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TNF and CD28 signaling play unique but complementary roles in 
the systemic recruitment of innate immune cells after 
Staphylococcus aureus enterotoxin A inhalation1

Julia Svedova, Naomi Tsurutani2, Wenhai Liu, Kamal M. Khanna, and Anthony T. Vella3

The Department of Immunology, School of Medicine, UConn Health, 263 Farmington Ave, 
Farmington CT

Abstract

Staphylococcus aureus enterotoxins cause debilitating systemic inflammatory responses, but how 

they spread systemically and trigger inflammatory cascade is unclear. Here, we showed in mice 

that after inhalation, Staphylococcus aureus enterotoxin A rapidly entered the bloodstream and 

induced T cells to orchestrate systemic recruitment of inflammatory monocytes and neutrophils. 

To study the mechanism used by specific T cells that mediate this process, a systems approach 

revealed inducible and non-inducible pathways as potential targets. It was found that TNF caused 

neutrophil entry into the peripheral blood, while CD28 signaling, but not TNF, was needed for 

chemotaxis of inflammatory monocytes into blood and lymphoid tissue. However, both pathways 

triggered local recruitment of neutrophils into lymph nodes. Thus, our findings revealed a dual 

mechanism of monocyte and neutrophil recruitment by T cells relying on overlapping and non-

overlapping roles for the non-inducible costimulatory receptor CD28 and the inflammatory 

cytokine TNF. During sepsis, there might be clinical value in inhibiting CD28 signaling to 

decrease T cell-mediated inflammation and recruitment of innate cells while retaining bioactive 

TNF to foster neutrophil circulation.

Introduction

Staphylococcus aureus (S. aureus) is a part of normal human flora colonizing skin, 

nasopharynx and most commonly the anterior nares of the nose in almost 30% of the general 

population (1). A recent epidemiological study showed that Gram-positive bacteria were 

found in 47% of intensive care unit patients with an infection, with S. aureus present in 20% 

of positive cultures (2). Infection and related sepsis are one of the leading causes of death in 

the United States (3). Sepsis, characterized as systemic inflammatory response syndrome 

(SIRS) with a known or suspected infection, is a result of a dysregulated immune response, 

commonly accompanied by an uncontrolled release of cytokines that can lead to systemic 
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tissue injury, shock and even death (4). Methicillin-resistant S. aureus is particularly well 

spread in hospital settings and is associated with key virulence factors that may contribute to 

the severity and rapidity of sepsis (5). One such virulence factor is superantigens, such as S. 
aureus enterotoxins. These are heat resistant proteins that bypass classical antigen 

processing and presentation to mediate powerful oligoclonal T cell receptor Vβ chain-

specific responses (6, 7) leading to toxic shock syndrome and potentially death (8–11).

A recent study showed that the presence of an enterotoxin was essential for the lethality of 

S. aureus-induced sepsis in rabbits (12). In addition, superantigens can synergize with TLR4 

or TLR2 agonists and enhance the inflammatory response and the induction of lethal shock 

in mice (13, 14). Superantigens have been found in blood of septic patients and their 

prevalence, in particular prevalence of S. aureus enterotoxin A (SEA), was correlated with 

severity of infection (15–17). Therefore, it is likely that the presence of S. aureus 
enterotoxins drives or at least significantly exacerbates the inflammatory response in septic 

patients. It is still unclear, however, how S. aureus enterotoxins spread systemically 

especially in cases of an unknown entry point and how they trigger both adaptive and innate 

immunity to propagate systemic inflammation.

Mice exposed to S. aureus enterotoxins reproduce several important hallmarks of SIRS/

sepsis in humans, including a rapid-onset immune response with a robust cytokine release 

(7, 18) and an immunosuppression/anergy phase (19–21) similar to the compensatory anti-

inflammatory response syndrome (CARS) that often occurs in septic patients (22). 

Furthermore, SEA inhalation also recapitulates a common complication in sepsis, acute lung 

injury. The lungs of exposed mice show elevated proteins, presence of red blood cells and 

increased levels of cytokines (23, 24). Using the SEA model of SIRS, we sought to study 

systemic immune responses occurring immediately after SEA administration. The 

pulmonary SEA challenge resulted in a rapid release of monocytes and neutrophils to blood 

and their accumulation in lymphoid tissues. Remarkably, this inflammatory innate cell 

migration was dependent on the presence of T cells. In particular, the systemic recruitment 

of monocytes and neutrophils was dually regulated by T-cell based CD28 signaling and the 

inflammatory cytokine TNF.

Materials and Methods

Mice

C57BL/6J male mice and TCR βδ−/− mice were obtained from Jackson Laboratory (Bar 

Harbor, Maine) and used between 6 and 16 weeks of age. All mice were kept in the Central 

Animal Facility at UConn Health in accordance with federal guidelines.

Immunization, therapy, and flow cytometry

Mice were immunized intranasally (i.n.) with 1 μg of SEA (Toxin Technology, Sarasota, FL) 

and the adaptive T cell transfer into TCR βδ−/− mice were conducted as previously reported 

(23, 25). Specifically, ~3.5×106 C57BL/6J spleen and lymph nodes (LNs) nylon wool 

enriched T cells were transferred i.v. into TCR βδ−/− mice.
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For neutralization therapy experiments, mice received an i.p. injection of the following 

agents diluted in PBS: 200 μg of CTLA4-Ig or mouse IgG, 500 μg of anti-TNF (clone 

XT3.11) or rat IgG, 200 μg of anti-4-1BBL (clone TKS-1) or rat IgG2a, anti-CD40L (clone 

MR1) or hamster IgG. Two hours later, they were challenged with SEA i.n. Blood and LNs 

were harvested 4 h after SEA inhalation. Murine CTLA4-Ig was a kind gift from Dr. Robert 

Mittler (Department of Surgery and Emory Vaccine Center, Emory University, Atlanta, GA). 

Mouse IgG was from Sigma-Aldrich (St. Louis, MO). The other antibodies and their isotype 

controls were obtained from Bio X Cell (Lebanon, NH).

For flow cytometry, the following fluorochrome-conjugated antibodies were used: anti-CD3 

clone 145-2C11, anti-CD19 clone 1D3, anti-CD8a clone 53-6.7, B220 clone RA3-6B2, anti-

NK1.1 clone PK136, anti-CD49b clone DX5, anti-Ly6G clone 1A8, anti-CD11c clone HL3, 

anti-Vβ3 clone KJ25, anti-Vβ14 clone 14-2, anti-CD25 clone PC61 (BD Biosciences, San 

Jose, CA), anti-Ly6C clone HK1.4, anti-CD11c clone N418, anti-MHC II clone 

M5/114.15.2, anti-CD69 clone H1.2F3, anti-CD103 clone 2E7 (eBioscience, San Diego, 

CA) and anti-CD11b clone M1/70 (BD Biosciences or eBioscience). Antibody-stained 

positive cells were determined with corresponding isotype controls. Live cell gate was 

determined using LIVE/DEAD® Fixable Blue Dead Cell Stain Kit (Life Technologies, 

Grand Island, NY). Surface staining for flow cytometry was performed as described 

previously (25). Briefly, LNs and spleen were crushed and passed through a 100-μm strainer 

(Falcon/BD Biosciences). Peripheral blood was collected into balanced salt solution (BSS) 

containing heparin (Sigma-Aldrich). Bone marrow (BM) was flushed out with BSS from 

one femur and tibia and passed through a 100-μm strainer. Spleen, BM and blood cells were 

treated with ammonium chloride solution to lyse RBCs. Single cell suspensions were 

counted with Z1 particle counter (Beckman Coulter, Brea, CA). Unspecific binding was 

blocked with FcR blocking solution (culture supernatant from 2.4.G.2 hybridoma, 5% 

mouse serum (Sigma-Aldrich), 10 μg/mL human IgG (Sigma-Aldrich), 0.1% sodium azide) 

and stained with antibodies and LIVE/DEAD stain for 30–45 min on ice. Flow cytometry 

was performed using a FACS-LSRII (BD Biosciences) and the data was analyzed with 

FlowJo software (Tree Star, Ashland, OR).

Cell sorting

For T cell sorting, LNs (cervical, mediastinal, axillary, brachial, inguinal, and mesenteric) 

were collected and processed as described above. For sorting of dendritic cells (DCs), the 

LN tissue was digested with collagenase solution (150 U/mL collagenase (Sigma-Aldrich), 

2% FBS in MEM) for 30 min at 37°C and 5% CO2. After tissue digestion, 100 μL of 0.1M 

EDTA in PBS per 1 mL of collagenase solution was added. The tissue was then passed 

through a 100-μm strainer and washed in 5 mM EDTA and 2% FBS Ca2+/Mg2+ free BSS. 

After FcR blocking and antibody staining, cells were sorted with FACS Aria (BD 

Biosciences). The purity was typically ~98% (relative to live cells gate).

Co-culture assays

To obtain naïve T cells, spleen and LNs were harvested from a naïve mouse and processed 

as described above. To enrich the population of Vβ3+ T cells, the cells were depleted using 

anti-B220 clone RA3-6B2, anti-NK1.1 clone PK136, anti-Vβ2 clone B20.6, anti-Vβ4 clone 
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KT-4, anti-Vβ5.1,5.2 clone MR9-4, anti-V6β clone RR4-7 and anti-Vβ8 clone F23.1 biotin-

conjugated antibodies (eBioscience and BD Biosciences) and anti-biotin magnetic beads 

(Miltenyi Biotec Inc, Auburn, CA). For co-culture of T cells with serum or blood cells, tail 

blood was obtained 10 or 30 min after SEA or vehicle inhalation into either heparin-

containing BSS or serum separator tubes (BD Biosciences). Blood cells were processed as 

described above. Next, the enriched T cells (100,000/well) were incubated with either cells 

derived from the blood (25,000/well) or the isolated serum (diluted 1:4 in culture medium) 

overnight at 37°C and 5% CO2. For co-culture of T cells with DC subpopulations, LNs 

(mediastinal, cervical, axillary, brachial, inguinal) were collected 40 min after SEA or 

vehicle inhalation and processed as described above. The cells were enriched for DCs by 

depleting B220+ and Thy1.2+ cells using Dynabeads (Life Technologies), stained and sorted. 

The sorted DC subpopulations (5,000/well) were incubated with naïve enriched T cells 

(20,000/well) overnight at 37°C and 5% CO2. After the culture, supernatants were collected 

to measure IL-2 concentration by ELISA (BD Biosciences) and the cells were washed and 

stained for flow cytometry as described above.

IL-6 ELISA and multiplex assay

To determine the level of IL-6 in serum, tail blood was collected into serum separator tubes 

(BD Biosciences). The isolated serum was stored at −80°C. IL-6 ELISA was conducted 

according to manufacturer’s instruction (BD Biosciences). For the multiplex assay, LNs 

were isolated from mice 4 or 16 h after SEA or vehicle exposure. The tissue was placed in 

MagNA Lyser green beads tubes (Roche, Basel, Switzerland) filled with 400 μL PBS 

containing Protease Inhibitor Cocktail (Sigma-Aldrich) and lysed using MagNA Lyser 

Instrument (Roche) at 6,000 rpm for 1 min. The lysates were stored in −80°C. Chemokine 

and cytokine expressions were measured with customized Luminex®-based multiplex assay 

(EMD Millipore, Billerica, MA). The expression of individual chemokines and cytokines 

was normalized to the protein concentration measured by the Pierce BCA protein assay kit 

(Thermo Scientific, Rockford, IL).

Quantitative real-time PCR and RNA sequencing

For quantitative RT-PCR (qRT-PCR) analyses of the whole tissue, LNs from SEA or vehicle-

exposed mice were removed, frozen on dry ice and stored at −80°C. To acquire RNA, the 

whole tissue was snap-frozen in liquid nitrogen and crushed into powder. The total RNA was 

isolated from the LN tissue or cells with RNeasy Mini Kit (Qiagen, Valencia, CA) and 

converted to cDNA using iScript cDNA Synthesis Kit (Biorad, Hercules, CA). mRNA 

expression level of target genes and the endogenous control gene β-actin were assessed by 

qRT-PCR using Taqman primers (Life Technologies) and a CFX96 RT-PCR instrument 

(Biorad). Each sample was run in duplicate and the gene expression was normalized to β-
actin using the standard curve method.

For RNA sequencing, total LN cells (isolated from cervical, mediastinal, axillary, brachial, 

inguinal, and mesenteric LNs) were collected 40 min after SEA or vehicle inhalation. The 

cells were sorted and mRNA was acquired as described above. Total RNA was sequenced 

(Otogenetics, Norcross, GA) and transcriptomes from SEA Vβ3+ T cells were compared to 

transcriptomes from vehicle Vβ3+ T cells and SEA Vβ14+ T cells(control groups). Genes in 
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SEA Vβ3+ cells that were downregulated (log2 fold change ≤ −1.5) or upregulated (log2 fold 

change ≥ +1.5) compared to control groups in all three experiments were selected. The 

selected list of genes was further examined and any genes with inconsistent or close to zero 

expressions removed. Gene expressions patterns in the selected genes were analyzed using 

Gene set enrichment analysis (GSEA, Broad Institute, Cambridge, MA). The following gene 

set databases were used: h.all.v5.0.symbols.gmt and c5.all.v5.0.symbols.gmt (http://

www.broadinstitute.org/gsea/msigdb/index.jsp). To construct heat maps, gene expressions 

were corrected to log2 and processed using GENE-E software (Broad Institute). The RNA 

sequencing data can be viewed online (http://www.ncbi.nlm.nih.gov/geo/; accession number: 

GSE76190).

Confocal microscopy

Whole LN tissue was fixed in periodate-lysine-paraformaldehyde solution (1 μM sodium 

periodate, 75 mM L-lysine, 1% paraformaldehyde in phosphate buffer) at 4°C overnight. 

The LNs were washed in phosphate buffer and left in 30% sucrose at 4°C overnight. The 

tissue was frozen in OCT and stored at −80°C. The frozen tissue was cut into 20 μm-thick 

sections with LEICA CM1850 cryostat (Leica Biosystems, Buffalo Grove, IL) and the 

sections were stored at −20°C. For antibody staining, the sections were firstly blocked for 

unspecific binding using a staining buffer (either 2% FBS in PBS or 2% FBS, 2% goat 

serum, 0.5% FcR blocking solution, 0.05% Tween-20, 0.3% Tritone-X100 in PBS) for 1 h at 

room temperature and then stained with primary antibodies diluted in the staining buffer for 

1 h at room temperature. The sections were examined with Zeiss LSM780 confocal 

microscope (Zeiss, Oberkochen, Germany). Inflammatory innate immune cells were 

identified by V450-conjugated anti-CD11b clone M1/70 (BD Biosciences) and DyLight 

488-conjugated anti-Ly6B.2 clone 7/4 (labeled as 7/4; Novus Biologicals, Littleton, CO). B 

cell follicles were determined with Pacitic Orange-conjugated anti-B220 clone RA3-6B2 

(Life Technologies). The images represent confocal z-stack projections, which were 

acquired using 20×/0.8 numerical aperture objective. Image analysis, including adjustment 

for contrast and brightness and cellular quantification, was done with Imaris software 

(Bitplane, Zurich, Switzerland).

Statistical analysis

The two-tailed Student’s unpaired t-test was used to evaluate statistical significance 

(P<0.05). All statistical tests were performed using Prism-GraphPad (La Jolla, CA) and 

Microsoft Excel.

Results

Systemic recruitment of monocytes and neutrophils is observed rapidly after SEA 
inhalation

SEA inhalation results in alveolitis characterized by increased protein content, presence of 

RBCs, secretion of cytokines, and accumulation of monocytes and neutrophils (23, 25). The 

local lung response is coincident with an expansion of SEA-specific T cells in all lymphoid 

tissues (23). To understand how SEA inhalation causes a systemic response, serum and 

blood cells were isolated immediately after SEA or vehicle challenge and incubated with 
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enriched naïve T cells. Cells derived from blood after SEA or vehicle inhalation and serum 

from vehicle mice did not affect T cell activation (Fig 1A and B; data not shown). However, 

serum obtained only 10 min after SEA inhalation was able to activate SEA-specific Vβ3+ T 

cells to express CD69 and CD25 while having little effect on bystander Vβ14+ T cells (Fig 

1A and B). The same type of response was observed when the naïve T cells were incubated 

with SEA (data not shown). Finally, only T cells co-cultured with serum from SEA mice 

produced IL-2 (Fig. 1C). Thus, SEA can rapidly enter the bloodstream after inhalation in 

sufficient quantities to activate T cells.

The rapid spread of the enterotoxin after inhalation through blood posed the question of 

whether the systemic inflammatory response to SEA was accompanied by a common 

hallmark of SIRS and sepsis, blood leukocytosis (4). To test if SEA inhalation mediates 

systemic circulation of innate immune cells, mice were challenged with SEA or vehicle 

alone and then the peripheral blood cells were analyzed for the presence of monocytes or 

neutrophils. Inflammatory monocytes were identified as CD3−CD19−CD11b+Ly6G−Ly6Chi 

while neutrophils were identified as CD3−CD19−CD11b+Ly6G+Ly6C+ (Suppl. Fig. 1A). 

The percent of neutrophils in blood increased 6.4-fold 2 h after SEA challenge compared to 

vehicle while there was no relative increase in monocytes (Fig. 2A). Nevertheless, both 

populations were increased 4 h after SEA inhalation. SEA-based inflammation is dependent 

on T cells, which are found in lymphoid tissues (23). Therefore, it was hypothesized that the 

circulating inflammatory innate cells would migrate to the LNs and spleen. Indeed, the 

percent of inflammatory monocytes and neutrophils at 4 h after SEA inhalation was 

increased in spleen, mediastinal, cervical, and non-draining LNs compared to vehicle control 

(Fig. 2B). Inflammatory monocytes remained elevated at 12 h whereas the percent of 

neutrophils decreased to the level of vehicle-treated mice. Like percentages, the same trends 

were observed when assessing the absolute numbers of inflammatory monocytes and 

neutrophils (Suppl. Fig. 1B). The recruited monocytes likely originated from the BM 

because there was a depletion of BM inflammatory monocytes reaching over 50% reduction 

compared to the vehicle control by 4 h after SEA inhalation (Fig. 2C). Interestingly, SEA 

challenge caused only a small decline in the number of BM neutrophils. In sum, SEA 

inhalation resulted in rapid systemic recruitment of monocytes and neutrophils to blood and 

lymphoid tissues.

The recruitment of innate immune cells after SEA inhalation is guided by T cells to the T 
cell zone of the LNs

SEA inhalation induces monocyte and neutrophil migration to lungs in a T cell dependent 

manner (25). To determine the role of T cells in the systemic recruitment of innate immune 

cells to blood and LNs, TCR βδ−/− mice, that lack both αβ and γδ T cells, received 

C57BL/6J T cells or nothing and subsequently, they were i.n. challenged with SEA or 

vehicle. In the absence of T cell transfer, cervical LNs and blood from SEA-treated mice 

showed no difference in accumulation of monocytes or neutrophils compared to the vehicle 

group (Fig. 3). However, SEA-challenged TCR βδ−/− mice that received T cells had 

significant increases in the percent of both monocytes and neutrophils compared to vehicle 

alone (Fig. 3). Thus, T cells were required to trigger the systemic recruitment of 

inflammatory innate immune cells to blood and LNs after inhalation of SEA.
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Migration of neutrophils and monocytes to LNs was previously reported (26–32). However, 

while some studies showed that following an infection or antigen challenge, neutrophils 

were recruited to the subcapsular sinus (26, 29), others found innate immune cells in the T 

cell zone (30, 32). To determine where the recruited cells accumulated, cervical LNs were 

collected 1, 2, and 4 h after SEA inhalation and examined by confocal microscopy. 

Inflammatory innate immune cells (CD11b+7/4+) were detected in the LNs as early as 2 h 

after SEA but not in the vehicle control (Fig. 4A). By 4 h, the quantity of inflammatory 

innate immune cells increased even further, which was confirmed by enumerating 7/4+ cells 

per field (Fig. 4B). Importantly, the recruited cells were primarily in the T cell zone of the 

LNs whereas the few inflammatory cells in the vehicle alone mice were mostly located in 

the subcapsular sinus and B cell follicles (Fig. 4C). These findings demonstrate that SEA 

inhalation induced recruitment of monocytes and neutrophils particularly to the T cell zone 

in the LNs where the SEA-specific T cells become activated.

SEA inhalation triggers a rapid release of specific chemokines by both T cells and 
dendritic cells

Monocyte and neutrophil migration can be driven by a number of chemokines (33–35). To 

understand which chemotactic factors might play a role in the systemic recruitment of 

monocytes and neutrophils, total RNA was isolated from draining LNs (cervical and 

mediastinal) to assess the expression of various chemokine genes. Compared to vehicle, 

expression of multiple chemotactic factors increased as early as 1 h after SEA inhalation 

(Suppl. Fig. 2A). Interestingly, mRNA levels of chemokines particularly important for the 

recruitment of neutrophils and monocytes – Cxcl1, Cxcl2, Ccl2, Ccl3, Ccl4, and Ccl7 (33, 

35) showed a rapid increase in expression peaking at 2 h (Suppl. Fig. 2A; clear bar graphs). 

To validate these findings, LN lysates were examined for the protein levels of these 

chemokines by a multiplex assay. Multiple chemokines were significantly elevated 4 h after 

SEA inhalation, including 38-fold for CXCL1, 792-fold for CXCL2, 53-fold for CCL2, 46-

fold for CCL3 and 92-fold for CCL4 (Suppl. Fig. 2B). Nevertheless, the increased 

chemokine levels were transient because by 16 h after SEA challenge, they were already 

decreasing. In addition, the expression of chemotactic factors was systemic as SEA 

challenge caused a similar increase in chemokine levels in draining LNs, peripheral LNs, 

and mesenteric LNs (data not shown). We previously showed that SEA-activated αβ T cells 

directed γδ T cells to release IL-17, which contributed to the recruitment of neutrophils to 

lungs after SEA inhalation (25). Therefore, we assayed for IL-17, but only a small increase 

was detected in the LN lysates of the SEA group compared to vehicle (Suppl. Fig. 2B, 

bottom panel).

Because SEA can directly crosslink MHC class II (MHC II) molecules on antigen-

presenting cells and Vβ chains of the TCR (36), we hypothesized that DCs and T cells were 

an important source of chemokines recruiting monocytes and neutrophils. Therefore, 

Lin−CD11c+MHC II+ DCs were sorted and the relative expression of chemokines was 

determined. DCs from SEA-challenged mice upregulated Cxcl1 and Cxcl2 mRNA levels but 

not Ccl3 and Ccl4 compared to DCs from the vehicle group (Fig. 5A). Interestingly, SEA-

activated Vβ3+ T cells but not bystander Vβ14+ T cells substantially expressed Ccl3 and 

Ccl4, in particular, 680-fold and 738-fold increases compared to vehicle, respectively (Fig. 
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5B). DCs are heterogeneous and thus, to understand if a specific subset was critical, 

CD11clowMHC IIhi migratory DCs and CD11chiMHC IIlow resident DCs (37, 38) were 

sorted (Fig. 5C). Migratory DCs expressed more Cxcl1 and Cxcl2 as normalized to β-actin 
expression than the resident DCs (Fig. 5D). To summarize, SEA inhalation induced rapid 

production of chemokines by SEA-activated T cells and DCs (predominatly migratory DCs).

To see if the differential chemokine expression in the DC subpopulations was due to their 

ability to present SEA, we tested if either migratory DC (Lin−CD11clowMHC IIhi) or 

resident DC (Lin−CD11chiMHC IIlow) subpopulations were preferentially stimulating the 

SEA-specific T cells. In particular, four distinct DC subpopulations were sorted from either 

SEA or vehicle-immunized mice (Fig. 6A) and without adding SEA, the sorted DC 

subpopulations were cultured with naïve T cells. Both CD11b+ and CD103+ migratory DCs 

from the SEA-immunized mice, but not resident DCs, activated Vβ3+ T cells to upregulate 

CD69 (Fig. 6B). There was no difference in CD69 expression on the bystander Vβ14+ T 

cells when cultured with DCs from SEA-immunized mice compared to the vehicle control. 

These findings show that that only migratory DCs presented SEA ex vivo to naïve SEA-

specific T cells.

Mechanism of T cell guided innate cell recruitment

To determine the mechanism of how SEA-activated T cells promote chemokine production 

by DCs, SEA-specific Vβ3+ and bystander Vβ14+ T cells were sorted 40 min after SEA or 

vehicle inhalation and RNA was isolated for transcriptome analysis (Suppl. Fig. 3A). 

Comparing RNA from SEA Vβ3+ T cells to vehicle Vβ3+ or SEA Vβ14+ control groups, 

many genes were found to be upregulated in the SEA-specific Vβ3+ T cells (Suppl. Fig. 3B). 

Gene expression increases were predominantly associated with cell development, 

proliferation, and regulation of metabolic processes. However, GSEA also revealed a 

significant association with apoptosis and negative regulation of cells (Suppl. Fig. 3C). In 

addition, both pro- (Tnf, Il2, Ifng) and anti-inflammatory cytokines (Il10) were upregulated 

in Vβ3+ T cells from the SEA-treated group suggesting a role for T cell costimulation 

(Suppl. Fig. 3D).

The expression of inducible as well as constitutively expressed costimulatory molecules 

were compared. While there was no difference in the expression of constitutively expressed 

costimulatory molecules, five inducible costimulatory molecules were significantly 

upregulated in SEA Vβ3+ T cells, including 4-1BBL (Tnfsf9), LIGHT (Tnfsf14), CD40L 

(Cd40lg), SLAM (Slamf1), and TWEAK receptor (Tnfrsf12a) (Fig. 6C and D). 

Interestingly, inducible coinhibitory molecules, particularly PD-L1 (Cd274), PD-L2 

(Pdcd1lg2), and PD1 (Pdcd1), were also upregulated in SEA Vβ3+ T cells compared to the 

control groups (Suppl. Fig. 3E and F), further confirming the dual capacity of T cells to 

promote and suppress inflammation immediately after SEA inhalation.

Previous studies found that 4-1BB-4-1BBL and CD40-CD40L pathways can enhance the 

recruitment of innate immune cells (39, 40). Furthermore, 4-1BBL and CD40L expression 

on Vβ3+ T cells was validated by flow cytometry (data not shown). Therefore, it was 

hypothesized that the systemic migration of innate immune cells might be dependent on the 

expression of inducible costimulatory molecules. To determine whether 4-1BBL and CD40L 
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play a role in the migration of monocytes and neutrophils, mice were pre-treated with 

anti-4-1BBL, anti-CD40L or the corresponding IgG control and then i.n. challenged with 

SEA. Neither 4-1BBL nor CD40L blockade impeded migration of monocytes or neutrophils 

to blood and LNs (Suppl. Fig. 4A and B), suggesting other mechanisms were involved.

One possibility is that a constitutively expressed costimulatory molecule, such as CD28, 

might be responsible for this recruitment. The membrane receptor CD28 engages its ligands 

CD80 and CD86 on DCs and potently enhances TCR-induced cytokine release and 

proliferation of naïve T cells (41, 42). In addition, CD28 engagement is needed for optimal 

superantigen-induced T cell expansion (43). Consistent with this previous work, genes 

associated with CD28 signaling (44–46) were upregulated in Vβ3+ T cells after SEA 

inhalation (data not shown). Secondly, cytokines like TNF and IL-2 are major factors 

released by enterotoxin-specific T cells (11, 47) and our data show that Tnf is promptly 

synthesized by SEA-specific Vβ3+ T cells (Suppl Fig. 3D). Furthermore, GSEA of the 

hallmark pathways demonstrated a significant enrichment in the pathway of TNF signaling 

via NFκB in the SEA-specific Vβ3+ T cells (Fig. 7A). Thus, it was hypothesized that CD28 

costimulation and a cytokine played redundant or non-overlapping roles in innate cell 

recruitment in SEA-triggered acute inflammation.

To test this notion, CD28 and TNF were neutralized in SEA-treated mice with CTLA4-Ig or 

anti-TNF. First, we tested whether CD28 or TNF neutralization affected serum IL-6 levels 

since increased IL-6 correlates with decreased survival not only in models of sepsis but also 

in septic patients (48–51). Both, CTLA4-Ig and anti-TNF significantly reduced serum IL-6 

compared to the IgG controls, with anti-TNF being even more effective in decreasing IL-6 

than CTLA4-Ig (Fig. 7B). Thus, both treatments appeared to attenuate inflammation by 

reducing serum IL-6 levels.

To assess whether CD28 or TNF orchestrate monocyte and neutrophil chemotaxis after SEA 

inhalation, LN tissue from CTLA4-Ig or anti-TNF treated-mice was examined for the 

expression of chemokines. While CTLA4-Ig significantly reduced Cxcl1, Cxcl2, Ccl2, Ccl3, 

and Ccl7 mRNA expression, anti-TNF only decreased Cxcl2 expression and had no 

significant effect on the other chemokines (Fig. 7C). These findings suggested that CTLA4-

Ig would be more effective in blocking the systemic recruitment of monocytes and 

neutrophils compared to anti-TNF. Indeed, the percent of inflammatory monocytes in LNs 

and blood was significantly reduced after CTLA4-Ig treatment. In contrast, anti-TNF 

relatively increased the percent of monocytes in the blood but had no effect on their 

migration to LNs (Fig. 7D). Nevertheless, both CD28 and TNF blockade significantly 

reduced the accumulation of neutrophils in LNs (Fig. 7E, upper panels). Based on the results 

from Fig. 1A, which demonstrated robust migration of neutrophils and monocytes into the 

bloodstream after SEA inhalation, it was tested if these pathways operated by preventing 

migration of innate cells into blood. CTLA4-Ig did not inhibit neutrophil circulation (Fig. 

7E, lower left panel), but interestingly, TNF blockade significantly inhibited recruitment of 

neutrophils into blood (Fig. 7E, lower right panel). These findings posed the question of 

whether the reduction of neutrophils in the LNs after anti-TNF treatment was due to the 

decreased circulation of blood neutrophils (Fig 7E, lower panels) or reduced Cxcl2 
expression (Fig. 7C). In TNF blocked mice, there was no correlation between the percentage 
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of neutrophils in the blood versus the LNs (Fig. 7F). However, mRNA Cxcl2 expression 

positively correlated with the percentage of neutrophils in the LNs suggesting that migration 

into LNs was dependent on a chemokine gradient rather than the amount of circulating cells 

(Fig. 7G). Thus, the systemic recruitment of monocytes and neutrophils after SEA inhalation 

is orchestrated by a non-inducible CD28 signal with overlapping and non-overlapping roles 

for TNF.

Discussion

Staphylococcus aureus enterotoxins have been implicated in the pathology of toxic shock, 

sepsis as well as a number of pulmonary and autoimmune diseases due to their ability to 

elicit a massive and systemic cytokine storm (18, 52–54). However, it is unclear how S. 
aureus enterotoxins enter the periphery to instigate these effects since the lungs and airways 

are usually impermeable to inhaled antigens. In fact, antigens are typically cleared from 

these tissues by a number of mechanisms, including mucociliary transport, innate defense 

molecules and resident phagocytes (55, 56). Alternatively, inhaled antigens can be carried by 

migratory DCs to the draining LNs where they are presented to antigen-specific T cells, a 

process that occurs over hours (55, 57). Unlike most antigens, we demonstrate in this report 

that inhaled SEA enters the blood circulation within minutes and can be recovered in the 

serum rather than associated with cells (Fig. 1). This ability to enter the bloodstream while 

maintaining its full bioactivity accounts for the rapid systemic response observed after S. 
aureus enterotoxin pulmonary exposure (23, 25).

From a biomedical perspective, our study showed that just as seen in many patients with 

SIRS/sepsis (58), SEA inhalation induced leukocytosis since the pulmonary SEA challenge 

initiated rapid recruitment of innate immune cells to blood followed by their migration to 

lymphoid tissues (Fig. 2). During inflammation, innate immune cells are often assumed to 

originate from BM. While the pool of inflammatory monocytes in the BM was markedly 

depleted, there was only a small decrease in BM neutrophils after SEA inhalation (Fig. 2C). 

A second neutrophil reservoir is the marginated pool where the egress of neutrophils is much 

faster than the BM peaking at 2 h after an injection of a stimulant (59). The large increase in 

circulating neutrophils 2 h after SEA inhalation suggests that many of the recruited 

neutrophils originated from the marginated pool rather than BM.

Activation and expansion of T cells has been considered the core of S. aureus enterotoxin-

induced inflammation (18). Nevertheless, several studies reported that an inflammatory 

response could occur even in the absence of T cells (60, 61). In the inhaled SEA model of 

SIRS, TCR βδ−/− mice were unable to recruit monocytes and neutrophils to blood and LNs 

whereas only a small transfer of T cells induced a rapid mobilization of the innate cells (Fig. 

3). The recruited cells localized to the T cell zone of the LNs (Fig. 4). This specific location 

in the LNs renders an opportunity to modulate adaptive immunity. Previous studies showed 

that after recruitment to LNs, inflammatory monocytes differentiate into DCs and are 

capable of antigen presentation, including cross-presentation, resulting in enhanced Th1 

responses via IL-12 (31, 32). Similarly, neutrophil migration to LNs has been associated 

with several different functions, including carrying bacteria to LNs via the lymphatic 

system, augmenting lymphocyte proliferation, and downregulating CD4 T cell responses by 

Svedova et al. Page 10

J Immunol. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



decreasing antigen presentation by antigen-presenting cells (27, 29, 62). Thus, it will be 

important to determine if the migration of inflammatory monocytes and neutrophils to the T 

cell zone of LNs affects the function of T cells and the overall inflammatory response after 

pulmonary S. aureus enterotoxin challenge.

To test whether the recruitment of innate immune cells was caused by mediators directly 

released by T cells, we examined T cells for chemokine expression and found that upon 

activation, T cells expressed chemokines but also induced chemokine expression in DCs 

(Fig. 5). This was coincident with increases in inducible costimulatory pathways rapidly 

after SEA inhalation that included Tnfsf9 (4-1BBL) and Cd40lg (CD40L) (Fig. 6C and D). 

However, while inducible costimulation was not involved in the monocyte and neutrophil 

chemotaxis (Suppl. Fig. 4), blocking non-inducible CD28 costimulation significantly 

reduced the migration of inflammatory monocytes (Fig. 7D). In contrast, neutrophil 

recruitment was driven by two T cell-dependent signals. Firstly, TNF triggered a rapid 

release of neutrophils into blood, which we postulate is derived from the marginated pool. 

Secondly, a chemokine axis induced by both the CD28 and TNF pathways directed 

neutrophils to LNs (Fig. 7E). In particular, the inhibition of neutrophil migration to LNs was 

coincident with reduced expression of Cxcl2 (Fig. 7C and D) and it was previously reported 

that the migration of neutrophils into tumor-draining LNs via high endothelial venules was 

dependent on CXCL2 but not on CXCL1 (30). Therefore, we hypothesize that CXCL2 may 

be the key chemokine driving the neutrophil migration into LNs from blood after pulmonary 

challenge with S. aureus enterotoxins or during Gram-positive sepsis. Finally, we showed 

that T cells were essential for the systemic recruitment of neutrophils and monocytes after 

SEA inhalation (Fig. 3). However, because TNF can be produced by many cell types (63) 

and CD28 expression was reported on immune cells other than T cells (64, 65), it is possible 

that blocking with CTLA4-Ig and anti-TNF affected other cell populations that could also 

contribute to the reduced migration of innate cells.

Despite decades of research, there is currently no approved drug treatment for SIRS/sepsis 

patients (4). Because of the central role TNF plays in the pathology of SIRS/sepsis, anti-

TNF therapies were previously thought to be an excellent therapeutic target (66). However, 

clinical studies failed to find improvements in the outcomes of patients with sepsis receiving 

anti-TNF treatment (67–69). Moreover, rheumatoid arthritis patients on anti-TNF therapy 

gained a higher likelihood of developing serious infections (70). Our results show that 

although TNF blockade attenuated inflammation by reducing serum IL-6 (Fig. 7B), it also 

significantly depleted the pool of circulating blood neutrophils (Fig. 7E). The capacity of 

neutrophils to mount a rapid microbicidal response makes them a crucial component of the 

immune system during sepsis. In fact, the relative resistance to S. aureus in C57BL/6 mice 

was recently attributed to increased chemokine secretion and subsequent neutrophil 

recruitment compared to other mouse strains (71). In addition, reduced levels of circulating 

neutrophils may be associated with a decreased likelihood of survival in sepsis (48, 72). The 

suppressed neutrophil levels in blood could potentially compromise the immune system’s 

capacity to kill off bacteria in the bloodstream. Therefore, it is possible that the failure of 

anti-TNF therapies to ameliorate outcomes in sepsis is partially due to the reduced 

neutrophil count in blood leading to increased bacteremia.
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Costimulatory molecules represent another group of potential therapeutic targets in SIRS/

sepsis. In particular, CD28 may play an important role in the propagation of inflammation 

during the course of the disease. A clinical trial using a monoclonal superagonist anti-CD28 

resulted in a life-threatening SIRS with clinical signs and symptoms similar to sepsis (73). In 

contrast, blocking CD28 signaling, especially in cases of superantigen-induced toxic shock, 

showed attenuation of the disease in mice (74, 75). Here we showed that blocking CD28 

reduced IL-6 levels and chemokine expression, while impeding migration of monocytes and 

neutrophils to LNs without affecting neutrophilia in blood (Fig. 7). Therefore, targeting 

CD28, especially in cases of Gram-positive sepsis in which S. aureus enterotoxins may drive 

the pathology, merits further investigation.

Lastly, not only costimulatory but also coinhibitory molecules, particularly Cd274 (PD-L1), 

Pdcd1lg2 (PD-L2) and Pdcd1 (PD1), were upregulated after SEA inhalation (Suppl. Fig. 3). 

Similarly, both pro- and anti-inflammatory cytokines were upregulated as were the processes 

of cell activation and apoptosis (Suppl. Fig. 3). In patients with sepsis, the acute SIRS phase 

characterized by a hyperinflammatory state and the release of pro-inflammatory cytokines 

was thought to be frequently followed by an immunosuppressive CARS phase and presence 

of anti-inflammatory cytokines (76). However, recent evidence suggests that both pro- and 

anti-inflammatory responses occur simultaneously from the onset of sepsis with one 

prevailing over the other during the course of the disease (4, 77, 78). Similarly, we showed 

that both inflammatory and immunosuppressive processes are triggered simultaneously in T 

cells immediately after SEA inhalation, confirming the relevance of S. aureus enterotoxins 

in the pathology of sepsis.

In sum, our study demonstrated that inhaled SEA rapidly enters the bloodstream and triggers 

systemic inflammation by forming an inflammatory cell network comprised of both the 

innate and adaptive immune system. In particular, our findings revealed a dual mechanism of 

monocyte and neutrophil recruitment by SEA-specific T cells relying on overlapping and 

non-overlapping roles of the non-inducible costimulatory receptor CD28 and the 

inflammatory cytokine TNF. Treatments for SIRS/sepsis may benefit by targeting disease 

initiation rather than treating the consequent symptoms.
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CARS compensatory anti-inflammatory response syndrome

LN lymph node

i.n intranasally

BSS balanced salt solution

BM bone marrow

DC dendritic cell

qRT-PCR quantitative RT-PCR

GSEA gene set enrichment analysis

MHC II MHC class II

cDC conventional DC
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FIGURE 1. After inhalation, SEA circulates systemically via blood
Tail blood was collected 10 or 30 min after SEA or vehicle inhalation and the serum or 

blood cells were incubated overnight with enriched naïve T cells. The expression of 

activation markers CD69 and CD25 was measured on SEA-activated CD3+Vβ3+ T cells and 

on bystander CD3+Vβ14+ T cells by flow cytometry. A) Representative histograms of 

CD69+ and CD25+ cells in CD3+Vβ3+ and CD3+Vβ14+ populations after a co-culture of 

naïve T cells with serum from SEA or vehicle mice. B) Percent of CD69+ and CD25+ cells 

in CD3+Vβ3+ and CD3+Vβ14+ populations after a co-culture of naïve T cells with serum 

from SEA or vehicle mice. C) Concentration of IL-2 in the supernatants from a co-culture 

between naïve T cells and serum or cells from blood harvested from SEA or vehicle mice. 

Data were combined from 3 independent experiments with n=3 in vehicle group and n=6 in 

SEA group. Data are shown as mean ± SEM. Statistical significance was determined by two-

tailed Student’s t-tests (*P<0.05; **P<0.01; ***P<0.001).

Svedova et al. Page 18

J Immunol. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 2. SEA inhalation induces systemic migration of inflammatory monocytes and 
neutrophils
Peripheral blood, BM, LNs and spleen were collected after SEA or vehicle inhalation. The 

populations of Lin−(CD3/CD19−)CD11b+Ly6G−Ly6Chi inflammatory monocytes and 

Lin−CD11b+Ly6G+Ly6C+ neutrophils were detected by flow cytometry. A) Percent of 

monocytes and neutrophils in peripheral blood 2 and 4 h after SEA or vehicle challenge. 

Data were combined from 3 independent experiments with n=8 per group. B) Percent of 

inflammatory monocytes and neutrophils in LNs and spleen 4 and 12 h after SEA or vehicle 

challenge. Non-draining LNs = axillary, brachial, inguinal, and mesenteric LNs. Data were 

combined from 3 independent experiments with n=3 for vehicle group and n=6 for SEA 

group. C) Absolute number of inflammatory monocytes and neutrophils in BM from one 

femur and tibia 1.5 and 4 h after SEA or vehicle challenge. Data were combined from at 

least 3 independent experiments with n=6–8 per group. Data are shown as mean ± SEM. 
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Statistical significance was determined by two-tailed Student’s t-tests (*P<0.05; **P<0.01; 

***P<0.001).
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FIGURE 3. T cells are required for the systemic recruitment of inflammatory monocytes and 
neutrophils after SEA inhalation
TCR βδ−/− mice received C57BL/6J T cells or nothing. On the next day, they were 

challenged with SEA or vehicle and cervical LNs and peripheral blood were collected 6 h 

after the challenge to identify Lin−(CD3/CD19−)CD11b+Ly6G−Ly6Chi inflammatory 

monocytes and Lin−CD11b+Ly6G+Ly6C+ neutrophils. For cervical LNs, data were 

combined from at least 4 independent experiments with n = 8–12 per group. For peripheral 

blood, data were combined from at least 3 independent experiments with n = 6–10 per 

group. Data are shown as mean ± SEM. Statistical significance was determined by two-

tailed Student’s t-tests (*P<0.05; **P<0.01; ***P<0.001).
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FIGURE 4. Inflammatory innate immune cells migrate to the T cell zone of the LNs after SEA 
inhalation
A) Representative confocal microscopy images of frozen sections from cervical LNs 1, 2 

and 4 h after SEA or vehicle challenge. Inflammatory innate immune cells (monocytes and 

neutrophils) were labeled with anti-CD11b and anti-7/4 antibodies. The white dashed line 

marks B cell follicles and was determined by anti-B220 staining (not shown). The vertical 

panel on the right represents an enlarged image of the area in the white square. The 

displayed images are projections of confocal z stacks taken using 20× magnification/0.8 

numerical aperture objective and Zeiss LSM780 confocal microscope. Scale bar = 80 μm. B) 

Number of 7/4+ cells. The amount of 7/4+ cells per field was determined from 3 images per 
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mouse by Imaris (Bitplane). Statistical significance was assessed by two-tailed Student’s t-

tests (***P<0.001). C) Position of 7/4+ cells in LNs. The number of 7/4+ cells in B cell 

follicles vs. T cell zone was determined from 3 images per mouse by Imaris. The data are 

representative of least 3 independent experiments with n=3–5 per group.
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FIGURE 5. T cells and DCs express chemokines after SEA inhalation
LNs (axillary, brachial, inguinal, mesenteric, cervical and mediastinal) were collected 2 h 

after SEA or vehicle challenge and cells were stained to sort for specific populations. RNA 

isolated from the sorted populations was used for qRT-PCR analysis. A) Expression of 

Cxcl1, Cxcl2, Ccl3 and Ccl4 in CD3−CD19− (or B220−)NK1.1−DX5−MHC II+CD11c+ 

conventional DCs (cDCs). B) Expression of Ccl3 and Ccl4 in Vβ3+ and Vβ14+ T cells. C) 

Gating strategy to isolate migratory and resident DCs. D) Expression of Cxcl1 and Cxcl2 in 

migratory and resident DCs. Expression of chemokines is shown relative to β-actin. Data are 

displayed as mean + SEM. Data are representative of 3 independent experiments with n=3 

per group. Statistical significance was determined by two-tailed Student’s t-tests (*P<0.05; 

**P<0.01; ***P<0.001).
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FIGURE 6. Migratory DCs present SEA to T cells leading to expression of inducible 
costimulatory molecules on T cells
A) Gating strategy used to sort for DC subpopulations. B) CD69 expression on T cells after 

co-culture with ex vivo derived DCs. LNs were harvested 40 min after SEA or vehicle 

inhalation and the sorted DC subpopulations were co-cultured with naïve T cells. The 

expression of CD69 was measured on SEA-activated CD3+Vβ3+ T cells and on bystander 

CD3+Vβ14+ T cells by flow cytometry. Data are displayed as mean ± SEM and are 

representative of 4 independent experiments with n=4 per group. Statistical significance was 

determined by two-tailed Student’s t-tests (*P<0.05; **P<0.01; ***P<0.001). C) Heat map 

showing expression of inducible and constitutively expressed costimulatory molecules in 

SEA Vβ3+ T cells and control groups (vehicle Vβ3+ and SEA Vβ14+ T cells) 40 min after 

SEA or vehicle inhalation. Data are representative of 3 independent experiments with n=3 

per group. D) Log2 fold change in the expression of costimulatory molecules in SEA-

activated Vβ3+ T cells compared to vehicle Vβ3+ T cells. Significant difference is 

represented by a dashed line (≥1.5). Data are displayed as mean ± SEM. Data are 

representative of 3 independent experiments with n=3 per group.
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FIGURE 7. The migration of monocytes and neutrophils after SEA inhalation is dependent on 
CD28 and TNF
A) The NFκB signaling via TNF is upregulated in SEA-activated Vβ3+ T cells 40 min after 

SEA inhalation. GSEA was used to evaluate significantly enriched pathways in SEA-

activated Vβ3+ cells compared to the control groups (vehicle Vβ3+ cells and SEA Vβ14+ 

cells). Data are representative of 3 independent experiments with n=3 per group. B) 

Concentration of serum IL-6 in mice treated with CTLA4-Ig or anti-TNF prior to i.n. SEA 

challenge. Two hours prior to SEA inhalation, mice were treated with CTLA4-Ig or anti-

TNF antibody or the respective IgG control i.p. Serum was collected 4 hours after SEA 

challenge. C) Chemokine expressions in non-draining LNs (mesenteric, axillary, brachial, 

inguinal) from mice that were treated with either CTLA4-Ig or anti-TNF and the respective 

IgG control prior pulmonary SEA challenge. Tissue was collected 4 hours after the SEA 

challenge. The qRT-PCR expression was normalized to β-actin and it is expressed as a fold 
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change relative to the IgG-treated group. D) and E) Percent of Lin− (CD3/CD19/

NK1.1−)CD11b+Ly6G−Ly6Chi monocytes (D) and Lin−CD11b+Ly6G+Ly6C+ neutrophils 

(E) in draining LNs (cervical and mediastinal) and blood in mice treated with CTLA4-Ig or 

anti-TNF prior to SEA inhalation. Tail blood and draining LNs were collected 4 h after SEA 

challenge. Data were combined from 3 independent experiments with n=7–9 per group. Data 

are shown as mean ± SEM. Statistical significance was determined by two-tailed Student’s t-

tests (*P<0.05; **P<0.01; ***P<0.001). F) and G) Correlating the percent of D-LNs 

(draining LNs) neutrophils with the percent of neutrophils in blood (F) and ND-LNs (non-

draining LNs) Cxcl2 expression (G). Data are representative of 3 independent experiments 

with n=9 per group. The P value of the linear regression fit curve is calculated from F test.
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