
iScience

Article

ll
OPEN ACCESS
Streptococcus agalactiae and Escherichia coli
induce distinct effector gd T cell responses during
neonatal sepsis
Lila T. Witt, Kara G.

Greenfield,

Kathryn A. Knoop

knoop.kathryn@mayo.edu

Highlights
gd T cells in the neonate

respond during group B

Streptococcus and

Escherichia coli sepsis

gd T cells produce IFN-g

during GBS infection, and

IL-17 during E. coli

infection

GBS and E. coli neonatal

infections induce unique

neuroinflammatory

phenotypes

gd T cells impact sepsis-

associated

neuroinflammation in a

pathogen-specific manner

Witt et al., iScience 27, 109669
May 17, 2024 ª 2024 The
Author(s). Published by Elsevier
Inc.

https://doi.org/10.1016/

j.isci.2024.109669

mailto:knoop.kathryn@mayo.edu
https://doi.org/10.1016/j.isci.2024.109669
https://doi.org/10.1016/j.isci.2024.109669
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109669&domain=pdf


OPEN ACCESS

iScience ll
Article

Streptococcus agalactiae and Escherichia coli
induce distinct effector gd T cell
responses during neonatal sepsis

Lila T. Witt,1,2 Kara G. Greenfield,1 and Kathryn A. Knoop1,3,4,*
SUMMARY

Neonates born prematurely are vulnerable to life-threatening conditions such as bacterial sepsis. Strepto-
coccus agalactiae (GBS) and Escherichia coli are frequent causative pathogens of neonatal sepsis, how-
ever, it remains unclear if these pathogens induce differential immune responses. We find that gd

T cells rapidly respond to single-organism GBS and E. coli bloodstream infections in neonatal mice.
Furthermore, GBS and E. coli induce distinct cytokine production from IFN-g and IL-17 producing gd

T cells, respectively.We also find that IL-17 production during E. coli infection is driven by gdTCR signaling,
whereas IFN-g production during GBS infection occurs independently of gdTCR signaling. The divergent
effector responses of gd T cells during GBS and E. coli infections impart distinctive neuroinflammatory
phenotypes on the neonatal brain. Thus, the neonatal adaptive immune system differentially responds
to distinct bacterial stimuli, resulting in unique neuroinflammatory phenotypes.

INTRODUCTION

Premature neonates are acutely at risk for the development of life-threatening infections such as neonatal sepsis and meningitis.1,2 Neonatal

susceptibility to infection is not only facilitated by environmental factors such as prolonged stay in the neonatal intensive care unit (NICU) but

also by the relative immaturity of the neonatal immune system.1,3,4 Although the understanding of the neonatal immune system has pro-

gressed significantly over the past decade, how the neonatal adaptive immune system responds to disparate bacterial insults remains poorly

understood.

Bloodstream infections preceding neonatal sepsis and meningitis can be caused by both gram-negative and gram-positive bacteria.

Escherichia coli (E. coli) and Streptococcus agalactiae (group B Streptococcus; GBS) are among themost common causative pathogens impli-

cated in neonatal bacterial sepsis.5 Gram-negative bacilli such as Klebsiella, Pseudomonas, and E. coli are prevalent in the gastrointestinal

tract of premature neonates and are capable of translocating from the gut and causing sepsis.3,6,7 Increased bacterial translocation from

the neonatal gut is facilitated in part by selective deficiencies in gut barrier defense mechanisms, including decreased production of protec-

tive factors such as mucous, anti-microbial peptides, and IgA.6

Conversely, gram-positive neonatal sepsis is frequently caused by Staphylococcus aureus and Streptococcus agalactiae, or group B Strep-

tococcus (GBS). GBS colonizes the neonate via vertical transmission during birth, often as the result of the neonate aspirating GBS-infected

amniotic fluid during parturition.8 Although rates of GBS neonatal sepsis are declining due to improved early detection methods and pro-

phylactic maternal antibiotic administration, the mortality rate of GBS neonatal sepsis can be as high as 10%, with 30–50% of survivors going

on to experience neurological comorbidities in early childhood.9

Although both GBS and E. coli can be found as components of a healthy microbiota, they have the potential to cause severe disease in

vulnerable populations, such as neonates.10 The increased risk of sepsis development among preterm neonates is further compounded by

deficiencies in several innate immunological defensemechanisms. Compared to adults, neonates have reduced complement proteins in their

blood, impaired neutrophil function, and impaired secretion of pro-inflammatory cytokines by dendritic cells.11 Similar to the innate immune

system, the adaptive immune system in neonates bears several striking deficiencies to that of adults,11 including a skewing of CD4+ T cells

toward Th2 over Th1 differentiation, further impairing the ability of neonates tomount a proper immune response tomicrobial infections.12–14

Neonates also have deficiencies in humoral immunity, such as delayed germinal center formation and reduced antibody responses to both

T cell-dependent and independent antigens.15

Despite their relative impairments in the conventional T and B cell compartments, neonates have a functional population of gd T cells.13 gd

T cells are innate-like lymphocytes that are abundant in barrier sites and act as early immune sentinels during infection.16,17 In contrast to
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conventional CD4+ and CD8+ T cells, gd T cells are exported from the thymus as functionally mature cells and are poised to rapidly deploy

their effector functions upon the detection of microbial ligands or pro-inflammatory cytokines.18 As the first T cells to develop in the embry-

onic thymus,19,20 gd T cells are critical players in the neonatal immune response during a time whenCD4+ and CD8+ T cells, and B cells are still

developing and maturing.17,21,22 Indeed, gd T cells have been shown to play a critical role in host protection during neonatal influenza23 and

Clostridium difficile infection24 underscoring their importance during early life.

In the present study, we characterize the immune responses to two major neonatal sepsis pathogens, Streptococcus agalactiae (Group B

Streptococcus) and Escherichia coli.We report that these two pathogens induce distinct effector cytokine responses from gd T cells in post-

natal day 7 (P7) pups. We also report that these two pathogens drive distinct neuroinflammatory phenotypes in neonatal mice and that gd

T cells contribute to sepsis-induced neuroinflammation in a pathogen-specific manner. This study sheds light on how distinct sepsis patho-

gens drive differential gd T cell effector responses in neonatal mice.
RESULTS

gd T cells respond to E. coli and GBS neonatal sepsis

While GBS and Escherichia coli are frequent causative pathogens of neonatal sepsis, it is still unclear if features of these bacteria differentially

drive the neonatal adaptive immune response. Previous studies have suggested that GBS and E. coli may utilize different routes of entry to

cause sepsis: neonatal GBS disease is often the result of vertical transmission in utero or during parturition25,26; however, clinical data have

suggested that GBS can also disseminate from the gut to cause sepsis.27 E. coli is also associated with enteric sepsis, as we and others have

shown that E. coli can readily translocate from the neonatal intestine to cause sepsis.3 Therefore, we intraperitoneally infected neonatal pups

(postnatal day 7; P7) with a single-organism infection of either 106 CFU Streptococcus agalactiae (GBS) or 2 3 104 CFU E coli ‘‘bloodstream

isolate B’’ (BSI-B) to directly compare the systemic response to these bacteria independent of the route of entry. Pups were sacrificed at 18 h

post-infection, a time point at which sepsis-induced weight loss begins (data not shown), and the spleen was analyzed as a readout of the

systemic inflammatory response to GBS and E. coli infection. Both E. coli and GBS septicemia induced robust activation of splenic gd

T cells 18 h post-infection, as measured by an increase in the proportion of activated (CD69+ CD62L�) gd T cells compared to uninfected

controls (Figures 1A and 1B). A significant increase in the absolute number of activated gd T cells during E. coli infection was also observed,

along with amodest but statistically non-significant increase in the number of activated gd T cells duringGBS infection (Figure 1C). In addition

to the gd T cell compartment, a slight increase in the activation status of conventional CD4+ and CD8+ T cells, and B cells was also observed

(Figures S1A–S1C). Therefore, these data show that gd T cells in the neonate rapidly respond to both E. coli and GBS infection.
E. coli and GBS neonatal sepsis drive distinct effector cytokine responses from gd T cells

We next sought to further characterize the responses of gd T cells during GBS and E. coli neonatal sepsis. gd T cells undergo developmental

programming in the thymus and exist in the periphery as either IL-17 or IFN-g producers.18,28,29 We therefore asked which gd T cell effector

cytokine profiles were being elicited during neonatal GBS and E. coli infection. Cytokine staining of total splenic gd T cells revealed a robust

increase in IL-17 expression during E. coli, but not GBS infection, whereas GBS infection induced increased IFN-g, but not IL-17, expression

from gd T cells (Figures 2A–2C). These findingswere validatedwith serumELISA, showingglobal systemic increases in IFN-gduringGBS infec-

tion and IL-17 duringE. coli infection (Figures 2D and 2E). gd T cell effector programs can also be discernedbased on the expression of surface

markers, such as CCR6, restricted to IL-17 producing gd T cells, and CD27, restricted to IFN-g producing gd T cells. Accordingly, during GBS

infection, there was an increase in the proportion of activated CD27+ gd T cells, but not CCR6+ gd T cells compared to uninfected controls

(Figure 2F). Conversely, during E. coli infection, there was an increase in the proportion of activatedCCR6+ gd T cells, but not CD27+ gd T cells

compared to uninfected controls (Figure 2G). These data demonstrate that GBS neonatal sepsis drives the specific activation of CD27+, IFN-

g-producing gd T cells, whereas E. coli infection activates CCR6+, IL-17-producing gd T cells, resulting in the induction of discrete effector

cytokine programs.
E. coli neonatal infection drives pathogenic gdTCR signaling

gd T cells are capable of undergoing activation via multiple pathways, including (Major histocompatibility complex) MHC-independent (T cell

receptor) TCR activation by pathogen-derived non-peptide antigens.30 Nur77 is a transcription factor that is rapidly and specifically expressed

during antigen-receptor-mediated signaling and activation in T and B cells.31,32 Therefore, we utilized P7 neonatal Nur77-GFP reporter pups

to determine if gdTCR signaling occurs during GBS and E. coli sepsis. In the spleens of E. coli-infected pups 18 h post-infection, there was an

increase in the proportion of Nur77+ CD69+ gd T cells (Figures 3A and 3B), indicating gdTCR-mediated activation. Importantly, nearly all

Nur77+ CD69+ gd T cells expressed CCR6 (Figure 3C), suggesting that the IL-17 signature during E. coli neonatal sepsis is associated with

gdTCR signaling. To gain insight into the nature of the E. coli antigen recognized by gd T cells, we performed an in vitro culture of heat-killed

(HK) E. coli BSI-B with Nur77-GFP splenocytes. Culture with HK E. coli BSI-B was sufficient to increase the proportion of Nur77+ CD69+ gd

T cells (Figures S2A and S2B), suggesting that live E. coli is not required for neonatal gdTCR activation. We next sought to determine if gdTCR

signaling during E. coli infection impacts IL-17 production and survival. To this end, we treated pups with 15 mg/g anti-TCRgd UC7-13D5 anti-

body (Figure S3A), which has been shown to induce internalization of the gdTCR in vivo.33 The use of a second anti-gdTCR antibody confirmed

the gdTCR was not expressed in the spleen or liver upon treatment with the UC7-13D5 antibody (Figure S3B). Importantly, treatment with this

antibody during E. coli infection was sufficient to decrease the production of IL-17 (Figure 3D), confirming that IL-17 production during E. coli
2 iScience 27, 109669, May 17, 2024



Figure 1. gd T cells respond to E. coli and GBS neonatal sepsis

BL/6 pups were infected with GBS or E. coli on P7, and the spleen was analyzed 18 h post-infection.

(A) Gating scheme, (B) frequency, and (C) absolute number of CD69+, CD62L-splenic gd+ T cells. The data shown is from four independent experiments with n> 3

mice per group, where each dot represents one mouse. Controls are uninfected age-matched littermates. Statistical tests used include one-way ANOVA (B and

C). ns = p > 0.05, ** = p % 0.01, *** = p % 0.001, **** = p % 0.0001.

ll
OPEN ACCESS

iScience
Article
infection is driven by gdTCR signaling. Blockade of the gdTCR in E. coli-infected pups was sufficient to rescue mortality independent of bac-

terial burden (Figures 3E and 3F), however, TCRd�/� pups, which are devoid of a gd T cell population, rapidly succumb to E. coli infection,

despite similar bacterial burden to isotype and anti-TCRgd-treated pups (Figures 3E and 3F).

Interestingly, there was no change in the proportion of Nur77+ CD69+ gd T cells in the spleens of GBS-infected pups (Figures 3A and 3B),

suggesting TCR-independent activation of CD27+ gd T cells during GBS infection. As such, both blockade of the gdTCR, and global deletion

of gd T cells had no impact on survival or pathogen burden during GBS infection (Figures S3C and S3D). Therefore, we next asked if IFN-g

production from gd T cells during GBS infection was driven by other cytokines in the inflammatory milieu. gd T cells can produce IFN-g in

response to IL-12 and IL-18;29,34 therefore, we tested the serum of GBS-infected pups for the presence of these cytokines. During neonatal

GBS infection, no statistically significant increases in IL-12 or IL-18 were observed (Figures S4A–S4C), therefore, it is unlikely that IFN-g pro-

duction during GBS infection is driven by these cytokines. Overall, these data suggest that the CCR6+ IL-17+ gd T cells responding to E. coli

andCD27+ IFN-g+ gd T cells responding toGBS neonatal sepsis undergo distinct pathways of activation to elicit effector cytokine production.

Neuroinflammation is a feature of E. coli and GBS neonatal sepsis

Adverse neurologic outcomes are associatedwith inflammatory events in early life, including bacterial sepsis.9,35We therefore sought to char-

acterize the neuroinflammatory phenotypes associated with E. coli and GBS septicemia. Live E. coli and GBS were present in the brains of P7

pups 18 h post-infection (Figure 4A), suggesting neuroinflammation during neonatal sepsis is not the result of sterile inflammation, but is

rather driven by live bacteria in the brain parenchyma. We next sought to characterize changes to immune cell populations in the neonatal
iScience 27, 109669, May 17, 2024 3



Figure 2. E. coli and GBS neonatal sepsis drive distinct effector cytokine responses from gd T cells

BL/6 pups were infected with GBS or E. coli on P7, and the splenic and systemic cytokine response was measured 18 h post-infection.

(A) Flow cytometry gating scheme of IFN-y+ and IL-17+ splenic gd+ T cells 18 h post-infection.

(B) Mean fluorescent intensity (MFI) of IFN-g and (C) IL-17 from total splenic gd+ T cells 18 h post-infection.

(D) IFN-g and (E) IL-17 serum ELISA 18 h post-infection, samples were pooled from infected pups from A and B.

(F) Proportion of activated CD27+ and (G) CCR6+ gd+ T cells from uninfected, GBS and E. coli infected BL/6 P7 pups 18 h post-infection. Data shown is from three

independent experiments, n > 3 mice per group, where each dot represents one mouse. Uninfected age-matched littermates were used as controls. Statistical

tests used include one-way ANOVA (B–G) with ns = p > 0.05, * = p % 0.05, ** = p % 0.01, *** = p % 0.001, **** = p % 0.0001.
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Figure 3. gdTCR signaling occurs during E. coli, but not GBS neonatal sepsis

Nur77GFP pups were infected with GBS or E. coli on P7 and spleens were harvested 18 h post-infection.

(A) Flow cytometry gating scheme, and (B) Quantification of CD69+ Nur77+ splenic gd+ T cells from control, GBS-infected, and E. coli-infected pups.

(C) Percentage of CD69+ Nur77+ splenic gd+ T cells from E. coli infected pups that express CCR6.

(D) IL-17 serum ELISA data from E. coli-infected pups treated with either isotype IgG or 15 mg/g anti-TCRgd UC7-13D5 antibody.

(E) Survival curves and (F) Bacterial CFUs from the livers of E. coli-infected TCRd�/� or BL/6 P7 pups treated with either isotype IgG or 15 mg/g anti-TCRgd

UC7-13D5 antibody. Controls are uninfected age-matched littermates. Data shown is from three independent experiments, n > 3 mice per group, where

each dot represents one mouse. Statistical tests used include Kaplan-Meier (E), one-way ANOVA (B, D, F) with ns = p > 0.05, ** = p % 0.01, **** = p % 0.0001.
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brain during GBS and E. coli infection. Flow cytometry analysis of CD45hi immune cells in the perfused brains of P7 pups revealed a significant

increase in monocytes and neutrophils in the brains of E. coli-infected pups compared to uninfected control pups and GBS-infected pups

(Figures 4B, 4C, and S5). Interestingly, no significant increase in brain-infiltrating monocytes or neutrophils was noted in GBS-infected

pups compared to control mice (Figures 4B and 4C).

To further investigate the neuroinflammatory phenotype associated with GBS and E. coli neonatal sepsis, we measured the mRNA of

immunological genes from bulk brain tissue using the Nanostring nCounter gene expression platform (Table S1). In the brains of both

GBS and E. coli-infected P7 pups, there was a significant increase in the expression of monocyte and neutrophil chemotactic factors,

such as Ccl2 and Cxcl1, respectively (Figures 4D and 4E). Compared to the brains of uninfected control mice, E. coli-infected pups had

increased expression of genes associated with TLR4, such as Cd14, and the complement pathway, such as C1ra, C3 (Figure 4D).

Compared to uninfected pups, the brains of GBS-infected pups had increased expression of genes involved in the innate immune

response to gram-positive bacteria, such as Tlr1 and MyD88 (Figure 4E). There were thirty-two differentially expressed genes between

the brains of GBS and E. coli-infected pups including increased expression of Casp-3 during GBS infection, and increased Il23a expres-

sion during E. coli infection (Figure 4F). Furthermore, principal component analysis (PCA) of Nanostring data revealed that E. coli and

GBS-infected brains cluster distinctly from one another (Figure S6A). Overall, these findings indicate that although both GBS and E. coli

can cause neuroinflammation during single-organism neonatal sepsis infection, they induce distinct inflammatory phenotypes in the

neonatal brain.

gd T cells differentially impact GBS and E. coli sepsis-associated neuroinflammation

Central nervous system (CNS)-resident gd T cells are highly skewed toward IL-17 production and CCR6 expression at baseline36,37 and play

indispensable roles during homeostasis.36,38 Under neuroinflammatory conditions, gd T cells can have both protective39 and pathogenic40,41

effects on the CNS. Therefore, we sought to understand the contribution of gd T cells to the neuroinflammatory phenotypes observed during

GBS and E. coli neonatal sepsis. Similar to the spleen, we observed an increase in the proportion of Nur77+ CD69+ gd T cells in the brain of
iScience 27, 109669, May 17, 2024 5



Figure 4. Neuroinflammation is a feature of E. coli and GBS neonatal sepsis

BL/6 P7 pups were infected with GBS or E. coli on P7.

(A) GBS and E. coli CFUs from the perfused brains of E. coli-infected or GBS-infected pups 18 h post-infection.
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Figure 4. Continued

(B) Absolute number of monocytes (CD45hi, CD11b+, Ly6C+, Ly6Glow) and (C) Neutrophils (CD45hi, CD11b+, Ly6Clow, Ly6G+) in the perfused brains of E. coli-

infected or GBS-infected 18 h post-infection.

(D) Volcano plot of differentially expressed genes between BL/6 uninfected control vs. E. coli infected P7 pups, (E) Volcano plot of differentially expressed genes

between BL/6 uninfected control vs. GBS infected P7 pups, and (F) Volcano plot of differentially expressed genes between GBS-infected vs. E. coli-infected P7

pups. Data shown is from four independent experiments, n > 4 mice per group. Controls are uninfected age-matched littermates. Statistical tests used include

one-way ANOVA (B, C) with ns = p > 0.05, * = p % 0.05, ** = p % 0.01.
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E. coli, but not GBS-infected pups (Figure 5A). Importantly, the majority of these Nur77+ CD69+ gd T cells also expressed CCR6 (Figure 5B),

demonstrating that in the brain, IL-17 producing gd T cells undergo TCR-mediated activation during neonatal E. coli sepsis.

To determine the contribution of gd T cells to GBS and E. coli sepsis-associated neuroinflammation, we compared immunological gene

expression between BL/6 and TCRd�/� pups. TCRd�/� pups were used to evaluate the contribution of gd T cells to sepsis-induced neuro-

inflammation, as treatment with the anti-TCRgd UC7-13D5 antibody did not affect brain-resident gd T cells (Figure S3B). While there were

significant differences in gene expression between uninfected BL/6 and TCRd�/� pups (Figure S6B), these conditions clustered similarly

to one another, and distinctly from the infection points (Figure S6A). Analysis of the brain by Nanostring revealed fifty-eight differentially ex-

pressed genes between BL/6 and TCRd�/� E. coli-infected pups. Compared to BL/6 E coli-infected pups, TCRd�/� E. coli-infectedpups had

increased expression of genes associated with apoptosis, such asCasp-3, Psmb5 andMapk1 (Figure 5C). Notably, uninfected TCRd�/� pups

also had increased Casp-3 expression compared to uninfected wildtype (WT) BL/6 mice (Figure S6B), suggesting that gd T cells may protect

the neonatal brain from apoptosis both at baseline and during systemic inflammation. Compared to TCRd�/� E. coli-infected pups, WT BL/6

E. coli-infected pups had increased expression of Il23a, Il12rb1, and Stat5b (Figure 5C). Il23a and Il12rb1were also increased in uninfectedWT

BL/6 pups compared to TCRd�/� pups, suggesting a role for gd T cells in driving IL12/IL23 cytokine signaling at baseline and during E. coli-

mediated systemic inflammation.

During GBS infection, there were twenty-two differentially expressed genes between BL/6 and TCRd�/� GBS-infected pups. Compared

to TCRd�/�GBS-infected pups, BL/6 pups had increased expression of H2-Dmb2, along with Tgfbr1, Il6ra, and Smad5 (Figure 5D), suggest-

ing a role for gd T cells in antigen presentation and TGF-b signaling, respectively. Moreover, PCA also revealed distinct clustering of TCRd�/�
E. coli-infected pups and TCRd�/�GBS-infected pups (Figure S6A). Taken together, these data suggest that gd T cells play an infection-spe-

cific role during sepsis-associated neuroinflammation.
DISCUSSION

The present study reveals that gd T cells undergo rapid activation and cytokine production during a murine model of single-organism Strep-

tococcus agalactiae (GBS) and Escherichia coli neonatal sepsis (Figure 1), and that GBS and E. coli septicemia induce activation of IFN-g and

IL-17 producing gd T cells, respectively (Figure 2). Notably, a greater proportion and absolute number of gd T cells were activated in response

to E. coli infection compared to GBS infection (Figures 1A–1C), despite higher pathogen burden during GBS infection (Figures 3F and S3C).

These findings may suggest that bacterial components, rather than bacterial burden alone, are critical in driving the magnitude of the

neonatal gd T cell response. Therefore, how components of E. coli and GBS drive differential gd T cell activation will be the subject of

continued investigation.

Although the gd T cell compartment had the highest proportion of cells undergoing activation in response to both E. coli and GBS infec-

tions, a modest increase in activation status was observed for CD4+ and CD8+ T cells, and B cells (Figures S1A–S1C). This small proportion of

activated CD8+ T cells may represent ‘‘virtual memory’’ (TVM) T cells, which are abundant in neonates.42,43 Increased activation status of CD8+

T cells at the early time point of 18 h post-infection may further implicate TVM cells, as they are capable of responding to infection faster than

naive T cells due to their memory-like capacity.44,45

An additional outstanding question raised by the present findings is the extent to which gd T cell effector cytokine responses depend

directly on bacterial factors such as virulence factors vs. the upstream immune response to such bacterial components. The clinical isolate

of E. coli used herein is an extraintestinal pathogenic E. coli (ExPEC) that expresses several virulence genes, including the capsular polysac-

charide K1.3,7 The K1 antigen has been implicated in various neonatal infections, including meningitis and sepsis,46 and plays a critical role in

the ability of E. coli to resist phagocytosis and invade the central nervous system.47 Similarly, GBS COH-1 (ATCC) is a highly virulent, encap-

sulated serotype III clinical isolate that expresses virulence factors involved in immune resistance and neuroinvasion, including the serine pro-

tease CspA,48 and invasion-associated gene (IagA),49 respectively. Thus, the extent to which activation and cytokine production from gd

T cells is dependent on bacterial virulence factors vs. signals from the inflammatory milleu requires further investigation. We also report

that gd T cells undergo distinct pathways of activation to elicit their effector cytokine responses during E. coli and GBS sepsis. During

GBS infection, there was no change in the proportion of CD69+ Nur77+ gd T cells in the spleen or brain (Figures 3A, 3B, and 5A), suggesting

TCR-independent gd T cell activation and IFN-g production. As gdTCR signaling was not implicated during GBS infection, the use of the

gdTCR blocking antibody during GBS infection conferred no survival benefit or change in pathogen burden (Figures S3C and S3D). Similar

to Natural Killer (NK) cells, gd T cells can produce IFN-g in response to IL-12, and IL-18,34,50 and upon engagement of NKG2D ligands by host

stress molecules.51 Analysis of the serum from GBS-infected pups revealed no statistically significant increase in IL-12 or IL-18 production

(Figures S4A–S4C), suggesting that other host stress factors are driving IFN-g production. Furthermore, the exact mechanism by which

CD27+ gd T cells become activated and make IFN-g during GBS sepsis will be the subject of future studies.
iScience 27, 109669, May 17, 2024 7



Figure 5. gd+ T cells differentially impact GBS and E. coli-driven neuroinflammation

Nur77GFP pups were infected with GBS, or E. coli on P7, and brains were harvested 18 h post-infection.

(A) Proportion of Nur77+ CD69+ gd+ T cells in the perfused brain of GBS-infected or E. coli-infected Nur77-GFP P7 pups.

(B) CCR6 expression of Nur77+ CD69+ gd+ T cells in the spleen and brain of E. coli-infected pups.

(C andD) TCRd�/� pups were infected with GBS or E. coli on P7, and brains were harvested 18 h post-infection. Volcano plots of differentially expressed genes in

the brains of C) E. coli infected, or D) GBS-infected BL/6 vs. TCRd�/� pups. Controls are uninfected age-matched littermates. Data shown is from three

independent experiments, n > 3 mice per group. Statistics used include one-way ANOVA (A) with ns = p > 0.05, ** = p % 0.01, *** = p % 0.001.
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Conversely, during E. coli sepsis, there was a robust increase in the proportion of Nur77+ CD69+ gd T cells in both the spleen and brain

(Figures 3B and 5A), suggesting that gd T cells undergo TCR-mediated activation during E. coli sepsis. We also report that splenocyte co-cul-

ture with HK E. coli was sufficient to induce Nur77 expression in neonatal gd T cells (Figure S2), however, the nature of the antigen driving gd

TCR-mediated activation remains unknown. Thus, whether splenic gd T cells are directly recognizing a heat-stable E. coli bacterial product or

a host stress molecule that is upregulated in response to both live and HK bacteria, will be the subject of future studies.

Interestingly, we also find that gdTCR signaling during E. coli neonatal sepsis is pathogenic, as blocking the gdTCRwith the UC7-13D5 anti-

bodywas sufficient to rescuemortality (Figures 3E andS3A).gdTCR signalingduringE. coli infectionwas further associatedwith theproduction

of IL-17, as a majority of the TCR-activated gd T cells in the spleen and brain expressed CCR6 (Figures 3C and 5B). Moreover, blockade of the

gdTCR during E. coli infection was sufficient to ablate the IL-17 serum signature seen in isotype-treated pups (Figure 3D). Improved survival of

E. coli-infectedpups upon blockadeof the gdTCRmay be due to the reducedproduction of IL-17 (Figures 3D and 3E), as IL-17 has been shown

to drive mortality in other models of neonatal sepsis.52 Intriguingly, the complete rescue of mortality upon the blockade of gd T cell functions

contrastswith other early-life infections inwhichgdT cells areprotective to the neonate, includingneonatal influenza23 andClostridiumdifficile

infection.24 The conflicting role of gd T cells as pathogenic during E. coli sepsis vs. protective during other neonatal infections could be due to

the state of immune dysregulation and hyperinflammation that occurs during sepsis, however, the exact nature of these signals, and their spe-

cific impactongdTcell function, remainunknown.Additionally, thesefindings raise important questions surrounding the impactof systemic vs.

local, tissue-specific gd T cell responses, and whether a pathogenic contribution of gd T cells is more likely during a systemic infection.

gdTCR signaling from IL-17+ gd T cells in the spleen and brain during E. coli sepsis also raises interesting questions surrounding gd T cell

subsets and TCR specificity across different organs. gd T cells develop in discrete sequential waves based on the usage of g and d chain pair-

ings, which determine both their effector function and tissue-homing properties.18 The gdTCR repertoire and V(D)J diversity vary across sub-

sets, with CNS-resident IL-17+ gd T cells primarily expressing the invariant Vg6 chain, and IL-17+ gd T cells residing outside of the CNS ex-

pressing either the Vg1, Vg4, or Vg6 chain, which display varying levels of V(D)J diversity.29 Therefore, although there was an increase in the

proportion of Nur77+ CD69+ gd T cells in both the spleen and brain, which subset of IL-17+ gd T cell is responding to E. coli infection in these

tissues, along with the nature of the antigen they recognize, remain unknown. Furthermore, whether the gd T cells in the CNS and periphery

recognize the same antigen despite varying TCR repertoire and diversity across these tissues is an interesting direction for future study. There-

fore, future analysis will aim to better define the E. coli pathogen or host-derived antigen(s) recognized by the gdTCR, along with the contri-

bution of gd T cell subsets to the unique inflammatory environment in septic tissues.

Post-infectious neurological sequelae represent a significant co-morbidity in survivors ofneonatal sepsis.35 Thepresent study therefore sought

to characterize the unique neuroinflammatory signatures associated withGBS and E. coli systemic infection, and the extent towhich these signa-

tures are dependent upon gd T cells. Significant bacterial burden was found in the perfused brains of both GBS and E. coli-infected pups (Fig-

ure 4A), demonstrating the capacity of both GBS COH-1 and E. coli BSI-B for neuroinvasion. Interestingly, E. coli infection induced greater infil-

tration ofmonocytes andneutrophils in the brain (Figures 4B and4C), despite bothGBS andE. coli showing increasedgene expression of potent

monocyte and neutrophil chemotactic factors, such as Ccl2, Cxcl1, and Cxcl10, respectively (Figures 4D and 4E). Differences in neutrophil and

monocyte infiltration into the brain during GBS infection may be due to the increased expression of Casp-3 in the brains of GBS-infected pups

compared toE. coli-infected pups (Figure 4F). Furthermore, increased cell death could contribute to the lack of live cellular infiltrate into the brain

during GBS infection, as only live cells are used for quantification (Figure S5). Thus, live monocytes and neutrophils may be recruited to the

neonatal brain during GBS infection, but may be undergoing apoptosis due to signals in the inflammatory environment. Similarly, which cell

typeexpressesCasp-3duringGBS infection, andwhether this expression is protective orpathogenic, represents an important direction for future

study.Furthermore, duringE. coli sepsis, andatbaseline, therewas increasedCasp-3expression in thebrainsof TCRd�/�pupscomparedtoBL/6

infected pups, suggesting that gd T cells in the brain at homeostasis, and during E. coli infection may suppress apoptosis (Figures 5C and S6B).

Whether this anti-apoptotic effect isdue to thedirect actionofgdT cell-derived IL-17was not addressedherein, although IL-17 has been shown to

have a pro-survival effect on tumor cells,53 and B cells,54 however, its exact role in this context remains unknown.

Compared to E. coli infection, there were fewer differentially expressed genes between BL/6 and TCRd�/� pups infected with GBS

(Figures 5C and 5D), which may suggest a more minor role for gd T cells during GBS compared to E. coli neuroinflammation. In the absence

of gd T cells during neonatal GBS infection, there was decreased expression of genes involved in MHC II antigen presentation, including

H2-Dmb2, which facilitates the removal of Class II-associated invariant chain peptide (CLIP) fromMHC II molecules.55,56 Similarly, Il6ra, Tgfbr1,

and Smad3 were also increased in the BL/6 compared to TCRd�/�GBS infected pups, suggesting that during GBS infection, gd T cells may

impact TGF-b signaling (Figure 5D). Furthermore, mechanisms by which gd T cells influenceMHCII antigen presentation and TGF-b signaling,

and how these pathways impact neurological outcomes in septic neonatal mice, represents an important direction for future study.Moreover,

future studies utilizing proteomics or single-cell RNA sequencing may help elucidate differential pathways upregulated by gd T cells in the

periphery and brain during E. coli and GBS neonatal sepsis.

These data present evidence that gd T cell responses during neonatal sepsis rely heavily on the initiating pathogen. The finding that context-

specificgdTcell responsesdifferentially impactmortalitymayhave importantclinical implications for the treatmentofneonatal sepsis.Overall, this

work will help elucidate the pathogen-specific contributions of neonatal gd T cells to sepsis-induced immunopathology and neuroinflammation.
Limitations of the study

One significant limitation of the present study is the use of TCRd�/� pups for survival analysis. During E. coli infection, neutralization of the

gdTCR was sufficient to rescue mortality, however, TCRd�/� pups succumbed to E. coli-induced mortality at a similar rate as WT pups
iScience 27, 109669, May 17, 2024 9
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(Figure 3E). As gdTCR signaling is also absent in TCRd�/� pups, the lack of improved survival in TCRd�/� pups may suggest a physiological

perturbation from a developmental deficiency of gd T cells.18 Additionally, whether there are TCR-independent contributions from gd T cells

during E. coli infection remains unclear. WT and TCRd�/�mice also succumbed to GBS infection at similar rates (Figure S3D). Thus, whether

gd T cells are pathogenic during GBS infection, or if the lack of improved survival in TCRd�/� is due to physiologic changes resulting from a

lack of gd T cells, is not robustly addressed herein. Future studies will utilize inducible deletion of the gd T cell compartment to ameliorate off-

target effects of global gd T cell deletion.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PE/Cy7-labeled CD45 (clone: 30-F11) Biolegend 103114; RRID:AB_312979

BV605-labeled CD45 (clone: 30-F11) Biolegend 103139; RRID:AB_2562341

BV421-labeled CD4 (clone: GK1.5) Biolegend 100443: RRID:AB_1120371

BV510-labeled CD8 (clone: 53-6.7) Biolegend 100751; RRID:AB_2563057

BV510-labeled CD11b (clone: M1/70) Biolegend 101245; RRID:AB_2561390

BV421-labeled TCRgd (clone: GL3) Biolegend 118119; RRID:AB_10896753

PE-labeled TCRgd (clone: GL3) Biolegend 118108; RRID:AB_313832

Zombie NIR Viability Biolegend 77184

Zombie Violet Viability Biolegend 423114

APC-labeled Ly6G (clone: 1A8) Biolegend 127614; RRID:AB_2227348

FITC-labeled CD69 (clone: H1.2F3) Biolegend 104506; RRID:AB_313108

BV650-labeled CD69 (clone: H1.2F3) Biolegend 104541; RRID:AB_2616934

PE/Cy5-labeled CD62L(clone: MEL-14) Biolegend 104410; RRID: AB_313097

APC-labeled CCR6 (clone: 29-2L17) Biolegend 129813; RRID:AB_1877148

BV785-labeled CCR6 (clone: 29-2L17) Biolegend 129823; RRID:AB_2715923

BV421-labeled CD27 (clone: LG.3A10) Biolegend 124223; RRID:AB_2565547

APC-labeled IL-17A (clone: TC-11-18H10.1) Biolegend 506916; RRID:AB_536017

PE-labeled IL-17 (clone: TC-11-18H10.1) Biolegend 506904; RRID:AB_315463

PE-labeled IFN-g (clone: XMG1.2) Invitrogen 12-7311-41; RRID:AB_1907418

FITC-labeled IFN-g (clone: XMG1.2) BD Biosciences 554411; RRID:AB_395375

BV711-labeled TCRb (clone: H57-597) Biolegend 109243; RRID:AB_2629564

APC/Cy7-labeled CD19 (clone: 6D5) Biolegend 115529; RRID:AB_830706

APC/Cy7-labeled CD3 (clone: 17A2) Biolegend 100222; RRID:AB_2057374

ULTRA-LEAF Anti-TCRgd (clone: UC7-13D5) Biolegend 107516; RRID:AB_2813964

Bacterial and virus strains

Streptococcus agalactiae (Group

B Streptococcus, GBS) COH-1

American Type Culture Collection (ATCC) COH-1, type III

BAA-1176

Escherichia coli BSI-B Washington University St. Louis, MO ST131

Chemicals, peptides, and recombinant proteins

LB broth Life Technologies 22700041

MacConkey Agar Fisher Healthcare OXCM0115B

Tryptic Soy Agar DIFCO 236950

1X PBS Life Technologies 121039

RPMI 1640 VWR International LLC 45000-412

Percoll Sigma-Aldrich P4937-500

Glutamine Thermo Fisher Scientific 35050061

Fetal Bovine Serum Cardinal Healthcare 250517

Penicillin/Streptomycin Fisher Healthcare BW09757F

Cell Stimulation Cocktail Biolegend 423301

Collagenase II Life Technologies 17101015
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Collagenase IV Life Technologies 17104019

DNAse I Sigma-Aldrich 10104159001

Bovine Serum Albumin Sigma-Aldrich B4287-5G

Human Serum Sigma-Aldrich H4522-100ML

Critical commercial assays

IL-17 DuoSet ELISA Fisher Healthcare DY421-05

IFN-g ELISAmax Biolegend 430815

IL-18 DuoSet ELISA Fisher Healthcare DY7625-05

Quiagen RNeasy Mini Kit Quiagen 74106

Deposited data

Nanostring Analysis NCBI – Gene Expression Omnibus GEO: GSE253301

Experimental models: Organisms/strains

C57BL/6 Jackson Laboratory Strain #000664

TCRd-/- Jackson Laboratory Strain #002120

Nur77-GFP Jackson Laboratory Strain #016617

Software and algorithms

R (version 4.2.3) R Core Team (2021). R: A language and environment

for statistical computing. R Foundation for

Statistical Computing, Vienna, Austria.

https://cran.r-project.org/

ggPlot2 H. Wickham. ggplot2: Elegant Graphics for

Data Analysis. Springer-Verlag New York, 2016.

https://ggplot2.tidyverse.org/

ROSALIND Nanostring Inc. https://www.rosalind.bio/nanostring

FlowJo (version 10.7.1) Treestar Inc. https://www.flowjo.com/

GraphPad PRISM GraphPad Software Inc. https://www.graphpad.com/
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Lead contact

For further information and access to resources please address the lead contact, Kathryn Knoop (knoop.kathryn@mayo.edu).

Materials availability

Bacterial strains generated in this study are available upon request to Kathryn Knoop (knoop.kathryn@mayo.edu) for E. coli BSI-B.

Data and code availability

� NanoString data have been deposited at NCBI Gene Expression Omnibus and are publicly available as of the date of publication.

Accession numbers are listed in the key resources table.

� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

C57BL/6, TCRd-/- andNur77-GFPmice were purchased fromThe Jackson Laboratory. All animals were bred following the Institutional Animal

Care and Use Committee (IACUC) guidelines at Mayo Clinic. Pups were infected on postnatal day 7 (P7) and all sexes were included in the

study. Mice were infected intraperitoneally (i.p.) with either a single-organism culture of 2x104 CFU E. coli BSI-B (an ST131 sequence type

E. coli) (Washington University, St. Louis, MO), or 1x106 CFU GBS COH-1 (ATCC) using an insulin syringe (Cardinal Healthcare). Pups were

sacrificed 18 hours later. Anti-TCRgd antibody (UC7-13D5, Biolegend) was given intraperitoneally for in vivo blockade of the TCR on gd

T cells (15 mg/g body weight) as described in Figure 1D.
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Preparation of bacteria

Clinical E. coli isolates were prepared as described previously,3 and GBS COH-1 was obtained from ATCC. Single bacterial colonies of GBS

and E. coliwere taken from a streak plate and placed in a 15mL conical (Fisher Healthcare) containing 5mL of LB broth (Fisher Healthcare) and

placed into a 37�C incubator overnight. The following day, 10 mL of LB broth wasmeasured into a 50mL conical tube (Fisher Healthcare), and

a sterile dropper was used to place 2-3 drops of overnight bacterial stock into fresh LB broth. Bacteria was shaken at 150 rpm at 37�C until an

OD of 0.3 was reached. The bacterial culture was spun down at 10200 rpm for 10 minutes (E. coli) or 30 minutes (GBS) and the LB supernatant

was discarded. The bacterial pellet was resuspended in 10mL of sterile PBS (Life Technologies) and diluted to proper infection dose. To deter-

mine E. coli and GBS bacterial burden, the liver was harvested and digested in 1mL of sterile PBS (Life Technologies) and 0.5 g of zirconium

beads (0.5mm, FisherHealthcare) in a safe-lock snap cap tube (Fisher Healthcare) and placed into a tissue homogenizer for 5minutes. The liver

homogenate was then serially diluted in sterile PBS (Life Technologies) to achieve a 1:105 dilution (E. coli) or 1:106 dilution (GBS). Bacterial

homogenate from E. coli and GBS-infected pups was plated on either MacConkey agar (Fisher Healthcare) or Tryptic Soy Agar (DIFCO)

plates, respectively. CFUs were counted the following day. For heat-killing of bacteria, 1 mL of overnight bacterial stock was placed into

an Eppendorf tube (Fisher Healthcare) and placed on a heat block at 55�C for 90 minutes, shaking at 300 rpm.

Enzyme-Linked Immunosorbent Assay (ELISA)

Blood was collected from pups and allowed to clot for 45 minutes at room temperature and spun down at 10,000xg for 2 minutes. The serum

was collected and was stored at -20�C until use. ELISAs were performed according to manufacturer’s instructions. Serum samples were

diluted 1:5 in ELISA diluent buffer (Biolegend). Analysis of serum IL-12 was performed by EVE Technologies (Calgary, AB).

Flow cytometry

Spleens were harvested frommice and were placed in 1 mL of RPMI 1640 (VWR International LLC), and mechanically homogenized using the

frosted end of two glass slides (Fisher Healthcare). Spleens were counted using an automated cell counter (Thermo Fisher Scientific). Cells

were pelleted and resuspended in 500 mL FACS buffer (PBS containing 5% human serum (Sigma-Aldrich), 0.5% BSA (Sigma-Aldrich), 0.1%

sodium azide) and allowed to block for 20minutes at 4�C. Surfacemaster mix was made in FACS buffer and staining was performed for 30 mi-

nutes in the dark at 4�C. Following surface staining, samples were washed twice with FACS buffer and acquired on the CyTek Northern Lights

Spectral Flow Cytometer (Cytek Biosciences).

Liver digestion for analysis by flow cytometry

Animals were euthanized and the liver was harvested and placed into 2 mL RPMI containing 1mg/mL of DNAse I (Sigma-Aldrich, INC), Colla-

genase II (Life Technologies) and Collagenase IV (Life Technologies). The mixture was placed into a gentleMACS C Tube (Miltenyi Biotech)

and placed onto an OctoMACS Tissue Dissociator (Miltenyi Biotech) for 30 minutes at 37�C. Samples were then quenched with 8 mL of fresh

RPMI (VWR International LLC) and added to a new 15 mL conical tube (Fisher Healthcare). Samples were pelleted at 1500 rpm for 5 minutes

before being counted and blocked in 1 mL of FACS buffer. Following blocking, samples were stained for surface markers and acquired on

CyTek Northern Lights Spectral Flow Cytometer (CyTek Biosciences).

Intracellular cytokine staining

Cells were placed in 250 mL RPMI supplemented with 10% FBS, 2mM Glutamine (Gibco), 2mM Pyruvate (BioWhittaker), 50 mg/mL Pen/Strep

(BioWhittaker), and 0.55 mM 2-ME (Gibco). 1X protein transport inhibitor (Fisher Healthcare) and 1:1000 phorbol 12-myristate 13-acetate

(PMA)/Ionomycin (Cell Activation Cocktail, Biolegend) were added, and samples were placed in an incubator at 37�C for four hours. Samples

were spun down and resuspended in FACSbuffer to block for 15minutes. Samples were then stained for surfacemarkers for 30minutes at 4�C
before 100 mL of fixative (Life Technologies) was added to each sample for 30 minutes at room temperature. Samples were then washed once

with FACS buffer and once with 1X perm buffer (Biolegend) and spun down at 1500 rpm for 5 minutes. Samples were then resuspended in

100 mL 1X perm buffer and intracellular antibodies and were placed at 4�C overnight. The following day, samples were washed twice with

FACS buffer and acquired on the CyTek Northern Lights Spectral Flow Cytometer (CyTek Biosciences).

Brain isolation for analysis by flow cytometry

Mice were anesthetized with 10 ug/g of Ketamine/Xylazine mixture and transcardially perfused with 10 mL of cold, sterile PBS (Life Tech-

nologies). Brains were digested as previously described.57 In brief, brains were isolated and placed into a 50 mL conical tube (Fisher

Healthcare) containing 5 mL of RPMI (VWR International LLC). The RPMI containing the brains of the mice were then transferred to a

7 mL glass Tenbroeck Dounce homogenizer (Pyrex) and homogenized until the brain was visibly digested (about 10 plunges). The homog-

enate was then poured through a 70 mm filter into a new 50 mL conical tube, and 10 more mL of RPMI 1640 was added, along with 1 mL of

10X PBS and 9 mL of Percoll (Sigma-Aldrich INC). The 50 mL conical tubes were then placed into a centrifuge and pelleted at 7840xg for

30 minutes at 4�C. Following the spin, the supernatant was fully aspirated off and samples were washed with 50 mL of fresh RPMI 1640 and

spun again at 1500 rpm for 10 minutes. Samples were then blocked in FACS buffer for 15 minutes before surface staining was performed at

4�C for 30 minutes.
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mRNA isolation from brains

Brains were homogenized in 1 mL of sterile PBS (Life Technologies) using a Tenbroeck Dounce homogenizer (Pyrex). 100 mL of brain homog-

enate was used for mRNA isolation with the Qiagen RNeasy Mini Kit according to manufacturer’s instructions. RNA samples were stored at

-80�C until ready for use.

Nanostring

Nanostring nCounter Mouse Immunology Max Kit was used following mRNA isolation from the brain. RNA hybridization was performed ac-

cording to Nanostring manufacturer’s instructions. Samples were incubated for 24 hours at 65�C and then were run on the nCounter Prep

Station 5s before being placed on the nCounter Digital Analyzer. Raw and normalized counts were collected from ROSALIND platform.

Normalized counts were used for PCAplots, whichwere plotted using ggplot2 and R version 4.2.3. Log2 fold change andp-values for selected

comparisons were calculated by ROSALIND platform. False Discovery Rate was calculated from ROSALIND platform using the Benjamini-

Yekutieli calculation for multiple test corrections. Selected comparisons were plotted as volcano plots using ggplot2 and R version 4.2.3.

A threshold of > +/-0.6 log2 fold change and p-value of <0.05 was selected for plotting differentially expressed genes.

QUANTIFICATION AND STATISTICAL ANALYSIS

Student’s unpaired t-test, One-way ANOVA, and Kaplan-Meier tests were conducted using GraphPad Prism (GraphPad Software, Inc.,). Sig-

nificance is reported as ns = p > 0.05, * = p % 0.05, ** = p % 0.01, *** = p % 0.001, **** = p % 0.0001.
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