, two-tailed Mann-

Whitney U test). Compared to saline-treated septic controls, FRC-treated mice also had 

significantly higher numbers of B cells, CD4+ and CD8+ T cells, and myeloid cell subsets in 
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the spleen (Fig. 5F and fig. S5E). Although no changes in activated T cell numbers were 

seen in the spleen, FRC-treated septic mice showed significantly higher numbers of naïve T 

cells compared to saline-treated septic controls, suggesting a protective effect of FRC 

administration on preservation of naïve T cells (fig. S5, M and O; P = 0.016, two-tailed 

Mann-Whitney U test). Together, these data show that by 16 hours after CLP, FRCs 

mediated significant protective effects on leukocyte subsets distal to the initial infection site. 

The splenic protection observed was in lieu of the large fraction of the FRC graft residing in 

the peritoneal compartment and led us to consider an intermediary signaling mechanism that 

was transmitted into the bloodstream from the FRCs.

Distal effects of FRCs

Murine FRCs exert immunosuppressive effects in lymph nodes and ex vivo through targeted 

NOS2-dependent release of nitric oxide (NO) in situ (42–44). Therefore, we hypothesized 

that FRC transplants release NO as a direct or indirect molecular mediator of FRC therapy in 

mice. Nitrite, a by-product of NO metabolism, was detectable in the peritoneum and blood 

as early as 60 min after allogeneic FRCs were transplanted into LPS-injured mice, with a 

peak burst at 4 hours after transplantation (fig. S6). In vitro studies confirmed that FRCs did 

not constitutively produce NO (fig. S7A), nor was secretion induced by LPS treatment alone 

(fig. S7B). Secretion of NO was observed when FRCs were cocultured with CD3/28-

activated splenocytes (fig. S7B). The TNFα/TNFRI (TNF receptor type I) axis—known to 

be important in inducing NO production by activated FRCs in vitro (42)—was not critical to 

the observed efficacy of FRC therapy, because a similar level of survival was observed with 

wild-type allogeneic FRCs and FRCs in which TNFRI was blocked by neutralizing 

antibodies when the cells were administered 4 hours after mice were subjected to CLP (fig. 

S8).

With the knowledge that the FRCs were viable after transplantation and NOS2 activity was 

measurable (indicated by nitrite production), we tested FRC transplants derived from 

NOS2−/− mice for protection in CLP sepsis. FRCs isolated from NOS2−/− mice failed to 

protect BALB/c mice from sepsis-mediated mortality (Fig. 6A), with survival kinetics and 

rates similar to treatment with saline or MSCs (compare with Fig. 1E). These data suggest 

NOS2 as a primary molecular mediator of protection by FRCs in mouse models. 

Accordingly, mice treated with NOS2−/−FRCs at 4 hours after CLP showed a similar degree 

of bacteremia 16 hours after CLP (Fig. 6B), and splenic apoptosis rates were significantly 

higher in mice treated with NOS2−/−FRCs at 4 hours after CLP than in mice treated with 

wild-type FRCs (Fig. 6C). Therefore, the major hallmarks of FRC therapy appear to be 

NOS2-dependent.

The biological response to FRC therapy and the role of NOS2 activity were assessed on the 

host proinflammatory cytokine response, both as a key driver of sepsis-related pathology 

and as a factor common to both the endotoxin and CLP models. At 16 hours after CLP was 

induced (12 hours after treatment with antibiotics and either FRCs or saline), FRC-treated 

mice displayed significantly lower levels of peritoneal TNFα relative to saline-treated 

control septic mice (Fig. 7A; P = 0.02, one-tailed Mann-Whitney U test) and other 

proinflammatory cytokines (IL-1α and IL-1β) (Fig. 7, B and C; P < 0.05 in all comparators, 
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one-tailed Mann-Whitney U test). Peritoneal IL-17 and IFN-γ were not reduced to 

statistically significant levels by FRC treatment (Fig. 7, D and E). No significant differences 

were observed in peritoneal levels of the anti-inflammatory cytokine IL-10 (Fig. 7F), 

suggesting that the boosting of IL-10, as reported for MSC therapy (30), was not a primary 

molecular mechanism for increasing survival by FRC treatment.

Moreover, the prototypical septic cytokine storm in mouse serum was strongly regulated by 

FRC therapy in CLP-treated mice. Serum TNFα, IFN-γ, and IL-17 levels were completely 

reduced to near wild-type levels (Fig. 7, G to I), whereas IL-6 and MCP-1 levels were 

attenuated from their pathogenic values (Fig. 7, J and K) in FRC-treated relative to saline-

treated control mice. As in the peritoneum, serum IL-10 concentrations were not 

substantially altered by FRC treatment and did not correlate with the antiseptic therapeutic 

benefit of FRCs, unlike MSC therapy, in which boosting of IL-10 concentrations was key 

(30) (Fig. 7L).

To rule out a permanent anergizing effect of FRCs, we isolated and reactivated leukocytes 

from the peritoneums or spleens of septic animals 16 hours after CLP, and found that 

reactivated cells remained capable of producing normal levels of TNFα (fig. S9) in vitro. 

Hence, FRC therapy reduced the cytokine storm without impairing natural 

immunosurveillance mechanisms of immune cells and permanently impairing their capacity 

to produce cytokines. Overall, the biological response to FRC therapy was driven by a major 

reversal in cytokine pathways that required NOS2 production by FRCs.

Together, our data pinpoint FRCs as a potential new immunomodulatory cell therapy 

candidate for the treatment of murine models of inflammation and sepsis.

DISCUSSION

Stromal cell–based therapies have risen in prominence in recent years. MSCs, in particular, 

have proven to be well tolerated and are being heavily tested in clinical trials to control 

immune responses and promote tissue regeneration across a range of diseases and 

pathologies for which current treatments are inadequate (16–18). In 2012, allogeneic bone 

marrow–derived MSCs were approved for use in New Zealand and Canada to treat steroid-

refractory pediatric graft-versus-host disease; in South Korea, allogeneic umbilical cord 

blood–derived MSCs were approved to treat degenerative arthritis, whereas autologous 

adipose-derived MSCs were approved to treat anal fistulas caused by Crohn’s disease (45).

However, MSCs have not shown marked therapeutic promise in preclinical sepsis models. 

Multiple studies report improved survival and anti-inflammatory properties when MSCs 

propagated from various tissues were administered to rodents at the time (within 60 min) of 

septic insult (30, 46–49) but not at therapeutically relevant time points. One opposing study 

reported a survival benefit 6 hours after CLP (50). Compared to MSCs, FRCs are a 

mesenchymal cell type of unique ontogeny, phenotype, and site-specific specialization. 

Their immune-specialized capabilities, in particular, suggest that FRCs might yield a distinct 

or enhanced therapeutic profile in septic patients compared with other stromal cell therapies 

currently being tested in clinical trials. Like other stromal cell therapies, FRCs share 
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desirable characteristics for a cell therapy candidate: ease of isolation and ex vivo expansion 

to clinical cell masses, allogeneic efficacy, and high viability in frozen storage for point-of-

care use. Our data demonstrate that murine FRCs effectively reduced death from sepsis, 

inhibited key proinflammatory cytokines in blood and peritoneum, and reduced bacterial 

load.

The inspiration for using FRC transplants as a therapy for inflammatory disease such as 

sepsis was based on the in situ immunoregulatory functions of FRCs, which have become 

better understood over the past decade. FRCs are predominantly stromal cell population in 

lymph nodes and spleen and have historically been studied as important structural cells that 

secrete extracellular matrix components as well as cytokines CCL19, CCL21, and IL-7 to 

create a three-dimensional environment that permits T cells, B cells, and dendritic cells to 

interact and initiate an immune response (19, 23–25, 51). Recently, a new paradigm of 

peripheral tolerance was described, mediated by FRCs in situ (27, 42–44, 52, 53). FRCs can 

impose both deletional and regulatory tolerance; they can present autoantigens and activate 

autoreactive T cells in a manner that induces their loss from the T cell pool (27, 52, 53), as 

well as suppress the proliferation of T cells that are activated by other nearby cells or stimuli 

(42–44). Accordingly, FRCs have been shown to reduce T cell proliferation within lymph 

nodes after exposure to IFN-γ and TNFα, with signaling through the IFN-γ receptor 

(IFNGR) and TNFRI (42). TNFRI was dispensable for FRC therapy in our CLP studies, 

although we cannot rule out a role for other signaling molecules such as IFN-γ. A recently 

published transcriptome of FRCs suggests a strong capacity to modulate the inflammatory 

response through extensive expression of cytokine receptors, chemokines, and growth 

factors (23).

A key finding in our model, unlikely to be coincidental, is that FRCs show the ability to 

defuse the sepsis-associated “cytokine storm” with a concomitant reduction in serum 

concentrations of TNFα, IL-6, MCP-1, IL-17, and, to a lesser extent, IFN-γ. Serum 

concentrations of IL-10 [which is a commonly reported player in MSC-mediated protection 

against cytokine-induced pathology, including in sepsis (30)] were not changed in our 

studies, and MSCs did not improve survival when administered to septic mice at time points 

late in the course of the disease. On the other hand, we observed a reduction in serum 

concentrations of IL-17 in FRC-treated septic mice, a finding that agrees with those of 

another study in which neutralizing IL-17 antibodies yielded a significant survival benefit in 

mice that had undergone CLP even at late administration times (54). Previous studies have 

not reported a reduction in serum IL-17 concentrations when mouse MSCs are transplanted 

into mice intravenously (55, 56); this is another indication, aside from a superior survival 

benefit, that the biological response to FRCs differs from that of other MSCs. Therefore, in 

our studies, the main effect of FRC administration was to reduce the concentration of key 

proinflammatory cytokines in both blood and peritoneum.

Reduction of splenic cellularity is a noted effect in human sepsis, with increases in both 

leukocyte apoptosis and a likely efflux of leukocytes to blood, other tissues, and the original 

infection site. Saline-treated CLP mice did not show an increase in spleen cell apoptosis 

compared to untreated mice at the time point tested (16 hours after CLP induction), but 

FRC-treated mice exhibited a significant reduction in apoptotic (annexin V+PI−) splenocytes 
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compared to saline-treated CLP mice, suggesting a degree of protection. FRCs express a 

variety of molecules known to function in the maintenance, expansion, migration, and 

maturation of myeloid cells, including Flt3L (supports and expands dendritic cells), CSF-1 

(colony-stimulating factor 1), IL-34 (a macrophage colony-stimulating factor receptor 

ligand), and CXCL14 (a monocyte and dendritic cell chemoattractant) (23). Accordingly, we 

observed significant FRC-mediated protection of myeloid cell subsets, notably 

F4/80+CD11c− macrophages and F4/80− granulocytes that were CD11b+ and with high, 

low, or negative Gr1 expression. The loss of B cells and T cells (both CD4+ and CD8+) seen 

in saline-treated CLP mice was also ameliorated by FRC treatment. FRCs also exerted a 

protective effect on naïve T cells, correlating with a known function of FRCs (19, 51, 57).

The bacterial load in the bloodstream was markedly reduced by FRC therapy, which we 

speculate to be the result of increased splenic numbers with unimpaired antibacterial activity 

(58). FRCs inhibited E. coli growth in vitro, although this is likely an artifact of the assay, 

because bacterial inhibition was not specific to FRCs and was not NOS2-dependent; these 

finding suggest that the in vitro E. coli cell growth inhibition model is irrelevant to FRC 

sepsis therapy. Bacteria levels in the peritoneum did not differ among untreated and FRC-

treated septic mice, thereby implying that the infection source was still present in all groups. 

The cellular composition of the peritoneum and blood was generally unchanged by FRC 

treatment but showed sepsis-specific changes such as the predominant influx of 

CD11b+Ly6G+ granulocytes in the peritoneum and a loss of peripheral blood B cells. On the 

other hand, leukocyte populations from the spleen were markedly altered, and in vitro results 

showed that FRCs did not impair phagocytosis activity of splenocytes or their ability to 

secrete TNFα once isolated and stimulated ex vivo after CLP sepsis. Together, our results 

suggest that a greater splenic mass was preserved by FRC treatment and could likely reduce 

bacteremia through natural phagocytosis and sequestration.

We observed that the prosurvival effects of FRC therapy were lost when NOS2-deficient 

FRCs were administered to mice, implying a role for NO in survival. NO is a highly 

pleiotropic and immunomodulatory cell signaling molecule that can stably react with blood 

components to reach distal organs (59), and its breadth of action could explain the observed 

effects of FRC therapy on cytokines, leukocytes, and bacterial levels in septic mice (59–62). 

Alternatively, NO’s effects could involve interactions with other cellular and molecular 

partners, which in turn mediate the observed outcomes. Directly or indirectly, NO is capable 

of shutting down an immune response at multiple levels (59–63).

The biochemistry of NO function is complex and depends on both concentration and the 

local oxidative microenvironment, but major mechanisms of action involve binding to 

“metal centers” such as heme components of soluble guanylyl cyclase and S-nitrosylation of 

proteins and lipids (64). NO has a short half-life and was originally thought to act when 

released in close proximity to target cells. Yet, we now know that NO can form stable 

compounds in circulation through S-nitrosylation or other reactions and thus can reach distal 

organs in a bioactive state (15, 59) or can create a tissue-wide antimicrobial milieu (63). NO 

has antiapoptotic effects; reduces both neutrophil adhesion to blood vessels and 

extravasation to tissues (64); increases antibacterial capabilities of macrophages; directly 

inhibits bacterial DNA replication, protein synthesis, and platelet aggregation; and increases 
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smooth muscle relaxation and metabolism (64). Manipulation of NO metabolism may 

represent a therapeutic option for sepsis. Selected NO donors can target hypoxic, acidified 

tissues for increased micro-circulation without negatively affecting macrocirculatory 

vascular function (15, 65, 66). Treatment of animal models with NO donors reduces organ 

failure and, in many cases, mortality (15). Administration of the NO donor nitroglycerin to 

humans with septic shock decreased mortality (67), whereas treatment of septic patients in a 

phase 3 trial with NOS inhibitor 546C88 increased mortality (68).

Our studies support the notion that NOS2 is essential for the benefits observed after FRC 

transplantation. FRCs are conceivably a major source of NO, as estimated by in vitro studies 

showing that FRCs contribute 110-fold more NO on a per-cell basis compared to activated 

splenocytes (fig. S7). However, we cannot rule out the possibility that other mediators are 

involved in our observed survival outcomes. NOS2 might also participate in immunoevasion 

of an allogeneic cell transplant reaction, allowing the cells to persist long enough to impart 

an immunosuppressive effect before clearance. Our results showed that FRCs were 

confidently detectable in mice for up to 50 hours after transplantation.

Human FRCs are poorly studied, although they show immunoregulatory properties in 

culture that are similar to those of mouse FRCs in our study (69). Although their therapeutic 

potential has not been tested preclinically, human FRCs can be isolated from lymph node 

biopsies or palatine tonsil tissues and expanded ex vivo (70, 71) to provide possible source 

for future cell formulations. To date, the therapeutic capacity of mouse or human FRCs to 

dampen pathogenic immune responses has not been tested. It is notable that although murine 

MSCs use NO as a primary mechanism for immunosuppression in several models of T cell–

mediated diseases, human MSCs yield similar effects but without dependence on NO 

release, primarily using indoleamine 2,3-dioxygenase, cyclooxygenase enzymes, and 

prostaglandin E2 (17, 55, 72, 73). The lack of suitable in vitro and in vivo models for testing 

human FRC efficacy in sepsis prevents direct tests of its efficacy at this point, particularly 

because human FRCs do not conduct effective immunological crosstalk with mouse 

parenchymal and hematopoietic cells, hindering the use of xenograft models.

Rodent models of sepsis have come under scrutiny because of a lack of effective sepsis 

drugs arising from such research. Microarray data suggest that rodents receiving low doses 

of LPS do not recapitulate the transcriptional changes that humans exhibit in response to low 

doses of LPS (74). However, severe models of murine sepsis and endotoxemia do exhibit 

many key features of the pathological immune response long reported in humans, including 

an uncontrolled cytokine storm led by high systemic production of TNFα, IL-6, and IL-1. 

These cytokines activate platelets and induce disseminated intravascular coagulation and 

systemic loss of endothelial cell integrity, which in turn induces loss of blood pressure, 

followed by hypoxic organ damage and high mortality. Among other criticisms [recently 

presented by (75)], none of these hallmarks are induced by the low doses of LPS used in 

(74), rendering interpretation of the model difficult. Despite important and acknowledged 

differences between mice and humans, preclinical testing in rodent models remains critical 

to sepsis research because of the immense difficulties inherent in recapitulating the complex 

systemic response to sepsis in vitro. Testing in multiple models and mouse strains and use of 
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clinically relevant treatment regimens are prudent if we hope to increase translation of 

therapies to large animal models and human subjects.

Deaths from sepsis are reaching crisis point: the mortality rate is high, and overall incidence 

is increasing as a result of the current growth in aging populations and increasing rates of 

surgical intervention, type II diabetes, and antibiotic resistance (76–78). Our results support 

the notion that FRC-based therapy warrants further study and may represent a new, 

multifactorial intervention for sepsis.

MATERIALS AND METHODS

Study design

The aim of this study was to evaluate FRC treatment in models of sepsis and endotoxemia in 

mice. FRC therapy was administered to injured mice that received standard of care in 

clinically relevant studies, with primary endpoints being survival and secondary endpoints 

as serology, cytometry, and bacteriology analysis of animals at an interim time point. All 

studies were powered to achieve a >25% benefit in the endpoints stated. Subjects were 

randomly assigned to experimental groups, and external testing of samples collected from 

the studies was analyzed by blinded core facility technicians. All studies had several internal 

replicates of each experimental group and were replicated through at least two independent 

trials as described in the figure legends. FRCs provided a significant improvement in 

primary and many secondary endpoints in these efficacy studies.

Mice

Female C57BL/6 and BALB/c mice aged 4 to 6 weeks were obtained from The Jackson 

Laboratory or bred in-house at Monash University Animal Research Laboratories; 18- to 24-

month female C57BL/6 mice were aged in-house. Nos2−/− mice backcrossed to a C57BL/6 

background (strain name: B6.129S2-Nos2tm1MrI N12) and wild-type littermates were from 

Taconic. All mice were specific pathogen–free and cared for in accordance with institutional 

and National Institutes of Health (NIH) guidelines. Mice were acclimated to new housing 

conditions for a minimum of 5 days before experimentation. Experiments were conducted 

with approval of the Research Animal Care subcommittees at Massachusetts General 

Hospital or Dana-Farber Cancer Institute, or the Monash University Animal Welfare 

Committee.

FRC isolation and ex vivo expansion

Mouse lymph nodes (inguinal, axillary, brachial, cervical, and mesenteric) were pooled and 

digested as described (21), using 5 ml of enzyme mix containing collagenase P (0.2 mg/ml) 

(Roche), deoxyribonuclease I (0.1 mg/ml) (Invitrogen), and Dispase (0.8 mg/ml) (Roche) at 

37°C for 15 min. Tissues were agitated, medium was collected, and the digestion mix was 

replaced. This proceeded for 50 to 60 min, when lymph nodes were completely digested. 

Single-cell suspensions were recovered by centrifugation and cultured in α-MEM (minimum 

essential medium) with 10% batch-selected fetal bovine serum (FBS) and 1% penicillin/

streptomycin. Cultures were washed after 48 hours and allowed to expand for one to two 

passages before use. Cells were washed with phosphate-buffered saline (PBS) to remove 
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residual protein and harvested using 0.2% trypsin with 5 mM EDTA in PBS. FRCs were 

purified by MACS-depleting endothelial and hematopoietic cells as described to >95% 

purity (21). Where stated, FRCs were preincubated for 20 min with either anti-TNFRI 

blocking antibody (BioLegend, clone 55R-170) or isotype control (BioLegend, clone 

HTK888). Cells were washed three times in sterile PBS before injection into mice.

MSC isolation and expansion

Bone marrow was isolated from tibias and femurs and plated for MSC expansion according 

to standard methods (79). Briefly, marrows were gently dissociated in sterile α-MEM with 

10% batch-selected FBS and 1% penicillin/streptomycin before plating at a density of 2.6 × 

104 cells/mm2. Cells were grown until 80 to 90% confluent, then harvested using 0.2% 

trypsin with 5 mM EDTA in PBS, and subcultured for further expansion. Before use, MSCs 

were purified by MACS-depleting endothelial and hematopoietic cells as described for 

FRCs (21), according to the manufacturer’s instructions (Miltenyi Biotec). MSCs were used 

at passage 2.

Endotoxemia and sepsis induction

Endotoxemia was induced by administering LPS (O111:B4, Sigma) intraperitoneally at a 

dose of 350 μg in 100 μl of saline for 4- to 6-week-old mice weighing about 20 g (80), or 

150 μg in 100 μl of saline for aged mice weighing about 40 g. Sepsis was also induced using 

a modified CLP protocol with fluid resuscitation, as described (11). Briefly, mice were 

anesthetized using ketamine/xylazine, given sterile eye drops to protect vision, and incised 2 

cm vertically along the abdominal midline. Eighty percent of the cecum distal to the 

ileocecal valve was ligated using 4.0 sutures. The cecum was punctured twice with a 27-

gauge needle, and a drop of fecal matter was exuded before reinstating the cecum to the 

peritoneal cavity and suturing the muscle and skin closed. Mice were given 1 ml of saline 

subcutaneously. To mimic the clinical standard of care, all CLP-treated mice also received 

1.5 mg of ampicillin (Sigma) in saline subcutaneously once every 12 hours, beginning at the 

time of first FRC treatment, and maintained until the end of the experiment. Mice were 

monitored at four hourly intervals through critical stages of disease and euthanized at 

objective, predefined endpoints: loss of circulation to tail or feet, loss of responsiveness to 

stimuli, or with a breathing rate less than 120 breaths per minute. Survivors were monitored 

intensively for 72 hours after surgery and euthanized 96 hours after surgery. Where stated, 

mice were euthanized 16 hours after CLP for immunological analysis, histopathology, 

serology, or bacteriology.

FRC and MSC treatment of septic and endotoxemic mice

Ex vivo–expanded FRCs were washed twice in sterile PBS and resuspended at 1 × 107 

cells/ml. Mice received 1 × 106 cells in 100 μl of saline intraperitoneally at stated time 

points (either 4 or 16 hours after sepsis or endotoxemia induction).

Bacteriology

Peritoneal lavage fluid, or blood collected in 20 mM EDTA to prevent clotting, was serially 

diluted 10-fold in sterile saline, and a lawn culture was made on nutrient agar. Three to four 

Fletcher et al. Page 13

Sci Transl Med. Author manuscript; available in PMC 2015 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dilutions were plated per mouse in triplicate, and plates were incubated at 37°C. Colonies 

were counted after 16 hours, and average CFUs per milliliter of blood or lavage fluid were 

calculated per mouse.

Quantification of cytokines

TNFα, IL-6, MCP-1, IL-17, IFN-γ, IL-1α IL-1β, and IL-10 were quantified from serum and 

peritoneal lavage samples using the Milliplex MAP Mouse Cytokine/Chemokine Panel 

(Millipore) and read on a Luminex MAGPIX instrument, and data were analyzed with 

Luminex xPONENT software. The detection limits for each cytokine were 1.0, 1.8, 5.3, 0.5, 

0.9, 5.1, 2.0, and 3.3 pg/ml, respectively. Measurements for all cytokines were performed 

according to protocols provided by the manufacturer.

Flow cytometry

Peritoneal lavage was made using 3 ml of sterile PBS injected into the peritoneal cavity, 

mixed well by palpitation, and then withdrawn using a syringe. Spleens were dissociated 

using 70-μm mesh and the plunger of a syringe. Blood was collected in 20 mM EDTA in 

PBS, with cells pelleted by centrifugation. Red blood cells for all cell preparations were 

lysed for 60 s using ACK lysis buffer (Fisher). Cells were then counted and stained for flow 

cytometry. Cells were stained for 20 min with antibodies against extracellular determinants 

at predetermined titrations and diluted in PBS with 1% heat-inactivated fetal calf serum and 

2.5 mM EDTA. For restimulation of cells from septic mice, cells were plated in 96-well flat-

bottom tissue culture plates for 5 hours in the presence of LPS (1 μg/ml) and GolgiStop (BD 

Biosciences) before being stained with extracellular antibodies, then fixed and 

permeabilized using the BD Biosciences Fix/Perm kit according to the vendor’s instructions, 

and then stained with anti-TNFα for 30 min. Antibodies used were as follows: CD11c-PE 

(phycoerythrin) (clone HL-3, BD Biosciences), F4/80-APC (allophycocyanin) (clone BM8, 

Invitrogen), Ly6G-PECy7 (clone RB6-8C5, BioLegend), CD11b-FITC (fluorescein 

isothiocyanate) (clone M1/70, eBioscience), TCRb-APC (clone H57-597, BD Biosciences), 

CD19-PE (clone 1D3, eBioscience), CD8a-FITC (clone 53-6.7, BD Biosciences), CD62L-

PECy7 (clone MEL-14, BioLegend), and anti-TNFα–PE (clone MP6-XT22, eBioscience). 

Annexin V and propidium iodide (PI) staining was made using the Annexin V Staining kit 

(BD Biosciences) according to supplied instructions. Data were acquired using a FACSAria 

IIU or FACSCalibur (both BD Biosciences) and analyzed using FlowJo (Tree Star).

Tracking FRCs

For tracking via bioluminescent imaging, 1 × 106 purified FRCs were intraperitoneally 

injected into mice 4 hours after LPS injury. Mice received an intraperitoneal injection of 4.5 

mg of luciferase substrate (Molecular Imaging Products) solution before imaging. The 

bioluminescent signal was measured in anesthetized mice on an IVIS 100 imaging system 

(Caliper Life Sciences) until a peak signal was reached. Data are expressed as photons/

second per cm2. For flow cytometric tracking, 1 × 106 purified FRCs were labeled with anti-

gp38 (BioLegend, clone 8.1.1) and anti-CD90 (BD Biosciences, clone 30. H12), washed 

three times, and then intraperitoneally injected into mice 4 hours after LPS injury. Mice 

were humanely killed at stated time points after cell transfer. Blood was collected in 0.5 M 

EDTA to prevent clotting. Spleen was dissociated using the frosted ends of glass slides. Cell 
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preparations were stained with CD45 (BD Biosciences, clone 30. F11) to exclude 

hematopoietic cells and reduce signal-to-noise ratio, acquired on a FACSCalibur (BD 

Biosciences), and analyzed using FlowJo (Tree Star).

Phagocytosis assay

FRCs (1 × 105) were cultured in a 96-well flat-bottom culture plate overnight to adhere. 

Splenocytes (1 × 106) were added, with pHrodo Red–labeled E. coli conjugate (Molecular 

Probes) in the provided buffer, according to the manufacturer’s instructions, for 30 min at 

37°C or on ice. Cells were analyzed using flow cytometry. Histograms are gated on CD11b+ 

cells and represent two independent experiments.

Microarray analysis

Lymph node stromal cells were isolated from 4- to 6-week-old C57BL6/J mice and then ex 

vivo–expanded and purified as described above. Purified FRCs were recultured for 2 days to 

recover. FRCs from two independent cultures were harvested and lysed, RNA was purified, 

and Affymetrix MoGene 1.0 ST arrays were used to generate expression profiles as 

described (23). Results were robust multiarray average (RMA)–normalized, log2-

transformed, and analyzed using GenePattern software as described (23). A post-normalized 

expression value of 120 was used to indicate gene expression.

Statistical analyses

Survival data were compared using the log-rank (Mantel-Cox) test. Normal distribution was 

not assumed, and flow cytometry, bacteriology, and protein analysis data were compared 

using a nonparametric two-tailed Mann-Whitney U test. As outlined in the figure legends, a 

one-tailed Mann-Whitney U test was performed when the directionality of a difference 

between groups was predicted on the basis of previous supported hypotheses. For all tests, 

an α threshold of 0.05 was used. Variance is depicted as either mean ± SD or mean ± SEM 

as described in the figure legends. Statistical analysis was performed using GraphPad Prism 

version 6.01 for Windows.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Therapeutically administered FRCs impart a survival benefit after LPS endotoxemia or 
CLP sepsis induction
In all experiments, stated groups received a single intraperitoneal dose of FRCs ex vivo 

expanded from sex-matched mice or saline (vehicle alone control). All CLP mice received 

standard of care, that is, antibiotics administered from the time of FRC administration and 

maintained throughout the experiment, and fluid resuscitation at the time of surgery. (A) 

Schematic timeline of experimental setup and analyses for LPS and CLP sepsis studies. LN, 

lymph node. (B) C57BL6 mice aged 4 to 6 weeks received 350 μg of LPS in saline 

intraperitoneally. Four hours later, mice received 1 × 106 syngeneic C57BL6-derived FRCs 

(n = 5), bone marrow MSCs (n = 7), or vehicle (saline, n = 5) intraperitoneally and were 

monitored for survival. (C) Aged C57BL6 mice (18 to 24 months age-matched between 

groups) received 150 μg of LPS intraperitoneally, and 4 hours later, this was followed by a 

single intraperitoneal injection of 1 × 106 syngeneic FRCs derived from 4- to 6-week-old 

C57BL6 mice (n = 6) or vehicle (saline, n = 10). Mice were monitored for survival. (D) CLP 

sepsis was induced in C57BL6 mice aged 4 to 6 weeks. Four hours later, mice received a 

single dose of 1 × 106 autologous FRCs (n = 5) or vehicle (saline, n = 13) intraperitoneally. 

(E) CLP sepsis was induced in BALB/c mice aged 4 to 6 weeks. Mice received a single dose 
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of allogeneic C57BL6-derived FRCs (n = 18), bone marrow MSCs (n = 7), or vehicle 

(saline, n = 21) intraperitoneally at 4 hours and were monitored for survival. (F) BALB/c 

mice aged 4 to 6 weeks received a single dose of 1 × 106 allogeneic C57BL6-derived FRCs 

(n = 9) or saline (n = 10) intraperitoneally 16 hours after CLP surgery. Mice were monitored 

for survival. All data depict a minimum of two independent experiments. The log-rank 

(Mantel-Cox) test was used to test for significance. Arrows depict the time of cell 

administration.
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Fig. 2. FRC treatment of CLP sepsis inhibits bacteremia in vivo
BALB/c mice aged 4 to 6 weeks received CLP sepsis, followed 4 hours later by 

intraperitoneal injection of a single dose (1 × 106) of allogeneic C57BL6-derived FRCs or 

saline (vehicle alone control). Nonseptic untreated mice are also shown. Septic mice 

received standard of care, including antibiotics administered from the time of FRC treatment 

and fluid resuscitation after surgery. (A and B) Peritoneal lavage (A) and blood samples (B) 

were taken 16 hours after surgery. Bacterial colony-forming units (CFUs) were calculated 

from serially diluted samples of (A) peritoneal lavage fluid and (B) blood. Mean ± SEM is 

shown. Peritoneal samples: n = 4 untreated, n = 5 saline-treated, n = 5 FRC-treated. Blood 

samples: n = 5 untreated, n = 6 saline-treated, n = 10 FRC-treated. Data depict three to five 

different experiments. Statistical analysis was performed using the Mann-Whitney U test, 

comparing saline- versus FRC-treated groups. NS, not statistically significant.
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Fig. 3. FRCs are retained in the peritoneum
(A) Mice received 350 μg of LPS 4 hours before intraperitoneal injection of 1 × 106 

allogeneic FRCs. Mice then received 4.5 mg of luciferin intraperitoneally and were imaged 

every 5 min for 45 min or until peak luminescence was reached. The maximum 

luminescence for each mouse over the imaging period was then recorded. The same 

maximum and minimum acquisition settings were used for all time points. Images depict 

FRC luminescence and localization in anesthetized recipient mice over time. Two mice most 

closely representing the group average are depicted (n = 5 mice per group). (B) Maximum 

luminescence over the imaging period was recorded for each mouse at each time point. Bars 

represent mean ± SEM (n = 3 mice per experiment). (C and D) Mice received 350 μg of 

LPS 4 hours before intraperitoneal injection of 1 × 106 allogeneic antibody-labeled FRCs or 

saline (no stroma control). Blood (C) and spleen (D) were harvested after 1 h, 8 h, or 24 h. 

Donor FRCs were identified using flow cytometry. n = 2 (no stroma), n = 3 (1 h time point), 

n = 3 (8 h time point), n = 3 (24 h time point). Bars represent mean ± SEM.
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Fig. 4. FRCs do not alter peritoneal immune cell migration or effector function
(A) RNA was extracted from two independent purified FRC cultures and sent for cDNA 

microarray analysis. The heat map measures selected chemokines, depicted as log2 of the 

mRNA expression value (EV). Log2EV of 6.9 represents the post-normalization threshold 

for expression. Dark blue represents nonexpression, whereas light blue, pink, and red depict 

increasing levels of expression. (B) BALB/c mice aged 4 to 6 weeks received CLP sepsis, 

followed 4 hours later by intraperitoneal injection of a single dose (1 × 106) of allogeneic 

C57BL6-derived FRCs or saline (vehicle alone control). Results with nonseptic untreated 

(healthy) mice are also shown. Septic mice received standard of care, including antibiotics 

administered from the time of FRC treatment and fluid resuscitation after surgery. Peritoneal 

lavage samples were taken 16 hours after surgery. Peritoneal lavage leukocyte counts are 

shown along with means (bars) ± SEM (n = 4 untreated, n = 6 saline-treated, and n = 7 FRC-

treated mice). (C and D) Two myeloid cell subsets (%) in peritoneal lavage fluid are shown 

[n = 9 mice for untreated (black), n = 9 mice for saline-treated (light gray), and n = 10 mice 

for FRC-treated (dark gray) groups]; results are from three to four independent experiments. 

(E) B and T lymphocyte subsets (%) from peritoneal lavage fluid are shown (n = 9 for 

untreated, n = 9 for saline-treated, and n = 10 for FRC-treated mice; results are from three to 

four independent experiments). **P < 0.01, ***P < 0.001, ****P < 0.0001, untreated 

compared to FRC-treated mice, using the Mann-Whitney U test. (F) Splenocytes and 
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purified mouse FRCs were cocultured with pHrodo Red–labeled E. coli conjugates for 30 

min at 37°C (gray) or on ice (white). Cells were analyzed using flow cytometry. Histograms 

depict the percentage of CD11b+ cells that are pHrodo Red–positive. Histograms represent 

two independent experiments. NS, not significantly different.
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Fig. 5. FRC treatment prevents sepsis-associated reduction in splenic leukocyte populations
BALB/c mice aged 4 to 6 weeks received CLP sepsis, followed 4 hours later by a single 

dose (1 × 106) of allogeneic C57BL6-derived FRCs or saline (vehicle alone control). Results 

for nonseptic untreated (healthy) mice are also shown. Septic mice received standard of care, 

including antibiotics administered from the time of FRC treatment and fluid resuscitation 

after surgery. Sixteen hours after CLP, mice were humanely killed, blood and spleens were 

harvested for flow cytometric assessment, and results were compared to untreated 

(nonseptic) controls. (A) Percentage of CD11c+ and F4/80+ myeloid subsets from blood [n = 

4 mice for untreated (black) and saline-treated (light gray) groups; n = 5 mice for FRC-

treated (dark gray) group]. (B) Expression of Gr1 and CD11b on F4/80−CD11c− leukocytes 

isolated from blood (n = 9 mice for the untreated, saline-treated, and FRC-treated groups). 

(C) Percentage of T and B cells in blood (n = 9 untreated, n = 8 saline-treated, and n = 10 

FRC-treated groups). (D) Total number of spleen cells (n = 6 mice for untreated and n = 7 

mice for saline- and FRC-treated groups). (E) Percentage of apoptotic (annexin V+PI−) 

splenocytes (n = 5 mice for untreated, saline-treated, and FRC-treated groups). (F) 

Expression of Gr1 and CD11b on F4/80−CD11c− leukocytes isolated from spleens (n = 4 

mice for untreated and saline-treated groups and n = 5 mice for the FRC-treated group). Bars 

depict means ± SEM and represent at least two independent experiments. Statistical 

significance was assessed using a two-tailed Mann-Whitney U test for nonparametric data. 

NS, not statistically significant.
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Fig. 6. Survival effects of FRC therapy are dependent on NOS2
BALB/c mice aged 4 to 6 weeks received CLP sepsis, followed 4 hours later by 

intraperitoneal injection of a single dose (1 × 106) of allogeneic C57BL6-derived FRCs (n = 

18), NOS2−/− FRCs (n = 9), or saline (vehicle alone control, n = 10). Results with untreated 

(nonseptic) mice are shown for comparison. Septic mice received standard of care, including 

antibiotics administered from the time of FRC treatment and fluid resuscitation after 

surgery. (A) Mice were monitored for survival, and the groups were compared for 

statistically significant differences using the log-rank (Mantel-Cox) test. Data represent a 

minimum of two independent experiments. (B) Serum and peritoneal lavage samples were 

taken 16 hours after CLP surgery. Bacterial CFUs were calculated from serially diluted 

samples of blood and peritoneal lavage. Means ± SEM are shown. Peritoneal samples: n = 4 

mice for the untreated group, n = 5 mice for the saline-treated group, n = 5 mice for the 

FRC-treated group, and n = 4 mice for the NOS2−/− FRC–treated group. Blood samples: n = 

5 mice for the untreated group, n = 6 mice for the saline-treated group, n = 10 mice for the 

FRC-treated group, and n = 4 mice for the NOS2−/− FRC–treated group. Data depict results 

from two to five experiments. Statistical analysis was performed using the Mann-Whitney U 

test, comparing saline- versus FRC-treated groups. (C) The percentage of apoptotic 

splenocytes was calculated from flow cytometric staining of samples taken 16 hours after 

CLP. *P < 0.05 for FRC-treated mice compared to untreated; ^^P < 0.01 for FRC-treated 

mice compared to saline-treated mice; $P < 0.05 for NOS2−/− FRC–treated mice compared 

to FRC-treated mice, all calculated using the Mann-Whitney U test. n = 5 mice for the 

untreated, saline-treated, and FRC-treated groups; n = 4 mice for the NOS2−/−FRC–treated 

group. NS, not statistically significant. Data depicted are from two independent experiments. 

For clarity of comparison, CLP-saline and CLP-FRC data points in this figure are also 

depicted in Figs. 1E, 2, and 5D. WT, wild type.
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Fig. 7. FRCs reduce expression of proinflammatory cytokines in the peritoneum and blood in a 
NOS2-dependent manner
BALB/c mice aged 4 to 6 weeks received CLP sepsis, followed 4 hours later by an 

intraperitoneal injection of a single dose (1 × 106) of allogeneic C57BL6-derived FRCs, 

NOS2−/− FRCs, or saline (vehicle alone control). Results for untreated (healthy nonseptic) 

mice are shown for comparison. Septic mice received standard of care, including antibiotics 

administered from the time of FRC treatment and fluid resuscitation after surgery. (A to L) 

Peritoneal lavage (PL) and blood samples were obtained 16 hours after CLP and analyzed 

using the Luminex multiplex platform, examining concentrations of (A) PL TNFα, (B) PL 
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IL-1α, (C) PL IL-1β, (D) IFN-γ, (E) IL-17, (F) IL-10, (G) blood TNFα, (H) blood IL-17, (I) 

blood IFN-γ, (J) blood IL-6, (K) blood MCP-1, and (L) blood IL-10. Bars represent means ± 

SEM. PL, all groups: n = 5 mice. Blood: n = 4 mice for untreated, saline-treated, and 

NOS2−/− FRC–treated groups; n = 5 mice for FRC-treated groups. The data shown are 

compiled from two independent experiments. Groups were compared using a one-tailed 

Mann-Whitney U test for nonparametric data. NS, not significantly different.
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